5. INST. T,
*‘5 fq?

80 MAR1938
LiBRARY

A STUDY OF RADIO INTERFERENCE FROM THE
ELECTRIC IGNITION OF INTERNAL COMBUSTION MOTORS

by
ALBERT CARRUTHERS HALL
B.S., Agricultural and Mechanical College of Texas
1936

)

SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE

From The
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
193%

Signature redacted

- e e n

Signature of Author

Department of Electrical Engineering, Jan. 17, 1938

Signe.tufe of Professor Slgnatu e redaCted

in Charge of Research

Signature of Chairman of Department,

_ T
Committee on Graduate Students & Slgnature redaCted \



AV

a3 ¢



38

ACKNOWLEDGMENT

The author wishes to express his sincere thanks
to Professor E.L. Bowles, who suggested the problem,
end especlally to Professor R.D. Bennett who gave his

assistance so freely whenever it was needed.

220582



TABLE OF CONTENTS

I Introa‘uction.:l....c...'..ncc.t..i..l 1

II History "TEEEEEEEN I I I B IR IR R ) 5
III Description of the Apparatus ....e... 6

IV Theory and Experimental Results ..... 15
Spark phenomena with no suppressor
Spark phenomena with suppressor
Effect of the distributor

V Effect of Suppressor on Ignition .... 57
VI conC1u810ns ® & ® 8 8 0 e 8 88 0 eS80 8 s s Bs BB 61
Bibliography ® ® 9 9 " S S S0 BSOS S S S e e 65

ApI)er]'d'j‘x ® ® & & 2 8 8 % 0 S 8 S S B S sSSP eSS 64
Measurement of coll parameters
Description of osclllograph



I
INTRODUCTION

While this paper is devoted to a study of the
radio interference caused by electric ignition, 1t should
be pointed out that the principles involved are ecually
applicable to a wider problem of interference from any
man-mede device. This type of radlo interference 1s
known as man-made static.

A little thought will show that in practically
every case of man-made static, the interference can be
traced to the occurrence of some sort of electrical dis-
charge, generally a spark. For instance Curtisl gives
the following sources of interference arising from the
operation of an sutomobile:

(a) Interference from the action of the spark plugs.

(b) Interference from the action of the high ten-
sion distributor or from faulty connections in
the leads in its circuit. .

(¢) Interference from the action of the low ten=
sion interruptep.

/
X (d) Interference from the action of the generator.
brushes.

In every one of the above-listed sources, a spark
takes place. We can then assume that the presence of
the spark i1s intimately connected with the presence of

radio disturbances.



This investigation was primarily devoted to the
study of the actlon of the spark plug, and secondarily
to the effect of the distributor. But because of the
close relationship between the particular and the more
general problem, the principles involved should be ap-

plicable to the whole problem of man-made static.
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HISTORY
{

The problem of ignition interference became of
primary importance whenthecvalue of redio communication
to seronautics was reslized. It has long been known
that communication channels between an airplane and a
ground station or between two airplanes was highly de-
sirable, but since the rapid increase in the use of alr-
craft as passenger carriers during the last decade, 1t
has been imperative to have such facilitles.

" Then a few years ago automobile radios were pop-
ularized, and the problem again came to the foreground.
While the problem is not as vital in this case as in
the former, there was a greater demand on the part of
the public for a solutilon.

Again, 1t 1is easy to predict that the problem will
gain prominence within a few years. For, as shall be
discussed later, the interference 1s the most trouble-
some in the ultra high frequency band (thirty to three
hundred megacycles). And that region will undoubtedly
be the region used by television facllitles when com-
mercialization takes place.

Since the phase of the problem as it affects air-
craft is mostlimportant, it is here that the greactest
care has gone into a solution. It is important to pre-

vent interference, but it is even more important not to



endanger engine performanee in doing so. If shielding
is used to decrease the interference, care must be taken
.not only that the shig}ding 1s not such that will ad-
versely affect the engine performance, but that every
portion of the ignition system is completely shielded,
as otherwise the interference may be increased.

In automobile engines, however, the engine per-
formance standard is not so high as 1t is in aircraft.
Therefore some solution less expensive and more convenient
as to installation and maintenance was sought. It was
found that the use of resistors having between 15,000
and 20,000 ohms and placed in the ignition leads immedi-
ately adjacent to the spark plugs was effective.

This artifice does not remove all the interfer-
ence and what remains after their installation 1s most
noticable in the ultra high frequency range.

In order to get a better explanation of the prob-
lem, i1t was decided to study the phenomenon primarily
from the standpoint of the current and voltage charsac-
teristics that exist in the 1gnition system. This re-
"quired an oscillographlc study, so thought was turned
toward selecting a suitable instrument. After a rro-
cess oflelimination a variation of the Dufour cathode
ray oscillograph was chosen.

In the investigation over 100 osclllograms were

recorded and analyzed, typlical ones of which are repro-



duced in this paper.

Certaln other investigators have studied the
voltage and current relations in the spark by means of
the oscillograph. See, for example, references 2, 3,
and 7 in the bibliography. MNost of this work, however,
was done in studyling ignition efficiency. The investi-
gation of the writer was carried out with the primary
purpose of studying the causes of radio interference.

In the study, special attention was pald to the
effect of placing resistances in the ignition leads to
suppress the interference, as no oscillograms were found

in the literature to record the effect of this artifice.
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DESCRIPTION OF THE APPARATUS

The whole spark phenomenon lasts only a few mil-
liseconds, andifhet portion of the phenomenon that is
most important from the standpoint of radio interference
occurs 1in time intervals of a fraction of a microsecond.
Therefore the principle difficulty lay in recording such
raplid transients.

A bifilar oscillograph 1s incapable of recording
transients containing frequencies much above 5,000 cycles
per second. The solution was to use some sort of cath-
ode ray oscillograph, the moving element of which can
for almost all purposes be considered massless.

The next problem was to find a method of recording
the path of the cathode ray beam. At the time the in-
vestigation was begun there were no fluorescent screens
of sufficiently great sensitivity to permit recording
the transient by photographing the trace on the screen.
The loglcal solution was to allow the beam to impinge
directly upon the film.

The Dufour cathode ray oscildograph makes use of
this means of recording. While thils instrument was not
available, a modification of it was. This instrument
is completely described in the appendix.

The Dufour type of oscillograph is unavailable
in most laboratories, and is not used very frequently.

A highly developed technique is required to use the in-
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strument at all sat;sfactorily. Therefore much time had
to be devoted to the mastering of the technique before
any results could be obtained.

Another difficulty lay in synchronizing the spark
and the operation of the oscillograph. The apparatus
for accomplishing this is shown in figures 1, 2, and 2.
Ffgure 2 and the upper section of figure 1 show the ig-
nition system and figure 3 and the lower section of fig.
1 show the apparatus for starting the oscillograph.
Diagrams snd photographs of the oscillograph itself will
be found in the appendix.

Apparatus was chosen to simulate as nearly as
possible the actuml apparatus used in an automobile
engine. The 1nduction coil is a Delco-Remy coll. The
distributor D, fig. 1, is a Delco-Remy six point distri-
b&tor.. The condenser C,; across the primary of the in-
duction coill is a Wizard of one-fourth microfarad capa-
city. The spark plug is a Champioﬁ spark plug with a
0.022 inch gap. The ignition cable running from the
coil to the distributor and from the distributor to the
spark plug is standard sutomotive ignition cable with
an overall length of 47 inches. Thirty-one inches of
this was between the distributor and the spark gap. The
appératus, as éhown, was set up to simulate at least ap-

proximately the engine conditions as far as length of



Fig. 2

Fig. 3
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lead and lead-ground capacity are concerned.

