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INTRODUCTION

Paper is desirable as s dielectric or electricel insulator
bacause it has high‘olectrical resistance, high specific inductive
capacity (dielectric constant), rad low ;;;;; factor (dielectric loss).
In addition to its electrical nroperties, paper is relatively chesp
and readily obtsinadle and is supplied in sheet form having high flexi-
bility and sufficient tensile strength to withstand stresses occurring
during the fabrication of electrical equipment. Xor these reasons,

the use of paver in the electrical industry is widesnread.

Paper holds a practical monopoly «n the field of insuleation of
high-voltege transmission lines where it is anplied in severzl layers =s
a continuous spirasl wrepping. It is widely used as the dielectric
medium in condensers. In this case, two or more very thin sheets of
paocer ere laminated with netal foil electrodes and the whole rolled
up on itself. In th's manner condensers of large ares (hence, high
capacity) can be made in a compact form. Paner and nanerboard are also
used as insulation and speoers in electrical equipment such as tragns~-

formers.

Unfortunately, paper is very hygroscopie and, with abaorntion
of moisture, its high resistance decreasses and its dielectric loss
rapidly increases. Both these properties are markedly affected by even
slight traces of moisture; therefore, precautions must be tsken to dry
all paner insulation prior to fadrication and to maintain it in a dry
state. Commercially, this is accomplished by placing the parer in an

evacuated chamber at an elevated temperature until dry and then im=
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pregnating the nmoer with some water-repellent compound, nsuslly an
0il, resin, or wax. The dry lupreznated "sner is then fabricanted into
a2 condenser or cnble wrepopin: and enclosed in a moisture-vaporproof

shenth,

In the use of a dielectric or insul: tor, thet sronerty known
&% its dielectric strength is of utwost importrnce. It imposes zn uoper
1imit to the voltage siresses to virlch the dielsctric mey be subjected
with szfety. Dielectric strength is that froully of = dielectric which
enables 1t to offer an extrerely high resistence to the flow of elec-
tric current, despite the voltsge siress. If, however, ihz volisge
stress exceeds the dielectric strength of the materisl, ohenomens known
a8 bhreskdown or failure occur snd the dielectric becomes condvcting.
The exect nature of broskdown snd the mechsnisms by which it occurs are
unknown. 4ith solid dielectrics, the damage ocecurring at breskdown is
irrepershle and snhsequent a-plications of voltsze give breskdown at

lower voltesges than origzinally.

The dielectric strength of a material is determined in oramectice
by wlascingz s samnle between elsctrodes snd subjecting 1t to a voltage
stress until hreakdown occurs. Usnerally, the magiitude of the voltage
stress is increased in sccordance with some arbitrary tine schedule. |
The dielectric strength of the materisl im then exiressed in terms of
the voltage streas at the instant of braskdown——i.e., the totsl
voltege at breakdown divided by the thickress of the ssmple. The values
for the dielaectric strength thus obtaired depend upon the previous history
of the dielectric, the eonditions of the test, the tine-voltage scheduls,

and the geometry of the test equipment.
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The dislectric strength testing of nener has been oarried out
largely on imnregnstsd parer samples, frecuently in the form of fabri-
cated condensers or cables. In this way the naisr can be tested
directly undsr conditions simulating those of use. At the ssme tine,
changzes in moisture content during the neriod of test ars minimized
end corons, with its daunazing effects, 1s nracticslly eliminsted.

However, the dielectric nronerties of the imoregnant are superimposed
on t:ose of the naner in a complex fashion. This, together with the
effacts of the several variables ss:ocianted with the imnregnation nrocess,
such as comleteness of imoirezustion, crestes uncertsintias 4in the inter-

pretation of the rasulis,

Control tests of dislectric strenzths of 7rper for elsctrical
uses are fremuently cerried out in room sir without imoresnation. In
this came, the nresence of corona snd moisture content varisztioas
arodably distort the results and make interpretstion uncertrin, if not

imnosaidle,

The object of the preseant study was to investigate the di-
slectric streugth of naver end certain of the varlzbles effecting 1t.
As a result of tris {nvestigzstion, it was honed that daformstion may
be obtsined conceraing the mechsnisa by which breskdown occurs. The
sauples of ~aner were not oil-imouregnated, but were tested in an
atmosphere o7 comoressed nitrogen., By varring the nressure, the dielec-
tric atrength of the imoregnating gas c=n be made 9 very continuously
without =oreciably affecting the other electrical ctarscteristics of

the fiber—gss combination.
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HISTORICAL SURVEY

Most of the research work on the dielesctric strength of paaer
hes been carried out by the mznufacturers of electricel equioment in-
volving paner us & dielectric. A large nortion of the results ob-
trined in this work is retsined by these manufscturers as an industrial
secret. As a result, the informstion sopearing in the litersture on
this subject ia very fragmentary, nné many of the 2773 must be filled

by annlogy vith the hehavior of other dielectric mmterisls,

The nmner manufactursrs who suoply tiie slectricel i:dustry
with 1ts vaser heve nublished practicslly nothing concerning the dielec-
tric strength of oraer. This rey indicate sither 2 leck of rese=rch

or ¢ dasire to keen the results of such research confidential.

Because of the faet that mosat of the information on neder di-
elactrics comes from the electrical industry, it is only neturel that
the grest msss of it conceras the use renquirements of the peisr. bkost
of the tests are run on imoregnsted papers, oftean on completely febri-
cated condensers and cshles. The internretation of these results in

terms of the unimoregnated nmners ie uncertsin, if not impossible.

A zood review of the litersture up to 1932 on the dielectric
strenzth of dlelectrics in . eneral is found in the book of S. Whitehead
(l). This publication contzins s zood discussion of the ohenomenolrgy
end p review of the theorlss of dielectric breakdown set forth at that
‘tima. Briefer reviesws of the general subject are glven in the books of

Peek (2) nnd Finer (3). J. B. Whitehesd devotes =z chanter of his
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monograrh on impregneted paners (1) to tha diclectric strength of im-

pragnated naner,

The materials used =s test electrodes sud the configuration
of these electrodes hzve been the subject of much study. Although this
work has bsen carried out, for the most »art, on dielectrics other than
paner, the results are arobably aonlicable to all dielsctrics. The con~
sensus of the results on the effect of various electrode materials 1s
given vy Viner (3). He statas that, nrovided the slectrode materisl
does 1ot hammer the disaioetion of thermel energy from the sauple, it
will hrve no effect on its dielectric strength. This siatement is con-
firmed by the work of Clerk rnd Fontsinger (%), who observed r change
in trhe dieleciric strength of nzoer when they chenzed from ~atrl elec=
trodes %o wanden electrodes faced with tin foll. Various metzllic

electrodes gave e3sentially ilentical results.

The standard procedures for testing the dielectric strength
of insul:sting materials (Q) sraseribe test electrodes having the edge
rounded to a given radius of curvature. The necessity of this step
hns Yeen e mubiect of some controvarsy. Clark and MHontsinger (5
renorted a difference of less than 1 par cent between the dielectric
strengths of n2-er teute& with electfodes heving stare edges snd those
Yavins rovnded edges. This was the everage result of 92 trisls with
opch elactrnde. Niner (3) stated that the agreement o tha dielectric
gtrangtra as tested by the square- and the rounied-edged electrodes
sccurs only for thin semples. Dsta obtzined on ratarials other than

paper coafirm this (1, ]). It is posgible that the difference is the




result of discharge occurring in the surrounding wedium st the higher
voltages recuired for ¢ ick szmples. This discharge would be zore 1iizely

to ocour in the came of the electrodes with sguare edzes.

