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AHSTRACT

The work of previous investigators, on the initiation
ot explosion, is reviewed. Several resgirches are deacribed in
detail im order to indieante the basie rsquirements thet must be
satisfied by a c¢oordineted theory of the explosion process.

The possibility that a correlation may exist betwesn
the ability of a “capacitor spark" to ignite a combustible mixture,
and the electrical character of the discharge was investipgated.

The results of experiments with e 4% ether air mixture are
presented and discussed,

It is shown that the energy dissipsted in m spark
is not by itself a measure of the ignitibility of the spark.
Nelither is the total cherge passed during & discharge. The sparking
potential, however, greatly affects the "exploding power" of a
spark.

For gpaurking potentials between 2000 volts and 4000
volts no correlation has been found to exist between the igniting
ability of a spark and the maximum, effective, or average discharge
current.

The results of experiments with corona discharges of
potentials up to 35,000 volts indicate that explosion could net
be initiated by this type of discharge. The suggestion that current
density in a spark mey be a critical factor in determining its
aﬁility to ceuse explosion, is advenced. Further experiments are

sugrested,



-1‘

REVIEW OF PREVIOUS WORK ON THE IGNITION OF COMBUSTIBLE MIXTURES

1.1 INTRODUCTION

The modern knowledge we have of the complex processss of
combustion and explé%ion comeés from experiments which fall into
the following catagories:

I. Chemical soction in electrical discharges.,
I1. Spontaneous explosions by self ignitiom.
ITI. Explosions and combustion induced by local heat or
electrioal sources.

Organized experimental study of the combustion problem
probably begen in the middle of the seventeenth century when the
Oxford School of Chemistry ceme into being. (1)} Extensive and
more detailed experimentation awaited the electron theory of
matter.

In the last four decades the entire phenomsﬁ%kof com-
bustion and explosion has been re-exumined & number of times. It
has only been in the last fiftaén years however that the complex
nature of the underlying preocesses has been appreciated and for
this reason progress toward a coordinated theory has been slow.

At the present stage in fact, we await the development of bettsr
techniques, better methods of measurement, and finer understanding

and control of the electro~chemical factors involved.

lpracketed numbers such as this one, refer to the bibliogra-

phy at the snd of this paper. Superseripts will always indicate
footnotes.



The practical desire as well as the necessity, to be
master of rather than servant to the explosion phenomene, has
greatly stimulated research in this field. The elimination of
dust explosions and the development of tﬁe internal combustion
engine were two engineering problems about which something had te
be done - even without the benefit of a complete understanding of the
basic principles involved. The explosibility of modern anaesgthetic
vapors (2) on the one hand, and the development of new electrical
ingtruments for use of the medieml profession on the other, have
led to serious problems.l

More recently, interest in the catalytic actiim of the
electrical disoharge (3) in certain chemical (4) and physical (5)
reactions has opened e tremendous field of investigation, which

has already shed new light on the fundamentals of combustion and

explosion.

1.2 RESULTS OF EARLY INVESTIGATORS

It has not been possible to duplicate all of the results
reported by early investigators of the explosion phenomena. Due to
incomplete understanding of the electrical factors involved,
¢xperiments were frequently performed and conclusions drawn without
regard for conditions we now consider eritical. It 1s common to

find disagreement on fundamentel matters in the early litsrature.

lFatal accidents in operating theatres have been caused by
static spark discharges, use of the elsctric cautery, and a variety
of other means. Substantial progress has been made in locating and
eliminating these difficulties. See bibliography Reference No. (2)



With the passage of time, experimental results have
tonded toward greeter consistency. Many probable mechanisms
involved in initlating explosions aere already known but they are
not yet fully understood (6). In the not too distant future howeve
it should be pogsible to develop a unified theory of the entire set
of events that lead to an explosion.

The modern period of investipgation can be set at the
turn of this century. A wide range of researches developed when
the Mining Association of Great Britisn becaune eoncernéd with
finding meang of preventing coal dust explosions (7) (8). The work
of H. F. Coward end his associates (9) is of partisular interest.
It concerns the minimum pressure at which a Z2H, + Oz mixture can
be ignited when submitted to an slegtriocal discharge.

To W. M. Thornten (10) however we owe the main "eontrol-
led" investigations of explesion by means of local heat and
electrical sou;cus. His interest was aroussd by the problem of
meking clectrical signalling devices, in mineg, safe (11). Thic
led to the problem of sparks in a combustible medium, and by =&
short step, to study of the cumplete problem of ignition by local
sourceés. Much of Thornton's work has withsteod the test of time
(12) end a brief review of phenomena he reported snd which has since

LL‘[”

baen reinvestigated Witk be useful.

1.3 THE INITIAL PERIOD (1900 - 1916)

Three convenient methods have bean used to obtain sparks
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s a local sourse for igonition, They ares
I. TIreoeking an induetive circuit.
I1I., Dischurging capacitors across a suitable gap.
I1I. Sparking the fecundary of an induction coil by inter-
rupting the primsry ourrent.

At one time or another Thornton tried 2ll of theése
methodss Using sparks obtained by breaking an induetive cirouit,
he found that & eritical current had to be interrupted before he
oould obtein an explosion (1%). Further the current to cause
explosion dependéd upon the voltege used in the circuit, the
induetence, the composition of tho explosive mixture and later
(14) the series resistance in the circuit., The exisztence of a
eritical current led to the suspieion that ionigetion provided the
initiating process of the explosion, while the eifect of the
inductance tended to indieate that emergzy (1/2)LI% might be a
determining factor. In later investigations Thornton has medified
this stend (14) showing that ignition dopends more closely upon the
product LI and in this way explosion by means of break 5park$1 can
bu explained on the basis of un "electris theory."”

Thornton alse investigated the explosion of gases by
hot wires as local sources (13) (16)s The temperature of the wire
wag controlled by the current it was al lewed to conducet, Here again

he found that e definite current was necessary hefore sxplosion

19his matter is not yet settled. See reference (16) where LI%
is reported to be the essontial product,
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oocurred (14). It was at first felt that elsvtronio emmission
from the wire caused the explosion - but J. D Morgem showed
that explosion could be obtained with nc emmission (an?:,
Thorntun was first to investigfte the explesion of
gaseous mixtures by a capacitor digcharge (18) (19)2. It then
became apparent that a givem mixture could be exploded with much
less 1/2 CV® than the 1/2 LI® that was nocessary in the case of
the "break spurks." This fact guve riss to a question which has
been discugawd for aearly 30 years: Is energy orf ionlzation the

motivating fastor causing the sxplosion?

1.4 THE SECOND PERLIOD (1916 - 1926)

During the period from 1916 to 1923 reseerch ma.
stinmlated by the need of powerful e¢ngines. Cne of the meny fine
papers3 published in this periocd was written by C. . Paterson and
He Campbell (35). In addition to garefully Qeseribing the methods
and difficulties involved in their own researches, they included
4 careful re-eveluation of the sntire problem end the work that

had gone Lefore. Using capacitor sparks exclusivslya, they found

that it was nuecespary to dischiarge a oritical capacitor before

L0ther oxperimenis inw lving explosivns by hot surfaces wiil
be mentioned later,

23ome of the difficulties experienced are discussed in
reference (21).