The motor in fig. 2 could be used to rotate the
distributor. In the automobile this function is per-
formed by a shaft geared to the englne.

Ce and Cs comprise a capaclty voltage divider,
and P is one pair of plates on the oscillograph. Dur-
ing part of the investigation a resistance potential
divider was used instead of the capscity divider. 1In
this case the reslstance to ground introduced by the di-
vider was never less than fifteen megohms, so that 1ts
effect on the circuit was negligible. 1In case of the
capacity divider, the capacity to ground through the
divider was never more than 20 micro-microfarads.

In order to facillitate the taking of oscillograms
of the voltage- and current-time relationships, during
most of the investigation the distributor was not ro-
tated. Instead it was set in position for the spark to
occur, and the primary circuit broken whenever 1t wes
desired that a spark should occur. In this way, certaln
timing and shielding difficultles were overcome, without
-changing any of the fundamental conditions.

Sa and Sz are switches for controlling the -time
that the spark occurs and the time the electron beam in
‘the oscillograph begins its sweep. When S, 1s opened,

the spark plug "fires". When Ss 1s closed, thecesaéillo-

graph sweep begins, as 1s explalned below.



The apparatus controlling the opening of Sz and

the closing of Sz is shown in fig. 4. Sz and Ss are

Fig. 4

toggle switches clamped on vertical meter sticlks in

such & manner that when the large wéight is dropped it
throws each toggle successively, thus opening one circuit
and closing another. Thus by varying the relative heights
of the switches, the interval of time between their op-
eration can be controlled. The two rods running the
length of the apparatus are guldes for the falling weight,

The welight rests on a finger arrangement in such a manner

I
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that when it is desired to drop the welght, it is only
necessary to pull forward the handle projecting above
the top guide rod support. The box at the bottom of the
runners contains lead shot for breaking the fall of the
weight. The whole apparatus rests on a cork mat for
further damping the vibrations from the fall of the weight.
When Sz 1s closed a ﬁoltage of 135 volts 1s ap-
plied to the grid of the thyratron, through the resis-
tance-capacity delay network. The thyratron, an FG 27,
| has 1In its plate circuit the coils for tripping the os-
clllograph, and an eighteen microfarad condenser charged
to a potential of 345 volts. Thus when the grid rises
in potential to the point where the tube becomes con-
ducting, the condenser discharges through the tube and
starts the sweep, as explained in the appendix.
The thyratron is blased 22.5 volts negatively.
The delay circuit consists of a 100,000 ohm adjustable
resistor in series with‘a'0.0l microfarad condenser
placed between the grid and cathode, as shown. It was
found that by using large values of bias and lmpulse
voltages, more consistent results could be obtained.
The adjustment 6f the resistance shown in the diagram
as Rs glves a fine control for the starting of the sweep,
and was used in conjunction with the adjustment of the
relative heights of Sg and Sz which was a coarser adjust-

ment,
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With the apparatus set up in this manner, a high
degree of~consistency could be obtained. It has been
found that the time interval between the operation of
the two switches Sg and Sz will be constant within a few
microseconds.

Oscilllograms were taken of the voltage across the
gap and of the current in the ignition lead, for various
values of resistance Ry (fig. 1) in the lead. The switch
S; in the left position would impress voltage transients
on the oscillograph, and in the right position, current
transients. Rg was always zero when voltage transients
were being recorded. The current was recorded by ob-
taining the voltage across Ajwheh was between 1,000 and
5,000 ohms. Oscillograms were taken wlth the distribu-
tor both 1n the ecircult and out. The effect of the dis-
tributor will be discussed later.

The time caliﬁratién wave was obtained from a
beat frequency oscillator. Frequencies used were 1,000,
2,000, 5,000, 10,000, 20,000 and 40,000 cycles. It was
lfound not to be necessary to impress timing weves on
each film, as the sweep of the oscillograph was very con-
sistent. Thus the time axis could be determined from a
preceeding or following oscillogram of the same sweep
speed and on which a timing wave had been impressed.

The magnitude of the transient was determined



by calculation, knowling the sensitivity of the osecillo-
graph andtthe potentiometer constant, and by direct com-

perison with a known impressed voltage.

14



IV

THEORY AND EXPERIMENTAL RESULTS

Physically, the apparatus is very simple. As
described in the previous section, it consists only of
an induction coil, battery, breaker, condenser to pre-
vent sparking at the terminals, spark gap, end inter-
connecting leads.

Electrically, however, the apparatus gives rise
to very complex phenomena which it is impossible to de-
scribe completely by mathematical means. Illevertheless
it is possible to predict, to a close spproximation, the
behavior of the phenomenon. The circuit shown in fig, 5

is, for most purposes, the electrical eaguivalent of the

physical set up.

Equivalent Circuit for Spark Ignition

C, 1s a capascity for increasing the voltage ob-

tainable with the coil and for preventing sparking at

the bresker points. R;, Li, M, Lg, Rg, and Cgz are constants

of the inductlion coll. R; 1s the primary resistance,

/5
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Li, the primsry inductence, M, the mutual inductance,
Lg, the secondary inductance, Rg, the secondary resis-
tance, and Cz is the secondary distributed capacity.

For the Delco coll used these parameters had the follow-
ing values.

Ry = 1.37 ohms

Rg = 3,175 ohms

Ly = 7.3 millihenries -

M = 0.374 henry

Ci, = 0.25 microfarad

Ce = 262 micro-microfarads

The proceedure used in measuring these constants
will be found in the appendix.

Ca 1s the distributed capacity of the secondary
winding. There is also, of course, a distributed capacity
on the primary side, but this 1s very small compared with
Cy, the capacity across the breaker. G is the spark gap
with electrical charascteristlics difficult to express
exactly. The portion of the circuit within the broken
‘line section is the ignition lead connecting the secon-
dery of the coil with the spark plug. For low frequen-
cies, its parameters are negligible, but for high fre-
quencies, it must be considered not as a lumped constant
network but as a distributed constant network. In ef-
fect it acts as a transmission line between the secon-
dary of the coll and the spark gap. It is this line that

radiates most of the energy causing interference.



The gap due to the distributor has not been 1in-
cluded in the equivalent circult. For the present it
will be assumed that the breaker mskes perfect contact,
and thaet this contact is made just prior to the instant
the bresker switch S, opens, and is not broken until all
the energy of the coll has been dissipated. This 1s not
true as will be explained later, but for the present dis-
cussion the assumption 1s accurate enough.

Prior to the opening of the breaker S,, a constant
current flows in the primary circuit, the value of which
is determined by the primary resistance R;, and the im-
pressed electromotive force of the battery. lNow when
the breaker S, opens, this current will drop to zero in
some manner, and the energy that has been stored in the
electromagnetic field must be dissipated. Since a coup-
ling exists between the primary and secondary of the in-
duction coil, this fall of current will induce a rise of
potential across the secondary. This potential will
rise in some manner until it reaches a2 value at which
the gap will bresk down and the spark will occur. Then
after a certain amount of the coil energy has been dis-
siﬁated, the potentlal across the secondary will fall
to such a value that the spark will be extinguished and
the remaining energy will disslpate itself internally.