Apoersntly the arem of the test electrodes has an effect on
the messured dielectric strength. In general, the dielectric strength
decreases as the ares of the elsctrodes incresses. This is especlally.
true with thin samnles of r heterogeneous materizl such as paner (J-9).
S, Whitvehaad (1), Peek (2), snd ®ilmor (10) stated thal this drop can
be sccounted for statisticslly. The greater the clectrode ares, the
greater the probability of iucluslom of & wesk spot within tiet srea
and, hence, the lower the obsarved dielectric strength. 3. whitehead
(1) and ¥ilnor (10) derived equations desoribing tnls effsct vhich
show zood agreement with exnerinental results. Xeanelly sad “isenan
(11) studied this effect using varying numbers of small electrodes in
varallel. In this way tne effsct ol # large area could be ohtained by
using #n incressed number of small slectrodes. They found that the
ares tested had no effect upon the dielmctric strength. Thay attributed
the decreasse observed by other investigstors to the noorer degree of
contact batween the test gsmple 2nd the electrodes zs the area increases,
Hi11 (12) checked the work of Kennelly &nd ‘ilseman 2nd obtsined es~

sentisrlly the same result.

#o doudt the most important varisble in diélactric sirength
measurenent is the duretion of tne voltase stresa. Voliages below the
value ceusing instantaneous hreakiown may result in eventusl bLreakdown

if sonlied for sufficisently long verlods of time. Probabdbly the bLest
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known equation describing this phenomenon is that of Peek (2), which 1s
sometizes referred to =5 WPesk's law.* It 1s

Coyey ity T

vhere i

= sprlied voltage,

= voltage ceusing breskdown in sn infinite time,

ter !;'4 12

= tine reouired for breakdown to occur at voltaze 1. =nd

= ¢ coanstant.

I»

Thies is an empiricsl equstion Tirst derived to f£it exnerimentsl datz on
the dielectric strength of narer. In this inatance, the times were
veried from & Craction of & second to 60 seconds, In discussing this
squation, S; Whitehesd (1) steted that it sdequately describes the ex-
perinental result of time voltage studies on all dielectrics where any
definite order exists. He further stated that it hes been shown to be
in error for tests lasting zore than a day. J. B. shitehead (4) re-
ported that most enzineers in the field srefer to use relations in which
the voltagze varies as the recisrocal of some root of the time. Values
from the eduare root to the saventeenth root have beon smdloyed. A
number of other formulaes have baen sugiested on the basis of ssversl of

the theories of dielectric breskdown dut, for the most part, thess are

- difficult to use and rarely describe the situation as well 2s the simoler

formulas of Peek rnd others,

Clark (13) carried out interesting experiments on najer di-
electrics in which he reneatedly subjected a sample to a voltage straus
for short intervals of tiwe until hreakdown occurred. He found th=t the

totsl time to breakdown was the saue rezardless of the aumder of
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intarvals, provided esch intervsl was in excess of 40 per cent of the

total time. Apparently, the effects of reneated voliage sirssses are

cunulrotive,

The effects of voltage vave-form on the dielectric strength
of solids are not clear. Miner (3) stated that comrercisl varigtions
from the sine wave have no effect on the test results but thet more
drastic distortions might. It is reported (1lt) that the dielectric
strength of nmoer denends upon the neak volisge. S. whitehead (1)
concluded that dielsctric strength devnends om both pesi znd root-mesn=
square values of the voltage nnd is measurable by aelther of these

guantities slone.

According to Hervey (15), the dielectric sirength decreases
with frequency incresse gnd the value at rzdio freguencies may be only
10 to 20 per cent of the value at commercisl frecuencies. The values
for freguencies up to 100 cycles der second zre more or less constant.
The effect of freouency on the dielectric strength of most organic
meterials 1s adsquately descrided by the ecustion of Vogel (16),

¥ = To/t%
where
= the brasakdown voltage,

= g reference voltage,

[ Eﬁ 1=

= the frequency in cycles ner gecond, and

= a constsnt between 0.0 znd 0.5.

It

Niner (3) stated th=t the effect of frequency is slizht in materials

having low resistivity, such ss molst paner.

f 4



-9

¥iner (3), in discussing the effects of tempersture on di-
electric strength, wrote: W#If moisture is present, sneculation on the
effect of temaersturé is ulale;a. Dat; can be found to nrove almost
eny relation.? loisture-absorbing dielectrics generally imorove in
dielectric strength unon heating in 2ir. »¥ost theories of dielectric
breakdown, esnecially the so-called tharmal theories, decand that tem=
perature incresse have an unfavorsble effect on the dielectric strangth.
This effect is nronounced if the dielectric loss of the material is
high. 8. Whitehend snd Nethercot (17) found that, in long-tive tests,
the dielactric strength of zreasenroof snd condenser tissues recained
constant with temmerature veriations. On ghort-time tests, breskdown
voltagze vas resched within a few seconds and dielectric stresgths
decreaned with temnersture increase. This difference in results may

te coused by s dr-ing of the osaner durlng the long-~time tesis,

Uageous ionizetion or corons has deleterious effects on
fidrous insulstion (18). This nway be the result of the forustion of

ozone and oxides of nitrogen.

the effects of electrolyte content on the electriczl oroperties
of paner have been resorted by Finch (19, 20) snd Kohman (21). Finch
stated thet concentrationg of chloride ion &% low us 0.03 per cent are
objectionable. 7The effect of chloride involves Lts reaction with the
electrode materiale, forming oroducts which catalysze the degradation of
the oil impregnznt. Kohman (21) stated that ash contents below = certsin

upner limit have no observadble effect on the dielectric streagth of smre-,

Kohman (21), referring to the work of Riley and Scott, stated
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th=t n paner shecet contsining = oinhole had & lower dlelectric astrength
than gas alone =% the same elsctrode soscing. Oyemant (22) found that
naner containing holes up to 0.2 mm, in dinmeter hed a dielectric

strength 20 to 30 ner ceat higher than alr st the sawe spacing. These

stetements apne=r %o be contradictory.

Ia genersl, the dielectric strength of cellulose decreases
with increased moisture content. Kohman (Z21) stated thet moisture
contents below 0.1 ner cent hrve no effect on tLe nroserties of the

insul-tinn,

Kohman (21) renorted thet therual degradation of nsaer aniears
to have no effect on the dielectric strength of »nerer. Szuples which
vere gxed in on oven Tor °0 hours =t 150° . were tented and, slthough
the aadrer wes discolored snd bdrittle, the dielectric strength remained

the asme or had improved =lizhtly.

The density of r sheet of pdaner has an effect on the dielectric
strength. J. B. Whitchesd (23-25) found thst the dielectric strength
of impregnated neper insulption decressed a8 the density incressed. The
effeot was observed with two different oils =s impregnents. He exdlnined
this ns the result of tire incressed dielectric coustant of the denwer
shests. Y%With incresse in the dielectric cunstant of the sheet, the field
within the o1l channels betwsen the layers of »avner would incresse snd,
hence, breakdown at » lower over-zll voltage would occur. Later, he
included e feetor wiich denended upon the ions absorbed from the nsner

into the oll, thus incressing the g nductivity of the oil. “ecnuse

the higher denslty sheete contzined s highar ratlo of fider to oil, the
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nusber of ions thus sbsorbed would increase vith sheet deasity. Under
the anolied voltaze, these fons migrated to the edges of the oil
chennels where, eccording to Whitehead, they scted as soace charges and
incressed tie strass in the oil=oa-er interface. By this mochanism, the
dielectric sirength of the denser sheet was smaller than toat of the

leas dense shest.

The dlelectric strength of vscer has been observed to decresse
with incresaing tiickness of the saser sheet. This effect wes studied
by Clerk and Montsinger (5). They found that the thickness~dielectric
strength relntion could be exvressed by the following equation:

X =2
vhere

¥ = the breakdowvn voltage,

4 = the sample thickness, and

A and n = the constants.