YAt least twenty papers appeared.
44 novel cirouit arrangement was usod. The first instence of

"under rumning® the filament of a diode in order to use the tube as
a surrent limiting doviee is here recorded,
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explosion would occur. Further the (1/2)CV® that was "necessary"”
for explosion was shown to be & highly variable quantity -
continual 1y decrsasing as the sparking voltage was raised. At a
given woltage the capacitor required for explosion varied with the
richness of the gaseous mixture - going through a minimum. No
definite theoretical oconclusions were druwn. Other papers
notublg (21) (22) by J. D. Morgen (23) (24) and R. V. Wheeler (2b)
{28) eppeared during this period. These men independently came

to the conclusien that explosion oaused by elsctrical discharges
was not due 1o processes of an electricel nature. Using theo-
retical and experimental considerations, they joined with

E. Taylor Jones (27) (28) (29) (30) to put forth the theory that
the explosion of grses wes a pursly thermal phenomena based upon
the introeduction of sufficient emergy to maintain a necessary
volume of gag at its explosion temperature for a sufficient length
of time. It ;as shown theoretically that point sources were more
effective than distributed onesl and also that the rate at which
heat was supplied was a crucial factor - best results being

obtained by instantaumeous point sources®,

1.5 THE THIRD PERIOD (1927 - )
In 1926 G. I, Finch and L. G. Cowen (31) began work on

the oombustion problem. Over a period of ten years, Finch and his

lSee however the discussion on pege ¢ of this thesis.

®Mathematiocal work on & modified thermal theory has boen done
more recently. See Page
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co-workers have used inductiovn ocoil sperks (32) the continuous
direct current electriocel dlscharge at low pressures, (33) as
well as capacitor sparks (24) in their investigations. 4an
oxtensive chemical, slectrical, and physical (spectroscopic) (35)
study of possible infl;encing factors was undertaken with a large
measure of suceossl, The geueral vonclusions® were such as to
show that a complete thermal theory was unteneble (36). Bxe
plesions were obtained under ciroumstawocs in direct contradistion
to predictions based upen & thermasl theorys. It vas docided that
explosion wag due not to ionizetion but instead teo the attainment
of suitable molecular excitation, This was based partially on
figure (la) which shuws the hyperbolic relation existing between
igniting current and pressure. At a given pressure the ourrent
necossary for explusion wag less for wider gups arparently becauss
the discharge it more concentrated for larger elecirode separations.
In?1927 A. Kieth Brewer found (37) ths explosibility
of & carbon monoxide - oxygen mlxture by a low volbage capacitor
discharge depended upon the emergy (1/2)CV® only. Working at
reduced pressures, he found thatl for a given capacity, the voltage
required for explosiom varied inverssly with the pressure of the

gas., He showed that while ignition at any pressure depended only

ithe camplete list of papers appears in Refersnce (38).

2Phe puther gives an exoellent review of the ontire matter
in reference (38).

3The reported offects of frequency of the discharpge will be
found interesting., BSee Referenoe (34).
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upoR the energy in the dischargs, ighition st veriouns progsurss vere
I'slated not as tho Uurgy - Wt as the sparking voltege. Thls ig
the firygt indieution that the opurking potémtial itpelf may bto a
faotor without ovnsidering ite reletion o other quentities sush

a3 SUsYgY.

More recently Brower and his agsuciates Imve avestigeted
the eabulyltic action of the zlow dischurge oa verious chemical
procensest, Their results in the cage of tho eynthesie of ammunia
(38) ure characteristic and worthy of mentien. It vos found thet
in a bigh voltage glow discharge, the chomical reaction of nitrogen
and hydrogen tu form ammonisa proceeded very readily inm the region
of negative glow and t¢ a more moderuts extent In the pogitive glow,
tut scemingly in ro other vegien of the discharge. The synthesis
proceeds at 4 rate dotermined by the currsni and i independent
of Vhe pressure and femperature over @ wide range. IAplesive
resctione suuld ocgour im the positive colum = but in ne ¢ase would
they vosur in ilie negative glow (Z9).

n tracing the suveral ztages frol the nen preopogating
reection to explosion in the pesitive column Brewer (in agreement
with Figch) found a murked relatiuvnship betwewn current, prescure
and teupsrature (40). It wes pupsidle to cheoss values for the
current, preseure and tompersture osuch that for any oxplesible

mixture, no explosiovn ogcurs., Abuve thege oritical values reaction

*A total of fourtecm papers has busa published to date, The
last two are mainly oonoarned with the problem of sxploszions,



oooWrred quite ow=ily (41). It was cuncluded *thut inltial reaction
eonters are cremted by ilonizution procotsts ard that these ventorsl
interact with ¢uorly rich mpeolecules Lv bring ubout u chomioal chain
reaction. Tempersture 1s looked upon fs Bnother neans to orpate
active venters DY dlsdociation. Tho prescure coefficlent has heoon
explained by the effect it dae on diffuvion; and the ourrent was
taken to reprysunt 8 measure of the irftial coutsrs of activity

pragente

1.0 UTHER ITHTIERESTIHG WORK CH EXPLOSICH PHENOMENA

R. 8., Silvery (42) heated quertsz spheres of different
siges and shot them inte various explosible mixtures, He found
that the larger the gplere, the lower ibs initlel tempurature had
¢ be in ordey to cauy® explosion, In all cases however this
temperature was neveR as 1ow as the known explosibility temperature®
for thu given mixturae, The strubgencss of bthese rosulis fs based
upen the fageh that the sumllest man mede sphure will certainly
goem like an infinite plane atomicelly. Thers are othsr indicstions
what an sxtodded surfece will ignite # pas at u lower btemperaturs
than a locel hwat scurce will, 7This egein brings up the matter of
the orsation of active cuntors by Vvhermal mouns. Silvers {43)
Paterson (43) and Landau (44) have attempted s mathematiosl treatment

of this matter® with interesting results. However because the

Tpositive molecules, &toms, radionls or ionic clusbers.

“The explosibility tumpereture of o gas ig not however one of
its physioel oconstents - this is sufficient evidenos thut sven thermal
explesions are not yet wnderstood.

SThe difficulties involved in such ma approich are tremendons.
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physical guantities involved in the expressions ¢btained are not

yet determinable, the results cannot be applied.

1.7 THE INFLUENCE OF HADIATION ON EXPLOSIBILITY

It has long beon known that light acts as s catalyst
to many chemical reactions. To the chemist an explosion is merely
an accelerated combustion. The essential difference between come
bustion end explosion appears to be thet ln the first ease initial
active centers cause the resmction - while in the second case, the
sources of activity have the ability to regenerate other sources
of activation by a process known as chain and branched chain
renctions. As an interesting case in photo synthesis consglder the
roaction betweon hydrogen and chlorins gasesl.