The above description is included to give a qual-

itative idea of the spark mechanlism. A more exact
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description follows}

Due to the complex nature of the spark, it is
not possible to write an exact mathematical expression
representing the complete phenomenon. However, it is
possible to separate the phenomenon into certain major
parts and to write the mathematical expression for each
of these parts to a good degree of accurascy. The phenom-
ehon can be divided chronoldgically as féllows:

Primary circuit interrupted
Voltage build up.(No discharge at gap)
Gap breakdown
Capacitive discharge
Inductive discharge
Reignition
Cathode Failure
Spark extinguished
Dissipation of remaining energy

First these will be discussed in brief to estab-
lish a connected picture of the phenomenon. Then each
division will be more fully developed.

Voltage build up

Until the spark gap breaks down the circult con-
slsts only of the coupled resonance circult shown in fig.
6. The equations for the secondary voltage of this cir-
cult are developed later in the paper showing that there
will be two frequencies present. The lower frequency
will have the larger amplitude and the smaller damping.

The first cycle of this voltage has been calculated and



plotted in fig. 7.

Gap breakdown

When the voltage across the coll reaches the break-
down value, the spark occurs. During the first micro-
second or so, the spark acts like a resistance. During
this time a very large current flows due to the discharge
of the secondary capaclty of the coil through the gap.
This portion of the spark ié called the capacitive dis-
charge, and it is this discharge that causes the inter-
ference observed in the ultra high frequency band.

The capacitive portion of the discharge lasts
less than a microsecond. After this 1s over, a glow dis-
charge 1s established, characterized by a current of
much smaller value than existed during the cepacltive
discharge, and by a voltage across the gap that 1s al-
most constant. This is called the inductive discharge.

Two other phenomena occur during this portion of
the spark: reignition and cathode fallure. These both
will be discussed later as both are sources of inter-
ference.

Spark extinguished

After the coil 1s no longer able to sustain the
inductive discharge, the gap is extinguished, and the
coupled resonant circult agaln controls the frequencies.
By this time the oscillation of higher frequency has

damped out, and only the lower frequency remains, which

/9
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also damps out in a short period.
Now that the whole phenomenon has been described
briefly, each portion will be discussed in more detaill.

Voltage Build Up

Until the spark gap breaks down, the system con-
sists effectively of a coupled resonant clrcult as showm

in fig. 6. The differentlal equations controlling the

Lquivalent Circuit
before Breakdown

behavior of this clrcuit are:

s o a® d

Lyat * MFa%% + Rla%l + ai/C. = 0 (1)
d® a% d

Lagp8 + lMgpd + Ragp? + ae/Ce = 0 (2)

Li, L2y M, Ri, Re, Ci1, and Cz are the parameters
glven on page /6, =nd qi and qg sre the instentaneous
charges on the capacitsnces C; and Cg, respectively.
While Cg is actually the distributed capacity of the sec=-
ondary winding, 1t can be considered to be a lumped ca-
paclity to a close approximation.

If "p" i1s substituted for the differentisl oper-

ator and q; eliminated from the equations above, the



following differential equation 1s obtained contalning

Qe alone:
(p*(LaLe - ¥°) + p*(LaRe + LaRG) + p™(KaRa *+ 52 + B2)
| Bi, Ray . L =
+ I)(Ca + Ol) #+ Clca) (oF- 0 (5)

The expression for q; may be written down on in-
spection by simply changing qez to gy in ecuation (3).

To obtain the solution, it is necessary to solve
the quartic equation for p. While a general solution
of a fourth degree equetion is possible, it 1s not of
sufficient importance to repeat here,

The secondary voltage is equal to qg/Cg and 1s
of the form

Va = Ao ¥ sin(2m,t - §,)

- Age ¥2Csin(omat - 8,) ,
where A; and Az are the initial amplitudes of the two
frequency components n; and ng; §,and §, are the initilal
phases; and ki and kg are the damping factors. Taylor
J’ones5 gives the following approximate expressions for
these parameters that are sufficiently accurate for the
.purposes here.

The frequencies n; and ng may be calculated from
the expression w = 2mn, where w is given by

- Vw,z-r w,? Yo+ ) — 2w a0 D
2(/- K?)

2/



The larger value of w (obtained by using the positive
sign for the inner radical) corresponds to ng, and the
smaller value to ny. K 1s the coefficient of coupling
of the coill, and w; and wg are the uncoupled natural angu?
lar frequencies of the primary and secondary respectively.
They are‘given by w1 = 1/A/L1C1 and we = 1/A/LzCz .
These expressions for the frequencles n; and ng

are based on the assumption of small damping. Using the
same assumptlon, A; and Az can be written as

A, = 2nMion,n3/(ng - n¥) and

Aa = 21Mioningz/(n% - n}) ,
where 1, 1s the current flowing before the breaker is
opened.

The damping factors k, and kg are given by

ky = 4n®n¥( 2'2*—61 =2 ) and
ke = 4n°nf(222% 4+ B)
where 6,= RiC./2 , B, = RaCa/ 2

and B = on*nind/(Hf - nB)(6 - 6.)(LiCi - LgCz)
The phases § and §,are glven by

2 2
8, = arc tan 21:111[26%%2%— -(6,-26, —03.)] ,

2 e ngz
and §,= arc tanﬁ; tan $,
in which &= R.8./ 2 , and Ro = E/1¢
When these constants are calculated using the coill
parameters as given on page /6 the following values are

obtained:

22



n, = 1,760 cycles per second

=
-]
|

= 8,220 cycles per second
A; = 18,900 volts
Az = 4,040 volts
ky, = 36.8
kg = 761:0
8, = arc tan 0.63x10
§, = arc tan 2.,94x10°

4
&

The phase angles are small enough to be neglected,
so the expression for the secondary voltage can be written

-36.8t

Ve = 18,900 e sin2n(1760t)

- 4,040 &~ 761t

sin2n(8,220t) .

This expression has been plotted for the first
ecycle in fig. 7.

The solufion assumes that the inductences L, end
Lg are constant and that the mutual inductance from the
primary to the secondery will be the same as that from
the secondary to the primary. The first assumption will
not be true because of the 1lron core in the coil and the
second will not be true because of a non-uniform voltage
distribution on the secondary. For further discussion
of the problem, the reader is referred to "Induction Coils"
by Taylor Joness. For the purposes of this investigation
this expression is satisfactory.

A study of the rise of secondary voltage plotted
in fig. 7 will show that electric ignition can be expected

to occur in a very short length of time after the pri-

mary circult of the induction coil 1s broken. It only

23
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requires ninety microseconds for the voltage to rise to
its peak value which is almost 20,000 volts. The spark
plug used had a gap of 0.022 inches, and required a vol-
tage of 3600 volts to comsecbreakdown at atmospheric pres-
sure. Thus there should be a lapse of only thirty micro-
seconds between the opening of the breaker and the at-
tainment of breakdown voltage.

The form of the voltage across the spark gap is
shown in fig. 8. The voltage build up begins at about
800 microseconds on the time axls, and the capacltive

discharge begins at the pesk that i1s seen at aboat 1400

Fig. 8

microseconds. The voltarge immediately drops to a value

at which it remains almost constant, until the spsrk ex-
tingulshes at 2600 microseconds. The voltage lmmedlate-
1y builds up again, but 1s not able to reignite the spark,
so oscillates until the damping of the coll brings it

to zero in the neighborhood of 4,000 microseconds. Fig.