0.5<1n 41
The constants A and n were found to vary with 2 number of the varisbles
which affect the dislectric strength of naer. Recently J. B. Whitehead
(24, 25) found thet the dielectric strength of impregnsted paser de~
creased with incressing shickness. He explained this by the ssme
mechenism used to exnlain the effect of density——nemely, the thicker
shret involved a greater ratio of fiber to oil and, hence, a sreater
concentration of ions which could form shacs charges within the oil

channels,

The corosity of a sheet of nmoer is thought b7 some to have a
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marked effect uson its dielectric strength. Xamanueli (26) steted thst
the greater the “imiermeability® of a sheet of nmder, the grester the

dielectric strength.

t

There are nearly as mesny theories on the cause and macha:ism
of dielectric bre:kdown as there ere workers in the field. Most of
) these theories fell into either of two classes: electrical theorles
or thermsl theories. Proponents of the electrioal theories feel thst
breskdown depends uson the motion of electrically charged particler
(1ons, or electrons)within the dielectric. Breakdown is suovosed to
occur when the field within the dlelectiric 4s sufficlent to sccelerste
these merticles to g critical velocity between impacts. The advocstes
of the thermal theories point to the strong derendence of the dielec-
tric strangth of some meierizls on the tempersture. The: feel that
breakdown will occur when the rate of heat generstion within the di-~
electric resulting from electricsl conduction or dielectric loss exceeds
the rate of hest dissination by conduction or radiation. Their theory
is bzsed unon the nremise that the losses sre strongly denendent on the
- temmerature, being greater at higher temoerntures, There are 2lso
many theories involving a corbinstion of the two theories. HKoon =nd
Norcrosa (2]) claimed tiet there are thires tyoes of breskdown snd that
the tyne occurring in any crse denends upon the temserzture. S. ‘hite-
head and Fethercot (1]) stated thet the electrical theory describes
breakdown at low temperatures, ?«Imrem the thermsl theory de;cribea 1¢
at slevated teomarstures. Shis last belief is shared by many workers
in the. field, although some coniroversy exists as to the temperzture at

which the change takes place.
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The most generslly sccepted mechenism of electrical dreakdown
is that of von Finnel (28). 1In this mechanism, the electron is involved
anl breakdown occurs when the electron is sufficiently accelerzted to
enable fonization by imomct $0 occur. The elaotron is forsed by some
sccidentzl nrocess such s cosmic rays, photons, or radioactive emlssion.
If thir electron, nccelerzted by tha elactric field, does not acquire
energy in excess of a certzin value in one.maan frec 2sth, then it will
be trapred by the crystal lattice. This energs, lost by the electronm,
csuses oscillation of the lattice ions. If the accelerated electron
gZeine snergy in excess of the eritical amwount, it will be crpable of
causing lonization by impact znd, hence, breakdown. 7This theory has
been successful in explaining the breakdown of such simple materials
as the glkall halides but as yet has not been anolisd to more compli-
cated meterials. Frdhlich (29), Sesger nnd Teller (30), and others
huve modified this theory slightly and have devlsed agquntions for
celeulating the dielectric strength of a materisl from other known

physical constsats.

Jotfe (31) proposed a theory in which the motion was that of an
ion rather thsn of sn slectron; however, the lonic mobilitiass of solids

are low, zad the theory csnnot satisfy the exnerimentel results,

Smekal (J2) suggested s theory in which the imrerfections
which are always “rement in s crystesl structure were used to exolain
en lonic mobility lesmding to breakdown. Von Hinoel (_{."_é). howaver, ob=

served that breakdown follows definite crystaliographic directions end

doss not toke z readom course which would be sredicted by inoerfections,




S,

Hoover (}2) evolved a theory on the basis that lons or free
electrons nresent in a dielectric were always in kinestic equilibrium
with the rest of the mrterial. The position of this equilibrium varlied
directly with the polarigzation of the meterisl. Breakdown was suprosed
to occur when the polarization required more ions for equilibdrium then

the dielectric could nroduce.

Thermal theories have been develoned by many investigators,
sach starting with different assumstions snd concluding with slightly
aifferent results. One of the earliest theories was that of Wegner (34),
which is still considered m» comnlete and satisfaciory as those developed
l1ster. In this theory, Wagner assumed thet there exist in =ll dielec-
trics imperfectiona or weak asots vhere the electrical conductivity is
zreater then in the rest of the dielectric. He also rssumed that the
electrical resistsnce descresses strongly with temderature 1;crease. b 4
his dlelectric is subjected to a voltaze stress, sreaster current will
flow through the wesk ares than through the rest of the dielsctric. 3e—
cause the hest pzenerated is oroportional to the product of the current
and the voltege, the werk 3pot becomes warmer thrn the rest of the d4i-
electric. Themmal gresdients snd, consequently, conductivity gredients
are set up., This nrocess proceeds until the »oint is reached where the
heat generated exceeds the heat dissipsted. If the dielectric is stressed
£t voltages in excess of the voltage where this occurs, breskdown will
result in time. This theory was also independently derived by Hayden
and Steinmets (35). fThsoriss which are essentielly the same, but which

differ in aome of the assumntions, have been derived by Inze, Semenoff,

and Walther (36) and many others. The thermal theories all eare ouite




effective in nredicting breakdown when voltage is asplied for prolonged
periods of time zlthough, even then, the tine »redicted tends to de
much longer then is found in sractice. Thermsl theories have fmiled
completely to exnlaln bramkiown resulting from short-tinme applications

of voltage and transients,
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APPARATYS

The litereture mekes no mentina of an anosars tus Jor deter-
mining the bremicdown gradient of dry varer in en stmoschere of compressed
nitrogen; therefore, such sn apparatus had to be devised. This moparatus
consisted of the followins components: = source of hizh voltaze, a
high vnltage voltmeter, =2n electrode system, a test chamber, r system
for evacuating the test chamber znd for sup»rlying it with gas under

pressure, snd 2 detector to indicate breskdown.

The source of high voltage consisted of n Genersl Blectric
luninous-tube tyne transformer. This was rated at 500 volt-amneres,
with o secondary reting of 60 milliemoeres =t 15,000 volts, The pri-
mery was designed to opermte on 110-volt, 60-cscle, 8.c. current.
This tyne of transformer vwes caosable of withstanding a sustained

short circulit without damage.

In order to make the hish voltsge supoly continuously variadle,
the »rimery of the hish voltege transforuer wass conaected across the
secondary of a Generel Hadlo Variac (an gutotrensformer). The Varinc
was ooernted on 110-volt, 60-crcle, a.c. current snd had & maximum out-
ut of 130 volts. 7To make possitle a finer ~djustment of the voltnge,

2 varisble resistor (a Cenco rheost=t of the tubuler tvoe) ws: inserted

in series with the arimary of the hish voltage trznsforwver.

The high v»oltaze voltneter consisted of a high resistance end
a microanmeter, These, in series combination, were connected across the
terminsls of the secondary of the hizh voltege trensformer. The voltage

of the transformer secondary wes celculsted by assuming Ohm's law to

hold,
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The hizh resistance was composed of ten l.5-megohm resistors
meds by the Continental Carbon Compyany. These were conmsected in series,
Each resistor was tested for resistance in = Wheatstone bridge using 4§
volts, rnd all were found to difler from 1.5 megohms by less then )
ner cent. This varistion was within the accuracy of the bridge. Sub-
secuent work at 300 volts gave values for the resistsnce s 1.5 megohms
when comnared with a2 1.0-megohm .K.C. nrecision wire-wound resistor
which had &n accurmey of 1 yer ceant. This would iudicate thzt Ohm's
law was essentially valid for these resistors between 45 and 300
volts. The averzge working voltage across the resistors when in use

was 150 volts, which 1s well within this range.