Nﬂt:ﬂ,n
In the dark, the miwture of hydrogen and chlorine to

yield:
Hz + Cﬂz - ZHGE

is inappreeiagle. In diffuse light the reaction ccours with o
measureable speed - while in direct sunlight the combination is
quite explosgive. It ls unnedessary to expose the entire mixturs of
hydrogen and chlorine to the light. If a =mall amount of chlorine
is exposed to the light and then pleced into the mixture of H, and
CLg in the dark, the reaction will also proceed. (4 similar sffect
is not noted for Hp) The accepted explanation of this phenomens
is that chlorine molecules are dissociated by light:

CLp + light —= 20 (1)

Cnlorine atums then resaoct with a hydrogen molecule

Lgee any oollege chemistry text,
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€l + Hy = HCL + E (2)
Hydrogen atoms are able to react with mndissociated chlourine

atoms to yleld
I+ cl, == HCL + C1 (3)

The resulting chlorine atom oan now initiete & similsar proocss.
Thuy the presence of ; small emount of chlorine in thes atomie
sbtate can cause the reaction between large amcunts of hydrogen
and chlorime in the molecular state. 7This is a chain resotien,
and here it is séid tu De initiated by activated chlorine.

Chlorine end hydrogen will reeot in the dark at high
temperatures teo. This mesns that the chlorine molecule may be
dissuciated by heat also.

The entire reaction sketched above may be brought ¢
8 stop at any stage if a proper CHAIN BREAKING REACTION sets in.
Thue if the hydrogen atom oreated in (2) were to combine with the
ghlorine atom in (3) to yield:

’ H+Cl - HC1

the aetive atoms would be removed and the reaction halted.
Yoreign substunces, certain gsurface phenomena, prossure, vessesl
fuetors, sbo. ey act as inhibitors or ochalu breakers, and in thisg
g change the oxplusibility of otherwise dangerovus mixtures.

Other effecis of radiation on explosicn are deseribed
by G. N. Hinshelwood and K., Clusius (47), J. D, Norgan (48) and
B. Lewis® (49).

1me Bibliegraphy contains & short review of these pupers.
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1.8 EIFLOSIONS INITIATED AT CONSTART TEMPERATURE
The pursly thermal theory of explesion mests with
difficulty in the attewpt to explain certain reacticns betwewn
hydroger and oxygenl‘ One of these phenomena is illustrated by f 5
P d e
figura‘%&igm page TA. ° This figure shows the explosive range for i{ ]
o stolchiometric mixture of hydrogen end oxygen (46). The reaction
is as followe: If the required mixture is heated %o say 510°C and
edmitted to the chsmber cure bLoing taken to keep the pressurs abuve
60 mm of Hg, then it is found thut & slow reaction taekes rlace
between the consgtituents, If the preasurs is slowly lowsred by
wilthdrawing some of the mixture thé reaction rate decrugses unlil =
pressurs of 60 mm is reached whereupon an sxplosion abruptly oscurs,
The upper 1linmit shown is sharp sad is not affected by vessesl factors
but the lower limit is not as well defined beemuss of practicel
difficultiss at such low pressurss. Any exdlanation based on the
therma) theory seems hopeless, but a brahched chain of resctions as
listud below will dou so. We first suppose that by some meuns, thermul
or otherwise, a hydrogen atom has formed. Then the following reaction

gun ocour (50),
H* 09— 001+0

O+ H, == 04+ H

4
OH + Hz ~ HEG + |

If the rate of incroase of the H atoms is taken to be proportional

‘The literature is so vast on this subjeot thet the ourious
reader will de better to refoer to the following books listed in
the Bibliograrhy, Bes first (6] Chapter 11. Then (45) (48).
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to the concentration of H atoms present at any time, then

dﬁ/dt = aH. Whun the mixture doss not explode it is assumed that

a chain breaking resotion is decreasing the concentration of H
atoms in the menner deysribed by - dE/at = bA. The eriterion for
explogien is then that a be greater than b. Taking b proportional
to the pressure and a independent of it, as the prsgsure i lowered
& will become equal te b and below that point explosien will occur.
AL wery low pressures, H, 0, and OH ars destroved at the vessel
walls and this acts a4s & chaln breaking prueess which expleing the
presence of a lower limitl., For further discuesions of this
nature referencee should be mmde to the Bibliography. Before deciding
on any une resction the chemist is forced to consider resctiong of
all types that can possibily oeour. The problem is a fascinating
one and the metheds used In i%s solution have been developed 10

a high degree,

1.9 CCNCLUSION

An enormous literature exists on the oubject of
combustion and explesion. The lllustrations above have been
chogsen with a view townrd indicating the many directicns in which
researshh on these problems has thus far proceeded. A cocordinated
theory of tho mechanisms snvolved must acocount for all of the

rosults of the experiments described.

IHﬂnoc the lower limit should depend upon size and shape of
veagsl. It is found to dou so.
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EXPLOSIONS BY MEANS OF ELECTRICAL SPARKS

2.1 INTRCDUCTION TO THE PROBLEM

The work described in this thesis, was conceived by
a desire to investigafe the possibility that a correlation might
exist between the ability of a spark to initiate an explosion,
and certain of its electrical properties. The cathode ray
oscilloscope being available, it was desired in particulsr to
vary the character of the spark by a variation of circuit
paremeters and to observe the effects on its explddigﬁ power, as
well as the wave shape of the current in the discharge.

All of the work has been done at atmospheric
pressure and room temperature (20°C - 25°C). For this reason

sparking potentials of the order of kilovolts were necessary.

2.2 INITIAL EXPERIMENTS WITH HOUSEHCLD GAS

Preliminary work was done using ordinary household
gas as the combustible agent. The required electrical &ap-
paratus comprising a power supply, high voltage capacitor, and
a sphere gap were readily assembled and testing begun as follows.

The spark gap was suspended directly above the
opening of an ordinary bunsen burner, and sparks were passed
thru the gas stream between the electrodes.

The capacitor, whose discharge provided the spark,

was veried until combustion oeccurred. It was found that this



method was not suitable. The reeults were highly statistical
and in some omses contradictory.

In order to improve the physical arrangement a
Moker (wide orifice) burmer was substituted for the ordinary one,
the gap and burner we}e completely surrounded by a metallie
shield, and the flow of gas was made very mild, Still no con-
sigbent results could be obtailned. Further modification was
attempted, To be more scertain that the gas-air ratioc was known
constant, required a methed for measuring and contrelling very
small emounts of the combustible mixture. It was soon found that
no meters existed for this purpose.l After some experimentation
& gone nient and simple manner for cbtaining the required mixturcs
was developedz. It involved the use of f{ive glass tubss arranged
schematictlly as shown in the figure on the next page.