9 shows the same characteristic. The timing wave on this

28"
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film has a frequency of 1000 cycles per second.

Filg. 9

While these osclllograms are valuable for cet-
ting a qualitative picture of the spark mechanigm, they
do not give an entirely accurate representatlon of the
phenomenon because they were taken with a resistance
potential divider to decrease the voltage on the plates
of the oscillogreph. In order to prevent the resistance
to ground from affecting the phenomenon, it 1s made large,
generally being about 15 megohms from ignition lezd to
ground. In the case of oscillogram 14 in fig. 9, the
total resistance was 15.5 megohms, with 6.5 megohms across
the plates of the oscilllograph, thus'giving a multiply-
ing factor of 0.42. ~Now if the capacity of the deflect-
ing plates of the oscillograph and 1ts leads 1is 25 micro-
microfarads, then the time constant for charging the plates
is approximately 225 microseconds, or about one-fourth

millisecond. Similarly the time constant for discharging



the plates 1s about 150 microseconds.

The effect of this long time constant is espectal-
ly evident on the oscillograms in the trace made by the
voltage dropping from the gap breakdown value to the in-
ductive discharge portion of the spark. Actually, the
voltage drops so rapidly that no trace 1s visible. The
traces present in oscillograms 1 and 14 (figs. 8 and 9)
‘are due to the discharge of the deflecting plate capac-
ity through the voltage divider. i

After it was discovered that the resistance po-
tential divider was causing this distortion, the remain-
ing oscillograms were taken using a capaclity potential
divider. The capacity that is added to the ignition cir-
cult is very small, as explalned on peage/O.

Figs. 10, 11, and 12 are examples of the trué
speed with which the voltage drops from breakdown to the
inductive discharge. The voltage drops so rapidly that
no trace 1s left on the film. The periodic phenomenon
superimposed on the inductive discharge is reignition.
This will be discussed later as it is very important
factor in the interference problem.

The voltage at which the trace disappears is
3600 volts plus or minus 100 volts. This ggrees with
the value found for the breakdown of the gap, using a
slowly rising unidirectional potential.

The way the voltage rises to the breakdown value

27
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does not agree with the theory previously developed.
Instead of rising at once to the breaskdown value, the
voltage rises to a potentlal of about 1000 volts, os-
cillates about this voltage for a period of almost 0.4
millisecond, then rises rapidly to the breakdown poten-
tial. This 1s shown in fig. 10 very well. The fre-
quency of oscillé@i@n ls approximately 10,000 cycles.
These values of tiﬁ;;and frequency have been measured
on all the oscillograms taken under similar condlitions
and the values obtained averaged. They vary little be-
tween iIndividual oscillograms, and what variatidn that
1s present 1s cheifly due to the impossibility of mea-
suring the oscillograms precisely.

The explanatlion for this type of voltage build
up is probably that arcing is taking place at the break-
er in the primary. If it 1s assumed that complete in-
terruption 1s not immediately made, such a build up is
possible. The following sequence of events is thought
to take place:

The breaker opens at time t = 0. It does not
completely interrupt the circuit, however, and some sort
of discharge takes place. Although complete break does

not take place the current 1s reduced enough to cause

the secondary of the coil to rise to a potential of about

1000 volts. In from 0.3 to 0.4 millisecond, the arc at

the breasker is extinguished and the voltage across the
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secondary agein rises in potential until it reaches the
breakdown value of the gap.

Since the time lag between the first and second
rises of secondary voltage 1s so nearly constant for all
the osclllograms it is probable that the arc at the pri-
mary breasker 1s extinguishing at the same part of the
cycle each time., This is most likely to occur when the
voltage across the primery reaches a zero value, which
occurs one-half cycle after the breaker is opened. One
half cyclq corresponds to 0.3 millisecond. This is not
strictly true because a discharge will change the fre-
quency of oscillation somewhat, but as a first apﬁrox-
imation it tends to show a correlation between the pri-
mary frequency of oscillation and the length of time be-
fore breakdown occuré.

Capacitive discharge

It has been shown how the voltage across the coll
secondary rises to the breakdown value of the gap. The
next thing that occurs is the spark. The first por-
tion of the discharge is characterized by its large cur-
rent and short duration. For a particular case, Finch2
calculated the maximum current to be over 100 amperes.
As stated before this 1s the portion of the spark that
causes the interference observed in the ultra high fre-

quency band, so a discussion of its characteristics should

be wvaluable.



For = sﬁort length of time after breakdown of the
gap, and for pulses of very high frequency, the spark
can be replaced by =a resistancelo. When the gap ini-
tially breaks down, the effect is the same as discharg-
ing a condenser through a transmission line terminated

in a resistance. The circuilt corresponding to this per-

iod is shown in fig. 13. The condenser corresponds to

Frg. /3
Lguivalent Circuit for
Capacitive Discharge

the distributed capacity of the coil. The transmission
line is the lead from the coil to the spark plug. This
line 1s assumed to consist of inductance and capacity
only; the resistance and leakage being neglected. This
is a common assumption when dealing with radio fre-
quencies. The resistance R 1s consldered to be the ef-
fective resistance of the spark (for the duratlion of the
capacitive discharge) plus any resistance that may be
placed next to the gap. The inductance of the coil 1is
assumed to have infinite impedance for the frequencies
present, and so can be neglected. When the gap breaks

down the effect is the same as if a switch had been

3/



thrown across the gap connecting the resistance R to the

ground return.

Professor M.F. Gardner, of thls department, has

solved this problem from the standpoint of wave functions.

The expression follows:

V(O,.f)) sz J o B 2 2R (‘t'ﬁ )
v Z+R z+m=[' 2e Jatz-7)

Egﬁiéiy[/*4d(t“27je 27?]u(t-271

i A%(%ﬂ,_ {/ -2[1-2&(¢-3 7—)+zac1(f-3})zjefﬂ(i—37-,}

sM({-37) + oo

where

' Vi = breakdown voltage of gap
V(0,t) = voltage at end of line (see fig. 13)
% = surge impedance of line; = VE/C

line inductance

line capacilty

= time for wave to travel twice the length of the
line; = VEE-

*= 1/2C,

Cy = distributedcecapacity of coil

u(t - n7) = unit function that is zero for all neg-

qaov
Il

ative values of the parenthesis
(t - n7) and is unity for all posi-
tive values,
The values of line inductance and capacity have
been calculated from the physical dimensions of the cir-
cuit using the following expressions given by Morecroftaz
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L=2/(/n z—’)_"- - ;’LJ centimeters

= {
C = Z I (22) centimeters
- r

where

1 = length of line in centlmeters,
distance of wire above ground in centimeters,
radius of wire. in:centimeters.

o

For the set up used in this investigation L was
found to be 1.005x10-6 henry, and C was found to be
9.72 micro-microfarads.

The plot of this expression is given in fig. 14,
for the first three reflections. Actually an infinite
number occur, but three sre sufficient to givé a phy-
sical picture of what is occurring.