The microanmeter was made by the Cembridge Instrument Company
#nd wes deslgnated as "R pattern.¥ It had = full-scale deflection of
150 microaswnperes. The meter was converted to a«.c. operztion by the use
of 2 full-wave rectifier of the semiconductor tyne. The neter was
callbrated by ernloying 1t to messure the current -essing through a
resietor of known resistence when a known voltage was soplied, An I1.R.C.
nrecision wire-wound resistor wss used, which was rsted nt 1.0 wueyohm
to an nccurscy of 1 ner cent. The voltasge wae messured by s Uenersl
Elactric voltneter, Tyre P-3, with full-scale'deflectians of 150 snd
300 volta., It had an accuracy of 0.7 ner cent nf full-socle value,
Knowin, the resistsnce and the voltaze, one could calculate the current

flowing throu;h the resistance by means of Ohm's law,

The test charber had to be so designed and constructed thst
it could be evacuasted to u nrassure of the order of 10 ::ecrons gt =

temoernture of 60-70° C. and 2la0o withstand interasl gas iressures of
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t-e order of 207 pounde Ser sousre inch. The nerind of evecuation and
aaat was thet for the denicer tion of the farples, wherens the 58
Jressure was to be noplied during the testing of the uamnleé. “ith
tiis ides in mind, the test chember (Fiure 1) wss constructed from &
T-inch length of Z-~inch feamlass steel tubing heving & wall thicknesg
of 1/k fach. The ends of the test chamber were formed by two 12-inch
aqunres of 1/2~inch boiler nlzte. Vacuum senls between the Jlates ang
the tube were affected by rubber _askets and vacuum grecse. The test
chanber was held togzether by fi;e 1/2~inch round iron rods. OUne end
of erch rod war turned down to 3/3-1nch dismeter, and both enis were
threaded. The 1/2-inch end wes screwed into 2 trnoed hole in the
bottom plate, wheress the other end nesse’ through a 1/P-inch hole in
the top vlete and wvas fitted vith = 3/8-inch nut. B - adjustment of
these nuts, it whe nos8ible to obtrin sny desired comnression qf the

rubber gnakcets.

At = height 0f % inches on the wsll of the test chanber, ten
equnlly adaced holes were drilled using & aize X dArill. Into e=2ch of
these holes = number 0 rubyer 2tomer wus forced gm far as hossible from
the insidg n? the chemhar, The nortion of the stoﬁwer which nrotmded
outside the chamber sxnsnded sifficiently to srevent the stooder from
belng sucked bear intn the test chamber duriﬁg the evacurtion. 3Iseh
sLopler wen olerced centrelly vith e length of No, 18 conrer wire srior
to its ingertion in the chamher wall, fThis conper wire served as an
electric coaductor; the rubber stopaer aerved as en lasulstor; together
they wers hizh voltngze lead-ing., Any leaoks oceurring arsnnd the lesde

ins were senlad with o linseed oil product which weg oreopred by
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prolonged heating of linseed 0il in tre neighborhocd of the flash
soint. This comnound wns extrevely vigcous et room te:sersiure snd

retained n large mersure of i4s viscomits =% 60° ¢.

Vreouum and pressure connections to the test ciimmber were nade
through a 1/U=inch nine wi.ich was screved into the wall of the chamber
goout © inches ffom'the bsttom of the tube. This joint wns 3esled with

» Ld

2 herd wex of the Dennison gseries,

A thermomster well conzisting oi » 4 1/2-inch length of 1/8-
{nch ni e was screwed into the ceuter of the tos "late of the test
chinnber. The joint wae sealed with & hard weax. All but » zhort nortion
of tha thre-ded end of the pire was turned down to = wall thlcuness of
0,02 inch. This was done to reduce the hert trensfer b condvetion
hetveen Lthe to olete of the test chember -ad the Zattom of the well,
The bottom of the well wra cloged with » eaug~fitting brase b:tion
which wes soldered in »1:ce. To facilitste heat tr:nefer hetveen the
lower nortion of the well snd the surroundiag gas, ten redisl fins of
conner were soldered to the wall of the well. These fins were blnackened
with o thin cost of blrck lscruer. The efficlency of trn thermomster
well wps tested by placing one of two crlibrated trersometers in tre
well rnd the other in the zss directly delow the tirermometer well. The
test chember wes then hested in various weys, snd the difference bLetween
the two thermoueter readings was teiken as the error involved in temner-
ature measuroment of the gas by the well., Under extrerely uafavoreble

conditions (i.e., 811 the heat ranlied to the tod plate), the teusar: ture

recorded in the well was 49 C. higher thsn the temnerature of the ges.
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Under conditinus employed during the use of the chamber (f.e., # mora
uniform 413tribution of heat), the temrersture recorded by the
thermometsr in the well wem in error less then 29 €. ALl these wersure-
ments were mede at atmoscheric pressure. The errors would nrobsdly be
grenter vhen the chember was esvacusted, since the rote of hest irensfer
by convection would be reduéed. Un the other hend, the errors would be
less when the test chamber wes filled with gss under prassure. Beceuse
the effect of temiersture is slight during the evacustion portion of the

ercle, this objection wes not important.

At the time thie a:nperetus was beingz designed, it wes thought
thet the dielectric strangth of ne=oer would be very srretic and, hence,
would recuire the testing of & number of specimens %o obtsin an =ccurate
velue. with this in mind and in view of the faot thrt the desiceation
of the swecimens »rior to test reculred ¢ long time, it wes decided to
dmsizn the electrole sretem so thst » mumber of shecimens could de
conditioned at once. Considerstion alss had to be ziven to the fecot
that the tire involved in testing the saeciiens dncrossed »8 the first
oower of the number of soecimsns tasted, wherees the accurzcy of the
resulting avefsge increnesd only ss t-e scurre raot of this nurter,

For these rassons, the nunber ten wns decided unon =8 giving = satis=

factory eversze rnd vet not involving sn excessive amount of time,

The electrode system {¥,ure 2) coueisted of ten smsll high
voltage electrodes sni one lzrge coimon ground electrode. The srosnd
elactrode formed the bnee of the araten, 7The Hizh volizge electiredes

were placed in = cirele unon the ground electrode ond were senarated

from $t by the orer saecimena. A snring clamding mecksnism held the




_—
-

m
fote
fon
[\)
4]
/]
L]
<
3
V3
ve
3

Figurs &

Elertrcda Syster



-:‘3-
high voltage electrodes azainst the wsner ssmoles with = definite forge.

The srouni electrode wee mede from a 5 3/U-inc’ disk of 1/h=
inch brass. (ne surfece wes zround smooth znd flet with earborundum oa
2 plate glass surfece. The finsl polishing was done on & cloth im-
vregnated with carborundum. This electrode was mounted on three legs
made from oshonograph needles set in holes in the bottom of the el ec~
trode. These lezs enebled the -Hlate to be therually insulated from the
bottom plate of the test chember (hence, at the temperature of the can),
#nd yet to be electrically connected to the bottom plate through the
sharp points of the needles. A poat of irom 1 iuch long and 1/2 inch
in dismeter was screwed into tue center of the top side of the elec—
trode. A stud an inch long was vut in the top of the nost. This nost

served to suoort the soring clamping mechanism,

The high voltage electrodes were made from 3/h-inch lengths
of 3/u-inch round bress rod. The edge of one end was turned to ¢ 1/8-
{nch radius. This end was ground flat and smooth with carborundum and
polished on n cloth, Before erch test, each of these electrodes and
the ;round electrode were carefully wied free from grease rnd forelzn
material with & soft cloth sztursted vith bensane. A short loop of
cono6r wire wes soldered on tie side of eamch electrode to :fiord elec-
trical connection. fThe high voltrge electrodes were connected to the
high voltage lead-ins by wieaas of links formed of stranded wire. These
were hooked to the lesd=ins and were attached to the electrodes by
WPog=wee! c14-m. & 3/U-inch square of thick plate gless was cemented

on the tos of each electrode to insulste it from the clanping device.
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In order to maintein a known serarstion between tiie elec-
trodes, it weg decided to hold thawm tozsether with = clemain- device
vhich vould conoiress tue jeaer s.ecimen with = definite oressura., 'This
also elidnsted tro:bles resulting from cockling of the sheet, The
aressure chosen wan that exerted by the foot of the ordincry ealioer
grge (7.5 oounds oer squere inch). Br this choice it was nossible to
use the caliger of the s ecinen directly &% tiie electrode serzrstion,