If the orifices at A, B, and C sre properly chosen,
it is possibIL to obtain an sccurately controllable percentage of
gas to alr over s wide range of mixbtures snd gas veloeities. The
meters used are commercial geas meters. This schievement led to
results of a more uaiform nature, but it was not wholly setis-
factory because of constont varistions in gas line praessure., This
source of annoyance could heve baen eliminated by using ballcons

838 reservoirs, but it was found that the greatest difficulty ley

lthe Southern California Gas Company laboratory analysis
small quantities of gas by a method impractical for this ressarch.
The smmllest commerciel gas meters are much toolarge.”

gSuggested by Dr. S. S. Mackeown
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in the streaming of gas past the clectrodes. The use of household
pas wuas therefore abuandoned.

Meanwhile however, certain valuable experience with
the eleetrical vircuit was obteined, and in the light of this o new -

srrangogent of appsratus was made.
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2.3 THE FINAL ELECTRICAL CIRGUIT

Figure 1 is & diapram of the f{inal} ele¢trical cirouit
adoptsd. The diode reotifier (RCA 878) operates in saries with
a high recistance and the secondary of a transtormer (Ehorderscn
110v - 25,000v 1KVA) to charge the capacitor at G. The sparking
voltage is determined and sontrolled by sdjusting the digtance
between the eleectrovdes in the combustiom chamber., The very high
series resistance (about 180 megohms) serves to effectively
isolate the discharpe circuit from the main supply when sparking
occurs.

Variable inductences and resietances were placed in
the discharrze ciroult es shomn. The chersacter of the spark
current oould be sesn with the aid of a pick up resistor, an

ogeillogoope and L sweap oirouitl,

IUE COBBUSTIBLE GAS

1t was decided to perform our tests with ges ina
auiescent stete., Rether than wes gasoline, whioh hes a very
complex chemical make-up, & simple volatile hydrucerbon was
sought., Lthy) Ether (Czﬁs)zoz available in large dquentities and
offering the advantage of vaporizing readily at room temperatures,

was finally chosgean.

17t is sufficient to indicate that the swoep circuit is an
electronic deviee. Its operation is asutomatic - depending wpon
voltagre indused in a pick up lead whenever a spark passes in the
explosion chamber. Horizontal deflection foi the electron boam is
thue assured. Vertical defleoction is produced by the voltage drop
across the lknewn reesistance R_.

P
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2.4 THE EXPLOSION CHAMBER AND OTHER APPARATUS

The explosion chamber is shown in figure 2. A
thick lucite cylinder was used because it presented several
advantages.

(a) Visual inspdction of the explosion, and of the
eleotrodes surfaces.
(b) Luecite has good insulating properties.
(¢) 1lucite is easily mechined so that the electrodes
could be supported in the obvious fashion shown.
(d) Thick cylinders of lucite were easily obtainable,
The volume of the chamber was 346ce.

At difforent steges in the research, various
elsctrodes were used. Bost of the work was performed using
aluminium or brass spheres 1/2 inch in diameter., The separation
of the electrodes was always small compared to their diemeter and
hence many digturbing electrioal effects wﬁre avoided!.

Experience showed thal a stirring deviee would be
usefuls The chamber was therefore mounted on an induction motor?
fan in such a manner that the shaft extended thru the bottom.

A small blade was attached as illustrated in figure 2.
4 smooth tennis ball served to close the top and of

the chamber. When explosion occurred, the ball acted very ef-

11t is lmown that for such en arrangement of electrodes,
time leg is less than 109 seconds.

2This type does not spark.
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fectively as e pressure relief valve. In order to avoid dif-
ficulty after each explosion, & deviee wes built to cateh this
bel) end retain it. The ball catcher mmy be seen in figure Ja.

4 circuler hole was cut into a piece of wooll, Hinged wooden pegs
were mounted sround the hole and kupt horizontsl by rubber bands

in temsion ts shown. This assembly was nailed into am open card-
board box, a flap entry was out in such a wuy that the ball could
be easily relrieved, and the nhole arrangement was firmly suepended
over the explosion chmmber.

The g@ir used to flush the chember between «leotriocal
discharges, was filiered by a gausze pud and dried by sending it
thru ecalciwm chloride, (see figure 3%Db)

The variable capacitor, {, of figure 1 was made up of
an arrangement of capacitors az illustrated im figure 3ec.

Identienl mice transmitiing cepaciters ruled at 4,000 uuf and
12,500 volbe were used, In some cases bthese were supplemented by
Leyden jars. Capacities botwewon the limite of 287 pufl end 25,000
wuf were poseible.

An electrostatic voltmeter was used for determiniung the

spurking poteptial., OQther apparatus used is discussed slsewhere.

NATURE OF THE DISCHARGE
Extenrive ogcillegraphic investigations of the curreant
in the discharge were made, It was found that for genseral purposos

of discusszion, the sgpark could bz censidered as a non linear
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resistance, By suitably varying the parameters R, L, and C,

the charzoter of the circult could be changed continuously from
strongly “overdemped" to¢ highly oscillatory. In the later oase,
calculations of the frequency of oseillation were simplified by
neglecting the small‘zaries resistance involved, because
vscillographic checking showed the error in doing sc was trivial.

Caleulated frequencies for some of the work - ranged
a8 high as 10,000,000 cycles per second.

The photographs on the next page, show representative
curreant wave forms encountered. Toeconomize on the use of film
involved, one negative was sometimes used to record the wave
forms for two dlitferent conditions of the circuit., By mesns of
calibrations explained in part 2 of this thesis, the scale seen
in these photographs could be usged to measure both the duration
of the discharge aqd the current involved.

¥
THE COMBEUSTIBLE MIXTURE USED

In order to determine {the best percentage mixture
of ether air to be used it was necessary to investigate the
range of explosible mixtures. For this purpose a high voltege,
high current spark was employed. A charge of 0.065 milliliters
of ether, corresponding te a four percent by volume ether sir
zixture, was found to be close to the center of the explosible
region. The migropipette used to measure the ether charge was

rated at 0.2 milliliter., It could be controlled easily to within



¥ = 3,900 volts

i, = 0.035 amperes

(b) £ = 39,80C eps.



T
0.008 millilitoer.

e85 FIRST TEST KUK -  PHOCEDURE

A sperking potential is first chogen, say 2000 volts.
The electrede spaoing\for this voltage is determined relatively
acourately by sparking the gap in en atmosphers of ether air jugt
rich enough so that explosion will not ocour, This means must be
regorted to Locause ether eir mixtures bromk down clectrically at
lower voltages than air.

Heving once set the gap, the series resistance and
inductance sre kept ss low as powssible, mand a choice of capaecity
(usually 1000 puf) is made. In order to bring about a condition
of equilibrium the capaclitor iz then discharged & number of times
by nmgans of an auxiliary gap. Thig insures that each spark
Thercafter will involve the same ameunt of charge =t the given
potantiall. &he auxiliary gep serves to avoid unnecessary pitting
of the main electrodes.