While the solution of this problem in terms of
normal functions would be valuable, as this method of
attack would give the frequencies present and thelr am-
‘plitudes as a function of the terminating resistance R,
such a solution 1s very laborious and beyond the scope
of this paper. It is possible to glive the fundamental
frequency that will be present, however. It is the fre-
quency assoclated with the period 27 for terminating re-
sistances greater than the surge impedance. Thus for
all values of R greater than 322 ohms the fundamental
frequency will be 8X107 cycles per second for this par-
ticular ignition lead. The wavelength corresponding to

this frequency 1is 3.77 meters.
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This will not be the only frequency present in
the practical case. In addition to the harmonics of
the fundamental, there may be a variation in the fun-
dameﬂﬁal by a factor of ten. The frequency calculated
here is the frequency caused by a specific ignition
lead, with a éertain configuration with relation to
the ground plane. This frequency 1s dependent upon |
the distributed inductance and capacitance of the lead.
In the actual automobile, there may be from four to six-
teen leads, all of different lengths and having different
distances to ground. For the particular case here, a
lead was chosen that was of average length and spacing.
Since there are actually a number of different trans-
mission lines present, there will be a spectrum of fre-
quencies covering the ultra high frequency band.

Inductlive discharge

After the capacitive discharge has been completed,
the inductive discharge is established. If relgnition
does not occur, and the voltage during the inductlve
discharge is assumed constant as is shown in figs. 8 aﬁd
9, then we can write another set of differential equa-
tions for the coil, in which the voltage across the
secondary is held constant. Fig. 15 shows the circult.

The differential ecquations governing the cir-

cuit are the following:



ngil * M%%ﬂ + Ryi, + %:./ 1,dt = 0 and

dat
di di, -
Lgd—ts' + Mdt + Re2iz = E .

in which 1, and 1 are the primary and secondary currents
respectively, E is the voltage across the secondary main-
tained by the discharge, and L, Lg, Ry, Rz, and C, are

the parameters shown in the figure.

£ ouivalent Circuit for
Inductive [ischarge

When 1, is eliminated from the above equations,
and p is substituted for the differential operator %% 4
the follow¥ng third order differential equétion is ob-
tained:

[p®(LiLe - M2) + p2(R1Lz + RgL,)

+ p(RaRe + Lo/C1) + RafCy 1z = 0
The expression for 1; is obtained by simply interchang-
ing i, with 1z in the above equation.
| The solution for this ecuation, which reguires

solving a cubic equation in p, has been solved by R.

Ruedyg. The current 1s of the form

& t N
1z = Are®" + pge®™ + Agze®™® - E/Rs ,

in which a3, az, and as are the roots of the preceeding
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cublc equation. One of the roots is real or asll three
are real; and if there are any complex solutions, they
must occur in conjugate pairs. The latter case 1s the
case here. The current consists of an oscillatory dis-
charge (corresponding to the two complex roots) of a
single frequency; superimposed upon an aperiodic term
(corresponding to the real root). Ruedy gives a generzal
solution, making certein approximations. For the prob-
lem here, the particular frequency has been solved for
exactly. The frequency present 1s 7;470 cycles per

second. The formulae given by Ruedy for the frequency

1
is n = 21m in wvhich k is the co-
L1C1 -

efflecient of coupling of the coil. Calculated from this
expression n 1s 7,440 cycles per second.

This phenomenon 1s shown In figure 16. The os-
cillatory portion of the characteristic dies away in a-
bout 0.8 millisecoﬁd, while the aperiodic portion has
not completely vanished at the end of the film, which
i1s 1.8 millliseconds from the time of the beginning of




the discharge.

The iﬁdistinctness in the first cyecle and half
is due to what is known as "cathode failure". The beam
is travelling so rapidly and with such an amplitude as
not to leave any trace on the film. This will be dis-
cussed more fully later.

The frequency of oscillation of the current in
the inductive discharge disagrees rather decidedly with
that predicted by the preceeding theory. The frequency
of the oscillation in figure 16 is 13,750 cycles per
second, while the averaged frequency of all the oscillo-
grams taken for this case 1s 14,150 cycles. The fre-
quency predicted by the above developed theory is
7,470 cycles per second.

Relgnition

In the above discussion of the characteristics
of the inductlve dlscherge, the assumption has been made
that the voltage across the spark gap is constant for
this period. Actually, however, 1t may not be constant,
as fig. 10 shows very well. This oscillogram shows that
the discharge 1s being extinguished and reignited. Zach
time.the arc reignites, another capacitive dilscharge
takes place. It is this type of discharge that contains
the most interference energy.

This reignition phenomenon is due to the inabll-

ity of the coll to sustain the discharge. If the cur-

-
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rent falls to such a value that the discharge 1s extin-
guished, the coil will recharge the condenser until
breakdowﬁ again occurs.

Shallreuterg has given an equation for the period

at which reignition will take place. The expression

follows:
E-FE B
= ... =i
t RgCgln E - "R, # (CszRgln o
in which
t = the period of reignition
Re = the secondary resistsnce of the coil

Cga = the secondary distributed capacity

E = the voltage the coll can sustain

Eo = The extingulishing voltage for the gap
E, = the igniting voltage for the gap.

The period has been plotted in fig. 17 as a func-
tion of E, the voltage of the coil. The values for Rg
sﬁd Ca used are those given on page /6 Eo, was taken to
be 320 volts and E;, the breakdown voltage was taken to
be 3600 volts, the first breakdown value, and 100C volts,
the value at which reignition will break down the gap
at 16,000 cycles per second.

It was not possible to verify the presence of
these frequencles by analysis of the oscillogramg. The
average frequency of reignition found during the induc-
tive portion of the discharge in the voltage oscillo-
grems is sbout 15,000 cycles per second. Examples of

" thls are figs. 11 and 12.
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This frequency is almost that of the current
during the inductive discharge. The averasge current
frequency, as has been stated before, is 14,200 cycles.
Furthermore, a study of the current oscillograms shows
that the current actually comes to zero in the trough
of the first few cycles of the inductive dilscharge cur-
rent transient. This is shown vefy clearly 1in figurés-
32, 33, 38, ond 38, which were taken with the distributor
in the circult, as will be discussedlister. The current
also falls to zero for the case with the distributor out
of the circuit, but is zero for shorter periods of time
so does not show so clearly on the oscillograms.

Evidently there is a major period of reignition
controlled by the frequency of the current. When the
current goes to zero, the voltage rises, until reignition
occurs. The current then goes through another cycle.
After the current has passed through a few cycles;.it
no longer goes to zero and this reignition does not re-
occur. The total number of relgnitions that occur dur-
ing.a discharge does not seem to be consistent but varies
from oselllogram to oscillogram.

There is a possibility that this relgnition is
not a single occurrence as has been explained above, but
a multiple phenomenon. In other words each reignitlion
shown in fig. 12 may conslist of a large number of reig-

nitions, whose frequency i1s gilven by fig. 17. While this
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may be what is occurring, there is not sufficient data
from the osecillograms to prove or disprove it.

Cathode Failure

There is one other frequency present in the cur-
rent characteristic that does not fall in any of the
classes mentioned up to the present. It can be explained
only by a form of discharge instability, or what is some-
times spoken of as "cathode failure". As the current
increases after one of the capacitive discharges, it
reaches a velue at which very rapid oscillations begin.
The osclllograph does not have sufficlent resolving power
to enable the frequency to be determined accurately, but
it shows 1ts presence, and sllows estimates of the fre-
quency to be made. It is not a reignition phenomenon,
because the amplitude of the osclllation is only 35 to
45 milliamperes, and because the osecillations only exist
while the current 1g in the uprer part of its swing.