sinre tlie a2r2es involved werc = proxiuetely the snune,

The clawling device consisted of = 3-inch dlak of 1/%=-inch
bress. This hed & centrsl hole which fitted loosely over the <tud on
the ground electrode. fThe ton edze »f the disk had s 3J0-desrse bevel.
¥antened on this beveled nortion, and srojecting redielly from it, were
ten l-inch lesf gorings. 4 besd of solder on thie srojecting tiv of esch
sarinz sarved as ¢ contsct na the glass olates of the Ligh voltage
electrodes, Br tightening » wing nut over the disk on the stud, it was
J093ible to cruse = deflection of the s rings. The wroaitude of the
force thus exerted on the slectrodes could he rezul-ted roushly by in-
serting washers Letvean the disc sud tre too of the nout, thus limiting
trhe deflection of the srin 5. Mine zdjustrents of the forces were made
by filinz the solder bszds. The nressure did not cixnge sonreciesly
uwith the ezliner of tiie siecimens, Leonuse the totsl deflection of the
sorings was r29ut 1/4 inch wvheress the ezliver veri:tions were only a

few uils,

The sratem for ver/ing tue sressure in tie test chamber pnd

algo for evecustiug it ia best understood by reference to Fijure 3,
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The pressure was supolled from » cvlinder of comoressed nitrogen. srior
to introduction into the test chiamber, the nitrogen was dried by jessing
1t throuzh » drying train. The drving train consisted of a 16-inch
length of l-inch pite, of which the first & inches were filled with
AnhvArone end the laat 10 inches were filled with phosshorus pentoxide.
Every 2 inches throughout the length of the traim, olugs of glass wool
wers inserted to minimize chauneling. fhe drving train and the plpe
fittings connecting it to the tast chzmboer were sealed with d¢ Khotinsky
cement; thus, entrance of moisture after the gas was dried was ) reclvded.
A 1/4-inch globe valve, having s soft rubber disk and packed with cotton
waste saturated in stoncock grease, was “laced in the line between the
drying trzin snd the test cheamber, ocermitting the drying train to be
shut off from the rrst of the system during the evacustion nf the
chamher. EvacuatinnAvas obteined with 2 Cenco Hyvae nump. The system
was sufticlently tight to —ermit evacustion to beiter tham 10 microns
with naner sjecimens in the chsmber. The sressure in the test chember
during the evacuation neriod was.éeterminad,by a Moleod gzage of the com=-
pact fornm mad; by Ace Glass Inc. The scale on this gege wne extended

to resd ~resmures down to 0.1 micron. The vacuum svstem could be shut
off from the test chamber during the pressurc nortion of tie crcle by

neans of 2 second globe valve similsr to the one described shbove.

In oMer to nrevent accidentsl contact with‘the hizh voltage,
the test chemher was enclosed in & caze of 1/l-inch mesh Lizrdwsre cloth.
A section of the 110-volt line running to the Varisc wes mounted on this
enze. In order to remove the ceze, electricel c nnections to the Variac

had to be broken. This nrevented operrtion of tha high voltsge supply

except when the cage was in olace.
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The tast chamber was hezted by three electric spotlizhts,

In this way the complexities of » ¢)ecierl oven were svoided.

Breakdown of the pgoer semples was detected by amplifying the
voltage variptions across a 600-ohw resiastor in the ground return line
from the test chamber. The amplifier wss 2 Genefal kadio d.c. onerated
am'lifier. The outmt of the smplifier was fed lato & pair of henrd-
shones. Breakdown was evidenced by a loud popoing or HfryingH# noise

eosily heard above the 60~cycle hum,
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PREPARATION OF 2A0EN SAMPLTZS ATD TESY PROUEDUKES
PHASARATION OF PULY

The muln used in the formation of 'morer sheets for dielectrlc
strenzth testin: ves nrersred by cooking sornce chi:s in an indirsctly
hested 10~prund exyerimentsl digester by the kreft process. The cooking
dete are given in Teble I, Two cooks were made emploring identicel
conditions. Z¥ach cook was washed twice in the blownit under conditions
of zood sgitation, The oul) was drsined, screened th;-ough an 8-cut
scrsen nlete, ressed to » moisture content of 20-25 nar cent rnd
picked into smell pisces. The pulss from the two cooks were thoroughly
nixed znd stored in tizhtly covered wetsl ‘s#ils lined with waxed s ver,
During the time of atorage, the moisture con;ent of the Huls chauged

verv 13%tle =nd no iudlcations of beceterizl action were observed.
PROUIPAFATICN OF PARFL DH:O¥IS AR TESTING

The »aln daescribed zhove was bDeaten or refined Hrior to shect
formation in the L:mp;.n bsll mill, The high degree of renroduclibility
of reaults on the Lnnp%n bell mill, the small size of the pulp charge
required, the simolicity nnd sreed of overation, and the probable lsck
of contaminntinn of the pulp through the introduction of inorgenie

metter during beating prompted the use of this plece of eruliment,

The srocedure used in processingz the puln was, &n the nseln,
thet soecified in Institute Tentntive Method 407, Sone wmodificstions
were introduced to permit more compnlete utilizetion of the pulp. A

brisf outline of the procedurs employed follows.
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TABLY 1
DATA OF EXPHRIMEITALLY PR.PARLD PULP

Wood Date
Specles 3lack Soruce
Seasoning after cutting 3 years
Chi» length 3/4 inch
Moisture content - 17.0%

Cooking Dats

Process used -Eraf't
. Active chemicsl g WaOH 22,0%
Sulfidi ty— 33.34
Water retio~ 5:1
Chip charre H150 ;rens
Meximm tenerstare-- 130° ©.
Time to meximum temrornture 1 hour
Time =t maximum temar: ture- 3 hours
Prassure at blow 50 1Y./az. i:.

Relief continuous to 100° C., none thereafter until “low

Yield Data

Cook A& Cook 3
Yelzht of screeasd lp, osvon dry — 2060 grams 2180 srams
¥ield of unscreened Huln - .63 h3.5%
Yield of soresned mulp (oven-dry wood)H0.05 4254
Screeningss (total yield orais) 30 2497

Pormangannte auMer of mixed Hulps 17.0
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Disintegration was aceom,lished by diluting 72 grams of
oven-dry pulp to 2 liters with water. The amixture was disintegrated
in the British disintezrstor for 3000 revolutions (on the counter) with
the propeller 2 inches from the bottom. The pulp was thickened on

filter »arer snd divided into three squal narts by weight.

In beating, one portion of the disintegrated pulp (24 grams
on the oven-dry basis) was diluted to 800 ml., with water and dispersed
manually. This nixture was distributed about the ball, the cover »Hut
on, and the mill revolved for 12,500 revolutions or 50 minutes. The

pulp was ther dilvted to 3840 ml,

One helf of the diluted pulp was cleared at »n time in the
British disintegrator for 300 revolutions (on the couater) with the

prooeller 1 inch from the bottom.

Yrom each portion of cleared stock, 320 ml. of pulp were re-
moved snd diluted to 1 liter for freeness for determinations on the
Schopper-Riegler fresness tester. The remainder of the stock was

diluted with 5 liters of water and used for forming sheets,

If more pulp was required for the presaration of any one set
of sheets then was cleersi st one time, the cleared pulps were mixed

thoroughly prior to forming sheets.

Handsheets were prepared on the British sheet machiae according
%o Institute Method 411. The sheets were dried in room air. During
the course of the work, it was occasionally necesaary to make departures

from Hethod M11; whenever tuis occurred, mention will be made of the

fact.
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A U-inch square wes cut from each handsheet after &r.ing which,
in turn, was cut into l-inch squgres., By thie method, only the central
portions of the handsheets were used. The l-inch snquares wers each
carefully inssected both with reflected and with transmitted light,
snd gll those contmining irregularities or dirt were discarded. The
accepted samdples were stored in s desiccator over cslcium chlorids.

Care was teken during the sbove operations to limit contzct between
the sheets =ni the hands to a »racticel minimum. Ounce in the foram of

the l-inch squares, the sheets were handled only with tweeters,

The cholce of 12,500 revolutions or 50 mimtes for the
durztion of the heating process wes arrived at after insrection of the
strenzth evel ation data of the pulp gzs obteined by the I.amp'en bell
nill (Tadle II).

TALE 1X

DATA ON STHAIGE SVALUATION OF PULP wITH Tii LANPEN MILL

Beating Freeness Burst* Tenr® Gurley Basis
Tine S.~R. points/100 1b., g./100 1b. Donlit§ Porosity Welghte
min, cc. ream wt. resm wt. g./om. se0. 1b.