After cerefully flushing the chamber with air, a
charge of 0,060 milliliter of ether is run im, the tonnis bell
replaced, and the stirrer set geing for five seconds., The pap is
then spurked. If mo explosion ocours, this procedure is repeated

four timess Usuully explosion will oecur the first time or not at

‘That this was approximately the cmse cen e seen from the Tirat
photogruph on the prece¢ding page. The area under the current time
ourve 16 an indication of the charge pussed. The only difference in
this gquantity for the ten or more ¢urrenttraces shown is the omall
smount due to the erratic mamner in whioh sparks are extiuguished.
This represonts less then 3} error,
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11l. In the latter cese the capacsitor is then suitebly’ inereased,
and the process repeated. Ultimately a value of C will be obtained
for whioh five explosions may be made successively. In cases where
four explosions cecur in five trials, five more attempts are made.
Capacitors are recorded as ceusing explosion if either five

explosions ocour in succession, or eipght oceur in ten attempts.

FIRST TEST RUN - HESULTS and DISCUSSION

At e given sparking voltage, with all other circuit
parameters fixed, it was found that a coritieal capacity was
required in order to cause an explosion of the combustible mixture.
The line sepurating the non explosive region from the explosive
ocne weg quite shaip. As the sparking potential was raised, the
eriticul capacity required became smaller,

The total energy in the discharge most of which ap~
pears in the gfark itself was taken to be (1/2)CV®, The following
curve teken from the data shows that the "energy required for
explosion® is a variable quantity depending on the sparking
voltage. These results check very well the work of previous
investigators (20) (23) in this field. As far as could be de=-
termined no minimum energy to ceuse explosion existed - unless a
voltage was also specified. In fact, from the results obtained
there is reason to suspect that if the sparking potential were
increased indefinitely, the “energy to cause explosion" would

become trivially smell.
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Although it is true that & coriticsl cupacity is
requirgd for explosion at a piven potentiel, it ig felt that in
the region investigated, it cemnot be the product (1/2)CV® which
is the determining factor. OQther fucters will have to be con-
sidered in order to explain the fact that at a sparking potential
of 4000 volis one twenty fif'th of the ensrgy necessary at 2000
volts will cwuuse explosion. To this end it is necessary to
consider carefully a list of facturs which vary when the capeacitor
is changed ag desoribed above,.

(4) The electrode separstion is proportional to the sparking
potential used., 41l other factors remaining constant the current
will also increase with the voltage. Hemnoe the volume of the spark
as well as the sres it presents ¥o the gas ~ both increase &t
inereased voltages. However effortc to find s correlation between
explesibility and these factors werc unsuccoasful,

(E) The resistence of the eirouit is not constant when
differgnt capacitors are used because of chango in the froguency
of vaclllation of the current.

{C} The gparik curremt &t u oonsiant voltage is a fuaction
ol the capacity usged, end in faot may be varied within wide limits
without varying elther R or L. However in the range investiguated
the energy diassipated by the resistor was unegligible,

(D) The possibility of & local oscillstion between the
e¢lectrodes themselves exisis. Traamsient phenomens have besn known

1o o¢Gour in such cases.
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(B) The freguenoy of the discharge iltstlf may protduce
sume kind of slecotrical activation in the gas,

In an attempt to settle some of these matters,
further investigeations were made. It was for exemple found that
for & conctant voltage, the igniting g¢bhility of a spark could
be supprussed by increasing the series résistmnces The fol-

lowing technigue was sdopted 4o ohtain date.

2.6 SECONU TEST RUN -  FHOCEDURE

At s spatrking potential of 2000 volts, and with the
series inductance aud resistence ag low as possible, the cmpacity
necessary for sxplosion was determined by uee of the samg
prosuvdure outlined in obtaining data for the first test run. The
geries resistance was then incresged until the explesibility fell
below 2 out of € trials. This velue of resistance wus recorded.
The capaeity ;us inoreased untll explusion onve more¢ bscome a8~
sursd using the criterion previcusly explained. The resistance
was again increased and so on. The counteracting effect of
capaclity on the exploslbility wae followed up to 26000 ppf - a
limit imposed by the equipment en hsnd.

The voltage waes then raised to 2650 volis without
changing the resistanves The oriticml capacity to vause explosion
wns agein determined and the entire proeodures above repeated.

Results were reoerded for the followlng sperking potentials:

2000 volts, 2BL0 volts, 2850 volis, %3200 volts, ZBOD volis, and
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4000 volts. A complete rum required a number of days. Between

voltage runs the electrodes were pulished carefully.

SECCKD TXST RUN - RESBULIS end DISCUSSION
The ocurves on the followinp plate summerize the effect
cbtained by varying the resistance and cupacity in the mapner
detoribed ebove., All of the regions of explesibility lie above
the curves shown.
At & sparking potentiel of 2000 volts, it is noticed
Aniihiilate
that a series resistance of ten olms was sufficlient to imhriete the
explesibility of & spark from even a 25000 ppf capaciter. At 26860
velts however, a forty ohm resistance was required to destroy the
igniting power of the seme capesiter. Oscillographic analysis
of the current showed the circult Yo be oseillatory for the tests
at both voltages.
In order to determine the cause of these sffects we
must consider the following.
(e) The sparking potential is unaffected by chenges in
K or C and hence the electrostatic fleld bLetween electrodes
Just previocus to sparking is unaffected alsv.
(b) The charge that can be delivered by a cepacitor depends
entirely upon its voltege. This eliminates charge as
a factor.
(¢) The rate at which charge is delivered (d@/dt = i) depends

upen the series resistance, the capacitor and the voltapge.
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For this reason it is investigated more thorsughly later.

{d) The energy in the spark is given by

E=1/20". 17Rr at

Variation of H, C, or V are seen to produne the
proper Qualitative trends - but this relation can not provide
the key to explesibility phenomena bocause of arguments put
forth sarlier and which #till hold here.

() The rate at which emergy is delivered, or wattage of
the spark is effected by all three variables R, §,
and V.

(£) The frequensy of oscillation chenges with C, and may
chunge with R if the resistences used have sone
inductance. Ihis iz eliminsted by other tests later.

(g) The current density in ihe spark may be changing in
some fashicn when the parumeters are changed.

Tﬁe results obtained at the higher sperking potentisle
may be used to advantage in discussing some of these faqtors,

AL the higher voltages (2950v and up) the series
resistantes neceossary To Quench the explosibility were so high
that in all of these cases the cirvuit wac overdamped., Yhe results,
however, as ssen on Page ( 32) were much the same. This ef-
foctively eliminates the suggestion thet a critical frequency nay
be delcrmining explosibility, in this range.

That the total churpe passed in the gpark cagnot be the

determining fector is evident from a comnsideration of the produet CV
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o a function of the gparking voltare, As the polential is
inereased, CV descends even more rapidly then the energy given
vy 1/2 CV® and illustrated on page 9a.