The oscillations are of almost coanstant amnlitude and
form an envelope about the top of each current wave.

Fig. 18 shows the form of the characteristic.

Fig. 18
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The frequency of the oscillations varies between
about 150,000 and 500,000 or more cycles per second.
Thé oscillations occur at the highest frecquency on the
first peaks of the inductive discharge current charac-
teristic, and occur less and less frequently on each

following wave. This is shown in fig. 19.

Fig. 19

An explanation of this oscillation has been ad-
vanced by Dr. G.S. Timoshenko. During the glow discharge
a cathode spot is formed. This spot does not remain at
one point but will‘reform at other positions. This
phenomenon, known as cathode failure, cause variations
in the discharge current, which show as oscillations on
the oscillograms.

Spark extingulished

After the last reignition has occurred, and the
coil has no longer sufficient energy to establish another
discharge, the remalning energy 1s dissipated within the

coupled resonant circuit.
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This "tail" is shown very well in figs. 8 and 9.
The average frequency of the tail oscillation has been
found to be 1790 cycles per second. The frequency pre-
dicted from the constants of the induction coil is 1760
cycles per second. This &s a very good agreement.

There is only one frequency observable in the
tall oscillation which is what would be expected, as the
larger frequency has a much larger damping factor.

Effect of resistors as interference suppressors

It has been found thst a resistance of 16,000
to 25,000 ohms placed in the spark plug lead immediate-
ly adjacent to the spark plug will greatly decrease the
interference from ignition. 1In order to investigate the
reasons for this observation, a series of oscillograms
were taken of current and voltage characteristics for
various size resistors in the lead. Oscillograms were
taken with values of resistance in the lead of 1,000,
2,000, 3,000, 10,000, 15,000 and 25,000 ohms.

Oscillograms of current transients with 1,0GC,
2,000, and 35,000 ohms in the line showed 1little differ-
ences between them. Figs. 16, 18, and 19 are examples.
With 10,000 ohms in the line, however marked differ-
ences are present. Flgs. 20 and 21 are exampleé. Fig.
20 has 10,000 ohms in the line, while 3&@; 21 has 9,500
ohms. |

There are three very important points thet are



Fig. 21
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evident from these oscillograms. First, the last por-
tion of the capsacitive discharge trace is visible; second,
there are no reignitions during the cycles shown in the
oscillograms; and third, the number of varilations due

to cathode fallure has been greatly decreased.

Fig. 21 has two separate sparks recorded on the
film. While the last portion of the capacitive discharge
is not clear, still there are traces of it present. The
first spark on fig. 21 has only one cathode fall varia-
tion, while the second spark has three. 1In fig. 20
there are more varistions of this sort, but stlll far
less than on the recordings with no resistance in the
lead. In this film the last part of the trace of the
capacitive discharge is much clearer.

Figs. 22 and 23 are recordings of current tran-
sients taken under the same conditions as figs. 20 end
21, except the suppressor resistance has been increased
to 15,000 ohms. The capacitive discharge trace is clear-
er yet, and the number of cathode fail varistions has
been again reduced. One reignition 1s observed to take
place In the second spsark dn fig. 22,

Figs. 24 and 25 have had the suppressor resis-
tance still fuarther increased -mntil it is now 25,350
ohms. The trace made by the current in the capacitive
discharge is very clear, showling that the transient is

now much slower. Also there 1s no evidence of either
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reignition or cathode fail interference during the
cycles recorded.

Ekcept for reduction in the number of reignitions,
the voltage trace has a very similar form with and with-
out suppressors in the ignition lesd. Fig. 26 has
10,000 ohms in the line. Before the initial breakdown,
the voltage trace is substantially the same. After break-

down, the only noticeable difference is in the number of

Fig. 26

reignitions. Only one is recorded in this oscillogram.
Referring again to fig. 14, it 1s seen that in-
creasing the resistance in the lead does two things to
the capacltlive discharge: It decreases the initial am-
plitude of each reflection and decreases the rate at
which it 1s absorbed. The result is that while the
time required for the current or voltage to die away is
increased, the energy radiated will be less, because the
frequency amplitude will be roughly proportional to the
amplitude of the fromt of the wave. In fig. 14. onlj

three reflections have been plotted, which 1s sufficient,
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however, to give a physical interpretation.

It can be concluded, therefore, that using resis-
‘tor suppressors does three things:

(1) It reduces the high frequency energy in the
capacltive discharge.

(2) It greatly reduces, or entirely suppresses,
the energy in the cathode failure type of oscillation,
the fundamental frequency of which is between 180,000
and 500,000 cycles.

(3) It reduces the number of reignitions occurring,
or may suppress them entirely.

These conclusions were confirmed with a radio re-
celver. The interference dropped off noticeably with
10,000 ohms resistance in the line, and with 25,000 ohms
reslstance in the line the interference was almost en-
tirely suppressed. There was, however, some interference
still present, which would be predicted from the shape
of figs. 24 and 25. For, as these oscillograms show,
the capacitive discharge was still present. As would
be expected, this interference was most noticable in the

high frequency band.

Effect of the distributor
So far in the discussion the assumption-has been
made that the distributor makes perfect contact. In the
oscillograms taken, this assumption wes made to be true

by shorting the distributor, so there wes no possibility
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of poor contact.

.In actual practice, perfect contact is seldom
attained. Only in the ideal case will contact be made
rjuat prior to the opening of the breaker points, and not
be broken until the complete phenomenon has taken nlace.
In the first place the rotating arm and the contact
points in the distributorlare likely to become worn, so
that there is a small clearance between them at =211
times. The other possibility is that the breaker opens
before the contact arm guite reaches the point, in which
case there is also a clesrance, for at least part of the
spark phenomenon.

In either cese, a2 second gap is present iIn series
with the gap at the spark plug.

A series of oscillograms were taken to investi-
gate this effect. The distributor used was one that had
been 1n actual service. There was a small clesrance be-
tween the contact zrm and each of the points, and in the
Investigation the contact arm was set adjacent to the
desired polint, and not rotateds The voltage bulld up
was started in the same way as when the distributor was
out of the circuit. Effectively, then a gap was placed
in-series with the spark plug.

The form of the voltage characteristic 1s shown
in fig. 27. This oscillogram is open to the seme crit-

iclsm advanced before, as a resistance potential divider



was used. However,'ﬁhe form of the voltage is shown
fairly well, although the trace does not follow the rapid
variations perfectly.

| Plgs. 28, 29, and 30 were taken with nodditvider

of any sort across the spark. Part of the trace is off
the film, but the osclllograms are useful in showing the
way tﬁe first portion of the voltage build up occurs.

Referring to fig. 2%, it 1s believed the spark
to be finally extinguished at a2 time of one millisecond
on the oscillogram time scale. If one gap ls extinguished
the other will be extinguished also. This leaves the
portion of the line from the distributor to the spark
plug charged to a potential of several hundred volts and
with no way to dissipate its charge and the charge on
the oscillograph except through the potential divider
‘and any line to ground leakage that may be present. This
accounts for the sloping tails on the transients in figs.
27, 28, 29, and 30. The oscillations superimposed on
the tail in figs. 29 and 30 are probably induced on the
line by the oscillations in the induction coil. Their
amplitude 1s only 90 to 100 volts.

In this case the complete discharge through the
gap occurs in from 0.4 to 0.6 millisecond. This.time
agrees with the current oscillograms.