0 820 139 25k o 7 5.9 44,6
20 795 156 A7 0.803 9.4 45.7
4o 150 185 172 0.841 I 46.4
80 660 187 176 0.890 L6 45,6

* Repm size, 25 x HO—500.
DESICCATION OF SAMPLE

In monst ceses the samples were tested for breakdown gresdient

only after s period of desiccztion, during which time the sgmole was
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inside the test chsmber ond in position to be tested. The dr-ing was
sceomnlished by prolonged evacustion of the test chamber while it was
2t n tempersture of 60~70° C. Because such a ireatment results in a
peney sheet of negstive molsture content zs determined b hesting at
105° C. and because of the difficulties sncountered in removing the
shecinens from the test chamber without absorntion of moisture from the
outside air, no dirsct tests were wnde of the efflclescy of thia method
of desicention. The method wae tested indiractly, however, br desic-
ceting ssmples for verious lengths of time snd then testing these
semnles for breakdown zradient. It was shown thrt evacuztion for
seriods longer than 12-15 hours incressed the breskdown gradient of the
gamoles hut little. ZEvsoustion for periods shorter then 12 hours re—-
vesled a stesdy ifmprovement of the breskdown zradient with gn

incresse in the evacuation neriod. For the nurpose of this work, it
was decided to stanlardize on » desiceation period of 14 hours, ‘his
period was within the rance for essanti=lly coastant breskdown gradient

zud wae convenient in that the samples could be desiccated overnight.

Ex-eriments were slso carried o.t to test the effectiveness
of flushing techiniou=s in desiccation. The term ¥flushlng! refers to
the fallowing operstion. A ressonnble vacuum was ztiained, dry nitrogen
was rdxitted up to stmowsheric sressure, =nd the chember re-evacuated,
By this wethod it was hoped thet 8 sert ot the molsture could be re-
moved by entrrinuent. It wes found theti flusﬁing as mony x8 Live times
in 7 houra f:11ed to 3ive aannles wiith ns hich breskdown gradient zs

could be atteined by simole evscuation Inr 1} hours,
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Uncertsinties as to the effectivenese of the drving traln
ware disnelled by the following experiment. The drying train wes
replaced by snother h-ving tvice the length snd twice the dismeter of
the former one, This afforded eight tiuas the volume of desiccant and
reduced the velocity of flow throngh thes desiccant to one-fourth its
original velue for thes seme volume rote of flow. This veriztion nro—
duced no obaserveble change in the breskdown radient of the desiccsated

anmnl e,
PESTIUG OF SAVPLES AOR DIELACTRIC STH:NGIH

The anecimans to be tested were rexvoved from the desiccator
whera they vere atored over cslecium chloride, snd esch square was
calisered, Tha soecimens were Hlnced in the slectrode system snd this,
in turn, vas dlrced in the test chamher. Each high voltsge electrode
wee then connected with the snpronriste hizh voltage lesb-in, The ton
»nlote of the teat chember with its rubber gseaket was bolted in uléca
sud the vecunm ~umn gtsrtad. The wreceding nperstloug wers carried out
an renidly re wes gonsistent with eccufaqv. in ordér to minieize the
sbsor 1tion of moisture from the atmoachere. The -rotecting enge was

then put in olsce, snd the hesting lam»ns vere turned on.

After the -sriod of desicestion wes comnlete, the volve lending
to the vacuum s’gtem wae closed snd the vacuum relleved with dry nitrogen.
The ~ressure of the nitrogen within the test chamber was slowly brouzht
to the desired mmgnitude b¥ a nuaber of susll oressure néens. The

pressure of the test enswber was tzken to be thit recorded on the coli-

breted nressure gege on the crlinder of comnressed aitrogen. Since the
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system was vacmum-tight, errors resulting from nressure drop in the
connectin: 1ipe line and drying tube were venishingly swall. The tem—
perature of the test chpmber was sdjurted to the volue desirsd for

teoting,

The electricai cround connection was attzched to the test
chember, and the high volteze lerd was connected to the desired high
voltage lesd-in. The nrotecting cage was connacted o ground. The
breakdown detector wes turned on, snd the elzctricel connections were

mede 0 the hizfi voltagze sunnly.

The hizh voltage wes apolied snd increcsed sccording to a
&éfinite time scbednle untl) “reskdown occurred. The time-voltsge
scliedule was crosen in the 1izht of the caliner messurement taken orior
to plreing the €vedimen in the test chomber., This arocess wes ravesctad
for ench sieecimen in the test chamber., In tids work, the rate of
voltage increase wes 3 volts ~er mil ver minute until dreakdown

occurred. The initinrl voltege was so chosen thol breskdown would re-

sult in 15 to 20 mimutes.

The ciioice of the rrte of voltaze incresse wss enhirely
exbitrary. It was desirable to hrve tie rate relatively low ia order
that chemieal or shysical chanzes, occurring with the lacrease in vaoltage
stresy would anve tine %t nosrosch equllibrium., The rate of 3 wolis
per mil per minuts wes felt to satisfy this condiilon =nd vas convenient

from sn exjerimsntrl standnoint,

In order to obtzin velues for the breskdown gradient which
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wo:ld be directly translatadle into practice, dislectric strength tests
should contimue for several days or weeks., Unfortunately, such test
periods were not adaptable'to the time available for this work. Be~

cause the increszse in time reouired for breakdown to occur at a givem
voltage varies as the fourth power of the voltage, ths effects of

voltages which are more than 50 volts per mil less than the value required
for immediate breakdown are very slight. This was borne out exnerimentally.
Tests wers made in wrich the voltaze was increased at the rate of 3 volts
per mil ver mimite with the initial voltage so chosen that the break-
down ocourred within 15 mimites. Tests on similar sa:ples were then

made with a starting voltage which would cause breakdown within U5
minutes. The results in the two cases were the same within experimental

error.

Undoubtedly it would be most dcsirablo‘to determine the entire

- $ime~voltage curve, but exnerimeatally this would offer difficulties,

After a certain length of time under a voliage stress, breaidown would
occur coincideat with the next voltage surge rather than when the di-
electric falled at the average apolied voltage. To eliminste this diffi-
culty, a very stable high voltage source would be required. Also, the
time range which would be easily measurable-—a few seconds to a Tovw

hours—would correspond to a voltage range of a few volts per mil,

Yhen breakdown occurred, a voltage surgs or transient was
set up in the electrical svstem. ZThis transient was suplified by the

breakdown detector and was heard in the headphones as a loud popning

or "frying® sound. The time of the occurrence of the first transient
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was considered to corresnond to breskdown. Since it rarely hannened
that the voltage was read at the instant breskdown occurred, it was
decided to calculate the breskdown voltage from the time-voltage
schedule, using the time to the first transient. Because the tine-
voltage schedule was adhared to very closely, the errors introduced by

calculating breakdown woltage in this manner vere small,

After the snecimens had been tested for breskdown grasdient,
their density was determined. The test chamber was opensd, »nd the
electrods system was removed. The dimensions of each srecimen tested
were then vsasured with a steel scale. The length of each side was
taksn to the nearest tenth of a millimeter. The lengths of opnosite
sides were averaged, and their product with the caliper of the sheet
was taken as equal to the volume of the svecimen. The total volume
of all specimens tested under the seme conditions was celculated. The
epecimens wvere dried overnight in sn oven at 105° C. and welghed. The
cuotient of the weight of the snecimens and thelr volume was the
oven-dry density. By this method the errors arising from sheet
variations were avoided, since the density memsurements were made on
the specimens tested. Also, Dy teking oven—dry density as a criterion,

differences in the hy:roscopicity of the shaets could not introduce

error,
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EXPIIHUHTAL

In this wvork # study wes ucde of the following varisblest
gus nressurs, moltture content, temaccature, sieet denslte, ~nd sheet

tiicknesns,

In tue study of the effect of ;=8 -rgssure on the breskdown

gredient, the soecimens to Le tested ware desicented for 1l hours =t

60—70° C., nfter vnick the rreesure within the test chamber wos rzised
to trhe desircd vrlue. 'The s sciceas were tested in rccordsnce vith the
srocedure outlined nreviously. Tynicel dnte are siven in Tahle III ond
rre olotted in Plsure 6. Other troleal olotw showing tie effect of .re
aresaure are stova in Figures 3 an? 10, Inercsse in oressura £0esrs
to ecuse & marked Llicreane ia the breskdown gradient,
TA3Lls 111
THT s AP OF SAR CNIIUUSS QW T BNCDAXO0NN ORADITNT