Anothor indication was obtuined frum results derived
with the use of & preosure vane. 4 thin metallic strip was
set into a "erystal pick-up" end carefully supported a fixed
distance from the center of the spark gap. ihon the explosion
oeaurred the effect of the pressure wave upon the sirip was
translated into & voltege by the orystal. Viewed on the oscilw
loscope sereen simulteneously with the current in the discharpge
it wes evident in meany cases thet the explosium ocourred even
bofore the current csased to flow, It was unfortunalely not
possible to correlate the advent of pressurs with the attainment

of the maximum current.

"hE EFFECT OF SPARK POTENTIAL

Othsr information of a striking character was
ebtained, While the presence of ten ohms vitiated the sxplosive
nature of a spark at 2,000 volts, at 4000 volts with & series
resistance of a number of megohms, explesion could be obtained
continually. Furthermore, the ssries resistance did not affeect
the violence of the explosion (as determined by the veloecity with
which the tennis ball was hurled from the top of the chamber).
Fhis is reesonable when considered from the point of viesw that

whetever the inltieting process, the explosion is a reasction .of
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the chemical ¢onstituents in the chamber, (57) (58)

From the curves of pege 37 it was possible to
ocbtain the curves given on page 35 which illustrate the series
registance necessary to limit eaplesiblility - az a function of
sporking potentiel, It is clear that tlie sparking veltage is
an infliuential factor in the explosion of a cuabustible mixturs.
At elevated volteges, the capasitor ig not nearly as impertant
as it is et lower voltages. It appears, in faet, that below
a serias resistence of 500 ohms (circuit ossillatery) the
capacitor as well as the sparking petential are important - but
as the sparking voltage is increased - the latter predominatss.
1t may wel) b that two initiating phenomena gpearing simultane-
ously are operative - one depenfent upon sparking poltential and
a sgcond determined by the capacitor. Sinoce both of these
guantities act in the same way upon the current, it wes suspectied
that the maximum ourrent in the digoharge might supply a eriterion
for explosion. This led to oscillographic measurements. A
typical sel of deta, teken at differsnt sparking potentials for
& oapacibor of 13000 puf is given on page 37, It is seon thet the
meximum current "necwscary" for explosion varies over a wide range.
Further, althoqgg/zpark with meximum current of the order of
amperes would cOnstantly refuse to ignite the mixture st 2000
volts, a 3600 volt spark with & maximum current = thousand tines
smaller wonld explode the mixture at every discharge. It dout not
ggom reasonable therefore to suspect that the current is itself the

controlling quantity in the initietion of the explosion.
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2,7 TESTS WITH AN INDUCTANCE

Some experiments on the effect of inductunce wers
performed. Speeiel sir core inductances were built for these
twsts, Four single layer coils using No. 12 B and S. gauge
wire were made, Hicartﬁ*ubea of convenient dimensions were
uged. When completed, the forms were dipped in insulating
varnish end beked until thoroughly dry. These precautions wore
necessary because of the impulsive character of the current.

The resistance of the coils Was lesg than 1 chm,

Inductances serve to produce at least 2 important
effects. The cscillatory character of the circuit can be
chenged and the maximum current cen be decremsed without
changing the amount of emergy dissipated in ths spark., From
gpoctroscopic work on electron stripping by sparks, (56) it is
known that the presence of inductance in the discharge circuit
hinders the stripping of valence electroms. In this couneetion
it was interesting to note that the explesibility of a spark
could be decreased by placing a series inductence in the dis-
charge clircuit, This seems quite reasoneble from the excitation
view of explosion. A decrease of the current does not affeot
the probebility of generation of sEecited molecules, but it does
decrease the amount of activation generatsd becauss 50 many less
electrons are involved. G. 1. Finch found however that lowering
the frequency of the discharge could greetly inorease the
ignitibility of a spark. This matter is being more thoroughly
investigated (34).
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There is a possibility that the current density in
a opark is a funclion of all of the variables employed thus
far, 1t is known and commenly acoepted thet an electric are
i3 a constant current density affair (§9) (80) -~ but no suoh
definite informationwis svailable for the spark. Fhotographic
attempte were made to obiain some data on this mutter - but
useful results have not yst been obteined. Other investigators
have also mede such attempts (51).

The fact that at reduosd pressures the detonation
of a combustible mixture appears te require a critical density
of activation, led to an lavestigation of the explosibility ef

our ether alr mixturs when subjectoed to a corona discharge.



2.8 THESTS USING CORONA DISCHARGES AND SPARKS AT HIGHER VOLTAGES

At atmospherie pressure a convenient way to investigate
the eff'sots of current density is to use the corona dischergs. Ac-
cordingly tests were made with the seme explesion chawmber at higher
voltages then previously used.

A Winshurst machine was used as a high voltuge source.
The capacitance of the deviee being reduced as much s possible,
the terminals were connected to the chamber electrodes and an
electrostatic volt meter was connected in paramllel to the gap. The
oscilloscope was used as previously described.

In order to obtain these higher voltages the gap had
to be mude so wide that the back sides of the spheres were in
contact with the lueite walls. It was soon found that surface
leakag was prohibitive. %o avoid these difficulties a new cylinder
of larger digensions was designed. Iwo definite improvements were
made., The electrodes were supported by poroelain insulators cet
into the lucite, and a micrometer screw arrangement was sdopted to
control the electrode separation. During the period of construction
of the new chamber, several tests were performed using a third
oylinder of the same¢ dimensions as the first. However, the
electrodes were mounted axially in two blocks of paraffin which
sealed the chamber., Illuctrations appeer on the following puage.

Ne eleotric stirring devise was used. Instesd, after
the usual charge of ether had been placed inside, the cylinder

was gseled and revolved a number of times before voltage was
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applied. Explosion caused one of the paraffin bloeks to be
blown out of position but there was no denger involved because

the amount of combustible used was so small.

RESULTS ~  DISCUSSION
Different types of electrodes were used and all of
the tests were performed in & darkened room in order that the
disoharge might be seen. Employing alunminum spheres 1/2" in
diameter the following results were obtained:
1. Sparking voltage approximmtely 4500 volts.

a, BExplosion ocacurred with every spark passed.

Voltege too low for corona,
2, Gaps set for 10,000 volts.

a. A continous "spray" discherpge was maintained
between electrodes and no explosion could be
obtained. Occasional pepping scvunds could be
heard superimposed on the general corona "wheeze,"
These sounds were readily eorrelated with the
vecurance of highly lonized paths which seemed
& dull red in the dark., The oscilloscope proved
invaluable in the study of this discharge. The
wave form of the current is given by Cobine (56)
page 262.

be By carefully controlling the spewud of the

Wimishurst machine a weak spark could be made to
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pass betwesn elestrodes. In all such cases
axplosion occurred.