The current oscillograms are characterized by the

large portion of the cycle during which the current is
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zero. This is to be expected since in effect the gap
separation has been increased, making larger voltages
necessary to ignite and sustalin the discharge. Typical
osclllograms are figs. 31 to 35, inclusive.

Another characteristic is that the oscillation
that has been called cathode fallure covers a longer
portion of each cycle than when the distributor was out
of the clrcuilt.

From these consideratiohs.it can be predicted
that mofa interference will be radiated when the di%s-
tributor is in the line. This was confirmed with a radio
receiver. While the difference was not great, it could

easlily be detected.
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EFFECT OF SUPPRESSORS ON IGNITION

The cheif objection to‘the use of suppressors
in the ignition system is the possible #@etrimental effect
-that they may have on the engine performance.

Mole and Finch5 have studied the ignition phenome-
non from an engine.efficiency viewpoint, and hazvettried
to discover just what part of the current characteristic

was responsible for ignition. They have concluded that
the only part of the spark necessary to ignite the gas
mixture 1s the initial portion of the inductive dis-
charge, and that thé capacitive discharge 1is very in-
effectual compared to this. -

They proved this to their satisfaction by elim-
inating first the capacitive discharge, and second,
portions of the inductive discharge, and comparing the
relative effects ofi the ignition.

To eliminate the capacitive discharge, Finch and
Mole used a diode, acting as a current limiter. This
prevents the high currents that characterize this type
of discharge.

In ofder‘to eliminate portions of the inductive
discharéé they bullt a type of breaker for interrupting
the primary current that could be reclosed at any de-

sired time. When the primary of the induction coil is
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reclosed while oscillations are taking place, the energy
Adissipates very rapidly, the voltage across the secon-
dary drops, and if a discharge is in progress, it ls ex-
tinguished in a very short time.

In their investigation, the breaker was reclosed
in a shorter and shorter time after the initisl inter-
ruption, thus removing more and more of the tail of the
inductive discharge. They found in this way that the
durétion of the spark could be reduced to one-tenth that
of 1ts normal value, without reducing the effectiveness
of the ignition.

If their conclusion is correct, then it is im-
portant to see what effect placing a resistor in the lead
has on thls portion of the discharge. To determine this,
the maximum current flowing during the first cycle of
the inductive discharge has been plotted against the
value of the resistor. The plot is given in fig. 36.

- The current velues are the peaks of the inductive
discharge characteristic and not the sum of the induc-
tive discharge plus cathode fail variation. For in-
stance, referring to fig. 21, note that after the capac-
itive discharge, the current oscillates fundamentally
with the frequency of the inductive discharge. Superim-
posed upon this frequency is the cathode faoiludé disturbance
of small amplitude and much higher frequency. If the

findings of Mole and Finch are correct, then these rapid
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fluctuations contribute little or nothing to the igni-
tion phenomenon. Instead it is the slow pulse that causes
the 1gnition. Therefore the cathode fallure osclllations

were disregarded in obtaining the above plot.

The curve shows that while individusel sparks vary
considerably, the average tendency is always in the same
direction. In the change'between'1000 and 25,000 ohms,
the current drops only 12 milliamperes. Therefore the
use of suppressors should have little effect on the ig-

nition of gas mixtures.,
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CONCLUSIONS

The following brief contains the salient points

of the investigation:

(1)

(2)

(3)

(4)

The existence of several sudio and redio
frequencles was confirmed.

Radlo interference Was.traced to one of three
sources: (a) In the ultra high frequency band
to the presence of a capacitive discharge,
which csauses the ignition lead to radiate

at its natural period. (b) In the broadcast
band, to the presence of a non-linear oscil-
lation caused by cathode failure. (c) In the
broadecast band, to a reignition phenomenon.
In the normal spark all three sources are
present.

Resistors placed in the lead adjacent to the
spark gap were found to decresse or suppress
interference by (a) decreasing directly the
energy radlated due to the capacitive discharge.
(b) By decreasing or éﬁppressing the oscilla-
tions from cathode failure. (c) By decreas-
ing the number of reignitions that occur dur-
ing a spark.

Resistors in the ignition lead should have

little effect upon ignition efficiency, if



they are not
(5) Distributors
interference
reignitions.
and duration

tion.

larger than 15,000 to 25,000 ohms.
in the ignition lesds increase

5y (a) increasing the number of
And (b) increasing the amplitude

of the cathode fallure oscilla-
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APPENDIX
MEASUREMENT OF INDUCTION COIL CONSTANTS
The following codl constants must be known in

order to calculate the voltage and current relationships:
the primary inductance, L;3 the primary resistance, R;;
the mutual inductance, Mj; the secondary inductance, Lg;
the secondary resistance, Rg; and the secondary dilstrib-
uted capacity, Cz.

Care must be exercised in controlling the core

Standard
60 Cycle Source

ng 37

Carey Foster
Mutval Inductonce Bridge

saturation when making these meassurements, as the in-
ductance of an iron-cored coil is a functlon of the

flux density. After trying several circults for obtain-
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ing these constents, it was decided that the Carey
Foster bridge6 was most suitable.

The circuit is shown in figure 37. The induction
coll is placed in the lower right arm of the bridge, in
the menner shown. The ammeter is in the circuit for de-
termining the degree of saturation of the core. The
measurements were made at slixty cycles so that a vibra-
tion galvenometer could be used asithe balance 1indicator.
The source consisted of a standard frequency oscillator,
dr;ving an amplifier, which is connected to the bridge
by a shielded transformer. The frequency source 1ls con-
stant to within two parts in a million. The source is
not free of harmonlcs, but the use of the vibration
galvanometer as the null indicator removes any diffi-
culty from this point. A Wagner ground is used, as shown
in the figure.

Thls bridge was used because it lends 1tself to
an easy control of the primary current and hence the
core flux density, and because it compares mutual in-
ductance directly agalnst a standard capacity, thus mak-
ing more accurate measurements possible.

The primary current is a function cheifly of
the reslistance R, and the rcgulation of the source.
Standard resistors of low values ( ten ohms) and rela-

tively large power dissipation ablility can be used.
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The equations for balance are:
M = CRy(Rg # Ta)

L2 = M(R:_ + I‘l)/R:_

where M = mtual Inductance,
Lg = secondary inductance,
ras = secondary resistance,

and C, R;, Rg, and r; are standard parameters shown in
fig. 37. |

The secondary resistance, r,, must be measured
by other means. Thls can be done easily and accurately.

To obtain the primary inductance the induction
coil could be reversed in the bridge. The inductance
is so sﬁall, however, that 1t is better to use some other
method. The Maxwell bridges will measure this size in-
ductance accurately, and the valces of primary inductance
used in this paper were found by the use of that bridge.
Here also an ammeter was included to determine the core
saturation.

Measurements were taken at several values of pri-
mary current for both bridges. The mutual and self in-
ductances were plotted against current and values taken
past the knees of the curves for the calculation of coll
performance.

In the measurement of Cz, the secondary distrib-
uted capacity, a beat freacuency oscillator was connecdted

to the primary, and a standard adjustable air condenser
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was connected to the secondary, ss showm in fig. 38.