0
Tested in Dr- Jitrogem £t 60 C.

Gage Sheet Sheet Braskdown Yo. of Standard Error
Presgsure Ualiper Dausi Grodient Samples of Vean
1b./sc.dn, mils  gz./em, volte/mil Testad vol ts/mil
0 3.0 0.707 170 Y 3.3
50 3.1 0.720 3u7 Y 9.7
100 3.0 0.724 459 T 3.4
148 3.1 0.731 537 2 12.7
137 3.1 0.713 €98 4 9.1

In the preliminsry work involved in the standardizstioa of the

desiccation rocedurs, it vas discoversd that fthe dielectric strength

of desiceated spacluens was higner tuan tast of uudesliccat=i grecluens.
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In testing at 2 gage pressure of 100 pounds per squere inch, this differ=
ence smounted to M0 volts per mil im L0O, or 10 ner cent. In the light
of this fin‘ing, it wee declded to investigete the eflect of greater
molature contents. Because moat nill humidity rooms zre wmelntained at
50-65 per cent relative hunidity snd beceuse much of the control testing
of electrical pnaers is carried out in these rooms, 1t was declded %o

condition the samdles at & humidity within this range.

This wes sccomplished in the following menner. A szturated
solution of coleium nitrate, wrich will maintsin & relstive humidity
of K0~55 nar cent at 20° 0., wes poured in & shallow puddle on the bottom
of the test chamber. The electrode system contalning the semple was in-
serted and comnected to the high voltaze lsad~ins, beliy careful not
to splash any of the sslt solution on the shecimens. A shallow dish
containing more of ths celcium nitrate solution was >laced on top of
tge electrode system. 'The test chamber was then sezled end slloved to
atond ot 20° G. for at lcast 6 hours to oermit ecuilibrium to be
estzblished. At the end of the conditioning neriod, dry altrogen was
admitted until the cesired resmure was reached, Because the nitrozen
conteined a neglizible moisture content, no chenge in ths relrtive
humidity within the test chnmber occurred upon this addition of as.
After the desired “ressura wss rttained, 15 mdnutes were allowed to
elapse orior to testing in order thet any inecuslities resultin: from
loyering or incomplete mixing of the gas mizht be dissipated. The
soecimens were then tested, and the results were comnrred with those
obtained on similer desiccated soecimeus. The resulls sre listed in

Table IV and are nlotted in Fiure 4, Increzes ia relative humidity is

gseen to csuse a decresse in the bYreskdown gradient,
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TA3LY XV
THE ZFYECT OF RIGH L ALIYE HUMIDITY O IT% BREAKDOWH FRADIENT

Tested in Dry snd Humidified Witrogen at 20° ¢.

Aporox. Sheet Stzndard
R, e s CEEm et o

% 1b./sq.4n.  mils g./om.’ volts/mil  Tested volts/mil
50 0 2.9 0.3 178 3 11.5
0 0 3.0 O.74b 195 4 3.0
50 50 3.1 0.727 309 3 5.0
0 50 3.0 0.7%5 361 4 1.3
50 100 3.0  0.753 4u 3 8.2
0 100 31 0.3 492 L 5.0
50 148 3.0 0.0 524 3 16.7
0 148 3.1 0.732 596 L 3.1
50 182 3.0  0.74k 583 3 144
0 188 3.0 0.722 679 L4 9.0

The affect of temnerature =t the tiue of testing on the break-
down cradient was studied by desiccating all sanples according to the
etandard orocedure at 60-70° C., and then bringing the nltrogen >resaure
up to 100 pounds ser square inch gepe. The temperciure was adjusted to
the desired wnlue £n? the specimens were tested. During the teating,
the temversture was maintained constant to witbinl:p.s° €. excent in
the messurements made at 75.5° C., during which tesis the temnerature
wae meintained constant to within 1.5% C. The results of the work are

shown in Teble V and sre plotted in Fljure 5. Incresse in temperrture

aposrently csuses a decrease in the hreakdown gradient.
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TADLE ¥
THE WPTOP OF WMPRRATINE OF THE BATAKDOWH SHADISNT

Tested in Dry ¥itrogen st 100 Pounde 2sr Srnere Inch bege Pragsure

Shaet Brenkdown Ho, of Standard Irror
Teuperature Caliper Gradient Samples of Mean
° ¢, nils volts/mil Tested volts/mil
20,5 3.1 igo 10 3.9
0.5 3.1 455 9 3.6
60.5 3.0 N 3 5 2.3

The above data resresent the effect of temdernture »t one
vreasurs; to determine whether the effect is {lis same over the sntire
pragsure range, siecimens which had bean desiccated according to the
uvsnel nrocedure were tested nt five differeﬁt nregrures £t both ?0° (VI8
and 60° C. The dnts sre given in Tatle VI and zre plotted in Figurs 6.
An increase in tecnarsture results in s decrease in tis breskdown zradi-

ent at z11 orassres.

A study was nade of the eifect of shset density upon the
breskdown gradient. Sheets were vreoared haviay the sawe csliper but
with densities ranging from 0.550 to 0.820 gram per cc. The difference
in deasity was attalued by various degrees of wet pressing. 7These
sheats were desiconted and tested according to the ususl procedure.

All sasples ware tested at a gaie ressure of 50 and 148 pounds per
squere inch, and the sh-sts of the highest ani lowest density were
tested also at O, 100, »nd 185 pounds .er square 1ncﬁ (gage ~ressure).

The results are given in Table VII and in Migures 7 and 8. The break-

down gradient incresses with a decrease in density.
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Td&l,‘L v VI I
THe BPFACT OF SUW Y DEWSIY O THL BLsAKDUYWN BKADILIT

Tested in Dry iltrozen at 60° C.

Sheat Gmge Shaeet Jdreakdown No. of Standard Error
efemd Yofenin. mile volsefafl fested  veltesatl
0.555 0 2.9 161 L4 12.6
0.783 0 2.9 149 Y 3e3
0.563 50 a9 357 4 3.5
0.695 50 2.9 31k 4 5.3
0.730 50 2.8 53 b1 W 9.8
0,748 50 2.7 304 4 5.0
0.809 -0 2.8 29k 't 5.6
0.580 100 2.8 467 3 3.5
0.826 100 2.8 423 k4 2.5
0.583 1438 1 2.8 573 L 6.8
0.715 148 2e8 524 3 6.4
0.748 143 2o 539 4 9.8
0.755 148 2.7 523 4 943
0.315 148 2.8 526 Y 9.8
0.5% 185 8 683 X 6.3
0.795 185 2.9 501 4 R

Sheets were srensred hoving s nroximately the gzeme density but
vith different thickness or caliier., Unfortunntely, the thlauer sjeci-
mens were ‘uite =zporeciably leas dense than the thicker shcetis., The
samnles were desicented snd teated in the usual manner. The results

gre shown in Table VIII #nd in Fijures § ~nd 10. The breakdown sradient

gpnears to dacreszse with rn increass in sheet thlo-ncqs,



Breskdovn Gra@ient = volts/sil

€00

700

300

300

#ivre T

The Bffect of Dansity on the Breskdown Gradient
at Yorious Pressures at 60° C.

150 1b./sq.40.

° 50 1‘b./nq.ht.

0.5

0.6 0.7 0.8 0.9
Sheet Density - g./oc. ;



5 -8 g

Breakdowa Gr-dient - volts/mil

&

100

-] fw?—-

Density 0.575 g./cm.]

Density 0.803 g./ow.’