3« The electrode scpuration set for 19,000 volis. A con-
tinuous bright pink spray of charge oould be meinteingd
between electrodes without a spark pessing. Yo explosion
could be obtained,

4+ Violent corona discharge was mainteined wp to 35,000
volts but no spark passed and ne explesion occurred,

Using steel nesdles as electrodes it was found thats
1, Due to leakag of charge from the sharp points the
potentigl could not be raised much above 4,000 volts.
a. #ith the needles close together a small spark
could be passed and in every case eXplesion
ooourrads
b. At larfer gap distances only cerona could be
obteined and nov explesion was recurded.
vhen the aluminum sphere wes made the positive ¢lectrode and
e neédle was uged sas the negative electrode, oxplosion oocurred
with every spark for voltuges above 4,000 volts., With the
polarity of tlie electrodes interchanged, ths nesdle could be
made to glow with discharge but no explosion occcurred.
In nmany of the casuvs deseribed above the continuous
sorona current which upun no cceasion exploded the mixture was
greater than the meximum current in a cpark which did explode

the mixture every time.
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This suggests that before explosiom can ocour a
definite current density or concentration of electric astivation
Yay D¢ necessary. Such an assumption is in complete accord with
the conclusions reached by investigators who have studied the
problem of explesion by eleotric discharges et low pressures.
Howgver, this theory will not explain the results obtained from
previous experiments at sparking potentisls of 2,000 to 4,000
volts unless it c¢an be shown that variations in the sparking
voltage or of the cirocuit parsmeters, aflfeet the current demsity

in a spark,
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2.9  SUMWARY OF RESULIS

The initlel phase of investigation of the explosion
of combustible mixtures of ether-eir with electric sparks has
been brought to a close. Several interesting results have been
ob taiued.

() 1If the sparking potential, series resistance, and
inductance are fixed, & or&tiocsl value of cupucitance
exists below which explosion will not scour.

(e) 1If other parameters are kept constant, the valus of
capacitor required for explosion decreases with
increaged sparking potential.

(e) At a sparking potentisl of 2000 volts, additiom of a
small resistance has a marked adverse affsct on the
explosibility of a spark. At a sparking potential
of 4000 v. series resistance has a mild affect.

(d) Expio$ions have besn observed to ccour before the
spark current has ceased to f{low.

(e) The total charge passed in a spark does not by itcelf
conntrol the igniting power of a spark.

(£f) &b 2000 volts the peek current of spalks causing
explosion wes of the order of amperes - while at
4,000 volts, sparks with a maximum current 1000 times
smaller exnloded the mixture continually.

(g) Yo correlation appears to exist between the maximum

average or effect valus of the spark current and the
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ability of @« spark to initiute explosion.

Ihe sparking potential is of paramount importance

in determining whether or not a spark will cause

explosion. It was found that doubling the sparking

potential from 2000 volts to 4000 volts decreaged

the "energy necessary for explosion" by more than

25 times.

The energy dissipated in a spark is not by itselfl

the determining faeter in the initiation of explosion,
Ko explesions could be obtained with e steady pro-
lenged corona discherge at voliages ranging up to
35,000 volts. However st 4500 volts a gpark with
maxinum current less than the coreonw current at 38,000

volts exploded the mixture continually.



ADDITLIONAL COMLENTS AND SUGGESTIONS

In the early stages of experimentation it was hoped
that a correlation might exist betwven the meximum spark curremt
and the ability of a spark to cause explosion, However, later
results showed that the process of initleting an explosion is
very somplex and depends upon many factors. The results obtained
with corona discharges are very interesting and further experiments
uging higher corona currents are being conducted.

The indication that current deneity may be an important
factor in determining “exploding power" of s spark is encouraging
and seems more reasonable than a “eritical current" criterion for
ignition.

Attempts to obtain spurk current densitiss by photio=
graphic means sre being comsidered.

It may be desirable to use combustible mixtures which
are chemically simpgr than the ether-air mixtures used. HBydrogen
and oxygen are recommended because of the ease with which these
elements cen be obtained electrolyticelly snd the extensive lit.
erature which exists on such explosible mixtures.

The influenee of different types and sizes of
electrodes may reveal further importent facts concerning the

explosion provess.
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THE DYNAMIC RESISTANCE OF A4 SPARK

I.I INTRCDUCTION

1,2

The problem of correlating the ignitibility of a
spark and the wave form of the current makes it imperative to
obtain oscilleograms from which measurements can be made. The
impulsive character of the current complicates the situation.

In due time it wes possible to introduce, for
engineering purposes, the term "spark resistance" and to cale
culate it by e simple method. Other interesting facts were
brought to light and it became desirable to con%pntrate these

matters in a separete section.

APPARATUS AND METHOD OF MAKING MEASUREMENTS

Theoretically, any verying quantity which can be
"transloted" into a voltege can be viewed on a cathode ray
oscilloscope screen. Fractically, a two-fold problem exists,
First one must be sure the voltage measured is actuslly due ‘o
the quantity it is supposed to represent. Secondly, a knowledge
of probable errors and limitetions on the method of measurement,
must be svailable.

The research was begun with use of a Dumont & inch
Bingle Sweep OUscilloscope. This instrument has s post ac-
celerating electrode - or Intensifier which proved quite
useful for photographic purposes.

The probable values of the circuit parameters to be
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uged in lhe mein researches were known. It was a simple matter
to determine that frequences in the range of s megecycle would
ocecasionally be ercountered. This eliminated the use of any
ordinary amplifiers - such as those which occur in even the
best laboratory osciiloscopes. For a convenient vertical
deflection it was found that 50 volts or more had to be applied
directly to the plates of the oscilloscope. Rather than desipgn
and build a proper videc amplifier, it was decided to obtain
the required voltage by placing e suitable pick up resistor
into the discharge circuit as shown in figure 1 on page 19,
Usually when the circuit frequency was high, a high current also
flowed and so & smell pick up resistor - in some cases less than
L/Z ohm could be used. The voltage drop across this resistor
was led thru a b0, 000 ohm reslstance, to the vertical plates of
the oscilloscopes The effect of this measuring circuit upon the
main dischar;e circuit, was negligible.

The voltage drop across the pick up resistor is

generally speaking di
szi'.'Lf-—
dt

During the initial part of some of the transients investigated
the value of di/dt was of the order of 107 amperes per second.
For this reason pains were taken to make a non inductive
resistance - or at least one for which Ri was at least 90% of
the voltage drop across it. Nichrome wire was used. One of

the resistors used had an inductance of 10~8 henry for resistances
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up to 15 ohms and served quite satisfactorily.

The vertical deflection sensitively of the oscil-
loscope was determined in the usual manner using a Hewlitt
Packard Oseillator and A General Radio Vacuum Tube Voltmeter,
Calibration was carried out at 5,000, 10,000, and 40,000 cycles
per second. It was found thet 1.9 volts would cause a deflection

of 1 millimeter.