The prineciple involved 1s that as the frequency 1s in-
creased toward the resonant freouency on the input of

a transformer, the secondary voltage will rise until
resonance is reached, after which it will drop sharply.
Therefore, using the vacuum tube voltmeter as a resonance
indicator, it is possible to get a series of values of
resonant frequency as a function of the added capacity
Cy. If the reciprocal of the square of the resonant
fréquency 1s plotted against the value of the added ca-
pacity, Ci, the curve will be a straight line, as ex-
plained by Termanll. If this line is extrapolated back
to the capaclty axis, it will have a negativé intercept,
the megnitude of which 1s equal to the magnitude of the
fixed capaclty across the secondary. This is the capaclty
that 1s tsken as the equivalent of the distributed ca-

pacity of the winding.

Circuit for Measur/ng
Coil Distributed Capacrty
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APPENDIX
DESCRIPTION OF THE OSCILLOGRAPH

Since most of the experimental results were ob-
tained with the cathode ray oscillograph, a description of
the instrument used should not be out of place.

The oscillograph is a modification of the Dufour
cold cathode instrument. It was designed by R.H. George4
with the primery purpose of using it for recording
lightning or switching surges. A dilagram of the in-
st;ument is given in fig. 39, and photographs of the
oscillograph and its associated apparatus are figs.

40 and 41. The oscillograph is madq almost eﬁtirely of
brass, except for an insulating section of bakelite.

The distinguishing features of the instrument
is that 1t uses = hbt-céthode to obtain the electrons,
and électrostatic focussing for brimging the beam to a
point. The ability of the oscillograph of resolving
high speed phenomena is obtained by allowing the elec-
tron beam to fall directly on the film. This feature
requires that a good vacuum pump be an accessory as the
vacuum must necessarily be broken to allow film to be
placed in or removed from the special "camera" in the
bell of the oscillograph.

Provision is also made for viewing slower tran-
sients by allowing the beam to fall upon a fluorescent

screen placed over the exposed portion of the film. The
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7/

translent can then be viewed through the observation win-
dow, shown in fig. 39 without clouding the film. When
photographic recordings are to be made, the window is
éovered and the fluorescent screen raised from over the
film by means of a flip turning in a vacuum tight grease
packing.

In order to reduce to a minimum the number of
times the oscillograph must be‘opened, roll film of
size 4% by 6% inches was used. The camera is so de-
signed that daylight loading is possible. The film is
rolled from one drum to another by means of a rod and
key, also turning in a vacuum tight packing. To count
the exposures one of the rolls over which the film
moves 1s fastened to a brass disk with a bakelite seg-
ment. This disk makes an electrical contactmﬂdﬁib causes
either a light to flash or a counter to operate. One
revolution of the disk corresponds to another 3% inches
of film turned into place under the fluorescent screen.

Two anodes are used as showvn in fig. 39, and the
focussing of the beam 1s obtained by varying the rela-
tive fleld intensities. The first anode is placed very
close to the filament (about 0.05 inch). The cathode
is protected from positive ion bombardment by a shield
at cathode potentisl, and completely surrounding it ex-
cept for a smsll hole for the electron beam.

The first accelerating anode was generally oper-
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ated at a potential of about 2000 volts with respect to
the cathode. This potentlal is adjustable by means of
a multiplier shown to the left of the kenetron in fig.
42. The contrel is shown in fig. 4C. It is the large
dial in the left center of the control panel. This =node
acts as a grid and contrcls the length of time the beam
is on, 8s 1s explalned below.

| The second accelerating anode was operated at a
potential of 10,000 volts with respect to the cathode.
This 1s adjustable by means of the capacitor divider
shown just below the first anode control in fig. 42.
This control is the large dial in the right center éf
the control panel shown in fig. 40. The two anodes are
insulated from each other by means of a bakelite section
in the oscillograph.

The second snode consists of a bell shaped plece
extending up into the bakelite section (fig. 39). It
may be ralsed or lowered by means of a rack and pinion
which turns in a vacuum tight grease pscking. The elec-
trostatic focussing is obtained by moving the anode up
or down. The lower part of the oscillograph is at the
same potential as the second accelersting anode, which
is grounded for safety.

Arrangement is made for magnetic focussing to be
used as an auxiliary means of bringing the besm to a

small spot. This 1s done by a coil placed around the

3%
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bakelite section 1n such a manner that the directlion of
the magnetic field will be that of the electron beam,

The deflecting plates are held by rods insulated
from the oscillograph by bakelite plugs. It is possible
to adjust the separation, but it 1s easier to set them
at a convenient point and use a potential divider to
vary the sensitivity.

The high voltage for the oscillograph is obtained
by means of a 10,000 volt transformer and a kenetron.
Half wnve rectification 1s used. The circuit 1is shown
in fig. 42.

In the operationrof the osclllograph, electrons
are not emitted prior to a very short time before the
occurrence of the transient that is to be recorded.
Operation in this manner increases the life of the cath-
ode and also gives greater contrast on the film. This
1s done by thyratron controlled sweep and trigger cir-
cults. The trigger circult controlling the cathode
emission is shown in fig. 42, and the sweep circuit is
shown in fig. 43.

A short interval before the spark occurs, a con-
denser is discharged through the coils marked "To the
tripping circuit" in figs. 42 and 43. In the beam con-
trol circuit (fig. 42) this discharge causecsithe grid
of the thyratron to become positive and the tube to be-

come conducting. Current can now flow through the
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thyratron by two paths: through R,, or through C; and
Rs in parallel and the 82 tubd. R, and Rs are large
enough so that the current taken by them is not suffi-
clent to keep the thyratron conducting. Therefore the
length of time the thyratron conducts is determined by
the time constant of C; and Rq. But the voltage on the
first accelerating anode 1s equal to the voltage drop
across Ry. Therefore there will be an accelerating
voltage on this anode when the thyretron is conducting,
and none when it 1s not conducting.

The sweep circult which is shown in fig. 43, 1is
tripped in the same way as the beam control circult.
When the thyratron becomes conductlng due to the discharge
of the condenser through the tripping coil, the condenser
Cs will charge at a rate determined by the product of
Csz and R;.

The sweep plates have an initial bias on them
due to the drop in Rg and Rs. This keeps the beam off
the screen until the sweep ls tripped, thus removing one
synchronization difficulty. The circuit parameters are
so chosen that the beam control circuiit will trip either
previously to the sweep circult, or very shortly after-
wards. If the beam control is tripped first, no ener-
gy will be imparted to the screen or film untll the

sweep is tripped, due to the bilas on the plates. And



the results will be equally satisfactory if the beam
control is tripped shortly after the sweep, as long

as the time interval is not so great that part of the
£ilm is not used, or part of the trensient 1is unrecorded.

The sweep power supply uses a voltage doubler
circult which mekes available a potential of about
1400 volts for sweeping the beam across the film. This
potential 1s large enough to pull the beam off the film
sufficiently long before the accumilatling charge on Cs
has reached the saturation point, that the sweep 1s ap-
proximetely linear.

When the charging current of_CaAreaches a low
enough value, the sweep thyratron will again become
non-conducting, and the beam will no longer be swept
across the film. Cs is one microfarad and Re 1s about
15 megohms so that Cg discharges very slowly. Thus there
is plenty of time for the beam contral to cut off the
cathode emission before the beam again falls on the film.

The instrument was unsatisfactory for 1investiga-
tion of transients of this short a duration. It was next
to impossible to obtain a sharp focus of the beam, and
the relatively low accelerating voltage rendered the os-
cillograph too insensitive to follow the rapid oscilla-

tions .
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