Feithful vertical deflection (proportional to the
discharge current) being assured, it wes desired to obtain a
convenient horizontal sweep f'or the oscilloscope. The most
useful sweep circult can be defined as one thet will keep the
electron beam satationary under normal conditions of no current,
and which will without lag initiate a horizontal deflection of the
beam at the instent that sperk current begins to flow. In order
to really be,uble to study the spark current transient it is nice
to be able to repeat it at will.

Fortunately it was possible to obtain an electroniec
device « orginally designed by Dr. W. H. Pickering - and which,
it was found, c¢ould be made to setisfy the above regquirements.
The circuit diagram and principle of operation ¢an be found in
fhe Fhysical Review (81).

With a very small input voltage pulse, this device
would put out a voltage pulse whose maximum could be adjusted
up to nearly 250 volts. The time lag of the circuit wes of the

order of one microsecond. The wave form of the output weve
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ocould be varied between the limits of "nearly square" and "almost
saw tooth," the duration being adjustsble also. In addition it
was found that the voltage induced in a piek up lead pleced nesr
the spark gap « was sufficient to initiate this sweep circuit.
In actual operation, the horizontul zweep was made to be very
rapid et the start of the traansient -~ and slower {oward the end.

To calivbrate the sweep circuit, a sinusocidal wave
of known freguency (usually 20,000 or 40,000 cycles per second)
was placed on the vertical deflection plates of the oscilldscope
while the sweep circuit wes comnected to the horizontal plates.
A willimeter scale wes attached tu the oscilloscope mreen. From
the frequency of ihe applied sine weve, the time between pesks
was known.

A photograph of the screcen during e typical calibra-

tion using s 20,000 "oycle" sine wave is given on the next page.
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Distance between peaks = 50 p sec.

200

Volts

0 Time - p sec. 750

Voltage output of sweep circuit for calibration of Horizontal time axis.



-HR=

1.3 RESISTANCE OF & SPARK

In investigeting the "spark energy reguired for explo-
sien," it became necessary to determine what portion of the totel
energy discharged by the capaclitor, was dissipated in the spark.
Informetion on this hatter was obtained by examining the resistance
of the spark. To check on the "negative charmcter" of the spark
resistence, the circuit parameters, R, L, and C were kept c¢onstant
at values such that the arrent was mildly omcillatory snd hence
would be gensitive to chuages in resistance., Differgnt sparking
potentials were used and photographs of the resultant weve forms
were taken ~ on one film. The results obtained yielded simple and
direct pro@f that e spark mey be considered as & non linear
oircuit element - with a resistance which decreases as ths current
lnereases.

For higher sparking potentials and currents, the
cireuit beca;e "wore oscilletory." That is the degree of demping
decreased. Since all other drouit parametors were kept comstant,
thls could only come ebout if the resistance of the spsrk wus a
decreasing funetion of the current.

The photograph on the following page was wsed for
these observations.

The e¢nds of the current transients, for the different
sparking voltages, gre indicated by arrows.

4 more detalled study to determline the magnitude of

the spark resistance was based upon the following theory.
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L = 91,000 pgh
C = 13,000 p.f
Rp = 40 e

Sparking Potential Cyeles of Current
1300 2,5 ends at A
2000 3.5 1 " B
2950 4,5 " "oe

4450 5,5 *® W D
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l.4 THEQRY OF THE MRTHCD BEPLOYED
When a capacitor disoharges through a constant series

inductance and resistance, the current will be over-demped if
KB/41® > 1/10; eritically demped if K3/41® = 1/1C; end oscil-
latory if R%/4L® < i/LC. In the later case the snalytical
expression for the current is (62)

t= 'éLL E-"t sn Bt

B = (;22}'+‘42b>% o = F?QL.

The frequency is given by
f= 84»

The "decrement" of the current is defined as the
netural logurithm of the ratio of any two successive current
peaks separated by & complete cycle. In the case of comstant
parameterss:

4 [
2 = 'Z:;-') xz”(é,) ) 5:%—
where V is the potential difference produced by the current.

If the ecircuit resistance and inductance are
onstant, the denping is said to be logarithmic., 1If the
resistance varies in such a way that successive ourrent peaks
differ from one another by & constant amount, the damping 1s

linear. In pgeneral if the cirouit resistance is considered

varisble we may write

5’ = ,&1_ = WE”
-7 L@

]
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The total circuit resistance may then be obtained by a measure=
ment of the "instantaneous decrement" S”and the other circuit
parametors. When R,® is small compared to 4L/C, B 1is ap-
proximately given by (l/LC)l/2 and

»

Ky = '-,’;—‘ 5',. (g
Siace the inductence, capacitance, and ceries resistance, are
known end adjustable, we may obtain 2 value of resistance

essignable to the spark itself.

(R‘V);?mrk = Ex - ESenes

Ihis matter wes extensively investigated. In the next few
pages are given a4 photograph of the current wevs form for a
particular condition of discharge, and & curve shiowing the
variation in the resistance of the spark as a function of the

cuprent,
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DISCUBSICN

A5 may be s2en from the precesding curve, the
resistance of the spark for the conditions piven is "mainly"
very low. further cengideration of the rapid menner in which
the current 1is extinguished, leads to the conelusion that over
nost of its lif'e, the resistunce of the spark studied was of
the order of 10 ohms. ¥ith higher current sparks the
resistance is much lower. This is in accord with resulbs
previously obtained (63).

Any factor which will affect the magnitude of the
current in the spark, will affect its resistance also. Thus
with = constant sperking voltape, a change in the series
reésistor, inductor, or discharge capacitor will bring about
gorresponding changes in the spark resigtance. Illustrations
cocur on the following puges.

Attempis were made to obtain an expression for the
registance ms a function of current, It was found thet the
non-linearity, could be described for a given set of eirouit
perameters by the empiriesl relation:

R = 1+an
bi
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APPENDIX - A s PHOTOGRAPHS OF CUKRENT TRANSIENTS

The photographs which follow are illustrative of
the fine way in which the messuring circuit responded to
repeated current ransients. Representative examples covering
a wide range of operating conditions have been chosen. Each
photograph represents a number of repeated traces. The
statistical manner in which the spark is extinguished is due
to the small variations in the charge stored in the capacitor
previous to sparking. Lo conserve tilm, photographs for two
circuit conditiong were taken with the same film. Occasionally

prints were made thru the buck of the negutive so that they

seem reversed.
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APPENDIX « B ¢ (AP RESISTANCE IMMEDIATELY AFTER EXPLOSTION

Information concerning what heppens in the gap
after an explosicn of the sther-air mixture can be obtained
from the following photographs. 1n saoh instenoe curreant A
caused explosion. The consequent flame produces & high state
of ionigation in the gap and sparks will pass at lower
potentials - in fact much before the capmecitor is recharged
to half of the initlal spurking voltage.

As the ioms are swept out of the path, higher
potentials are necessary to spark the gap until finally the
sparking potentisl is eVen greaisr than that for the same
glectrode spacing in air. A thorough sweeping of ions must

therefcore take place in the wake of the explosion.



= 4400 wvolts
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