Moure 8

The Effect of Shest Density on the Uas
Pressure~Breakdown Gradlient Lslation

0 50 100 150 200
Oas Pressurs = 1b./sq.in. (¢zge)



V/—» TABLE VIIX

’ / §§ i Lf"*i‘ O SR NHLIEE 0

b
g 'l%es tsd I ﬂﬁ» i

I

Shest Gage Sheet Breskdown Mo, of Standard Error
SRR S R RN m
2.1 o0 0.730 202 3 7.0
’ 1.0 0 0.707 170 ) 3.3
| v e omr © e Ay 2._"1
3.1 55 o.';zo N U7 Ty 9.7
L1 50 0.792 316 L 4.5
5.5 50 0.810 286 4 31
2 100 0.706 506 9 6.2
! . 3.0 | 100 0.724 469 1 3.4
B B L R e
5.6 100 0.796 9 0.9
3.1 148 0.731 537 3 1.7
k.1 148 0.793 522 L 5.1
5.5 143 0.810 437 L 305
2.2 182 0.718 64 2 13.9
,M - 53!;”‘ (e . 0.8 518 1 3 3.5
b1 185 o. 779 591 4 2.0
3.1 187 0.713 598 4 9.




Bresktown Gredfemt - volts/mil

700

300

100

¢

Pigure §
e Lffect of Sheet: Thickpess onngoeak‘dowp thradient
at Varbous §Ffzaurcs BH%0° C. ¢

150 11:‘-./.;@.,“. (3e:0)

100 1b./eq.38. (gnge)

£0 1b./sq.dne (gnge)

\ |
' ' 0 1‘)0/.@‘- in. (@3&0)

' 2.0 3.0 - 4,0 £.0
Sheat Thickness — mile



800

100

, Breskdown Orpdisnt - volts/mil

200

100

g

&

2.1 nile .

3.1 mils
4.1 mile

5.5 nils

Figare 10

‘l'ﬁe Bffept of Sheet Thickness on the Gas
Pressure-Sreskdown Gradient Helantion

50 ' 100 150 200
Gns Pressure = 1b./st.in. (gage)



DISCUSSION OF 1ISULTS

An exsminstion of the dnta nresented in the orecedin: section

]

I/
;ﬁbwl'that each of the varizbles studied hrd sn gpprecisnle effect on

the breakdown gradient. The breskdown zradient decrozses wiith lncresses
in the relstive humidity, the tesnersture, the sheet thickness, snd the
shret density., On the other hand, the breskdown gredient incresses with

incresses in the pressure of the surrounding ges. The effect of gas

[ pressure is very large ss comonred with the effects of the othnr vari-

sbles. It amountad to a change in Dreskdown gradient of three—- to
four-fold when the gage nressure was changed‘from 0 %o 200 wounds per
squars inch. The effects of the other verizbles never asmounted to more
then 10-15 per cent within the ranges studied. This ig truly remarkable
in the case of the varistion of relstive humidity, which has tesn shown
to couse other slectricel proverties of pa~er (such as tha dielectric

loss snd resistance) to change throush several orders of mrgnitwde.

In sttemrting: to exnlain the behnvior of oader, it muat te
rerembered thzt a nzoer shoet is composed of two dhesesy = 30lid phase
consisting of the fibrous portion of the shcet, =nd a geseous phuse
consisting of the altrogem which fllle the interstices of the sheet
snd even nermentes the structure of the fibers themselves., Uadoubtedly

the dielectric Jropertics of both nheses nre involved in the dielectirie

strenzth of the mixture.

The atrong decendence of tha breskdown sradlent on the pres=-
sure of the sas ohase would indlerte th:t tre dielectric streagth of

the zes is iuvolved, because this 1s the only proserty of either



4ielectric which veries strongly with nresaurs. In general, the di-
slectric strength of r sas varles directly with pressure for pressures
of 0:e strosohere or more. The literature revoris btreakdown volta;es
for rir of shout 31 kilovolts ner centlmweter veak value. Couverting
thnt velue to =ffestlre voltage, which was used throughout thin work,
the result 1s 55.6 volts per mil. Finsr (3) stated thet the dielsctric
strength of nitrozen is ;rester thean the dielsctric strengtn of sir by
£ factor of 1.16; thus, nitro; en would heve a velue of 64,5 volts ner
mil nt atmosoheric oressure. If the dielsctric strength of nitrosen
is lotted agsinst pressure (Fioure 11), & straisht line results heving
2 slope of 4.1 volts ~er mil ner nound ner scuare inch. The averz:e
slopes of the curve for the breskdown redlent against oressure (Fi.ure
11) is =bout 2.3. 7The curv‘es crose =zt 93 pounds ner square inch

aresiure snd 470 wolts ner mil.

An exeminstion of Figurs 11 revesls thet the narsllelism be-
tween the two curves is not varv ;00d, slthough they both have positive
slones and sre more or less linear. The velies for the dielsctric
strength of nitrogen used for plotting the curve were abizined from
tests made on purs nltrozen in » uniform electric field. This is ouite
different froxm the present case, in which the nitrogen was not stresgsed
by $tuelf but in the nresence of the fibrous meterisl of the sheet,
Flectricel theory slows thst, when voliamge is eppplled to 2 wmixed di-
slectric, nn intensif'ication of field occurs within the component
heving the lover saesific 1nduc§iv:a cenzaeclity. Thersfore, the uresence

0? fiters would mesn thnt the -ee would »e more intengely streased snd,

hence, breskdown would ocecur =t lower nressures. It must be considered
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glso thet the field within the diel=ctricec is not uniform. The zas has

e anecific inductive canacity of unlty, whereas the fidrous usierial

hes & anecific indnctive cziseity of rooroxieately six. 1Mhe fibers are
distributed throughont the sanace hetwaen the electrodes and rafraction
of the slectric fleld occurs at aach gos—-fiter interfsce. The lines

of electric flux tend to converze uson zooropching g fibasr and to
Adverze unon leaving it. The Hrocess of breakdown is comolicnted by

the sreasnce of two nhasesw. Breskdown inltlzting 2% & point in vne
dielectric medinm cennot sroceed fzr withoudl belug intermnted by the
»regonca of the other medium, "his hiadrgace to breakdown would require

higher voltazes hefore feilure.

In order to aveluante more or lese quantitatively the effects
of field intensification within the sne resulting from the nresence of
the fiber, one mmy consider a condenser with the 1:zce between the elec-
trodes filled with two slabs of different dlelectric materisls, The
snacific induotive carscities of the two layers mar he represented dy
E) and Xp, wnd the voltrnzes across the lavers by ¥y and Voo The total
electrode senarntion may be designated t. If tha total voltsge ccross
the combinmtion 1s ¥,

I1=9 + L
By electrical theory it ¢sn he shown thst
¥ = (bre (3-))/E + (Mo 2)/E,,
vhere
§ &s the density of the charze on the electrodes, snd

4 1s the thickness of ths la er vhose specific inductive

Capacity is !h.



The field (B)) in one of the dlelectrics is eauzl to
L Lo

K
Substituting in the pravious equation,
T=R it + (K QK
If it is pas=sumed that breakdown initistes in medium 1 =nd that, once
broskdown is initiated, failure of the condenser is complete, end if
it is further zesuned thst pmedium 1 4% 5 o8, then breskdown will occur
when ¥y exceeds soue criticsl value #;' or when
I=Y=n' -4+ D]
From this enustion, it 1s obvious thet breskdown will occur =t lower
voltzzes than if one dielectric only filled the entire sisce between
the electrodes; in this csse the eousrtion would he
Ye=5't
In & sheet of “ner, the fibers of the wvheet are for the most
part arranged sn thrt their long sxes sare more or less ssrsllel with
the nlane of the shaet. In nassing from ths top to the bLottom of the
sheet the point of co.siderrtion must oams throwgk both gas and fiber—
hence, two dielectrics in series. If this picture is simplified by
concentrating the fibrous dielectric iato one continuous l-yer s#nd the
san into another continuous laser, the situation is that described

ghove.

The thickness of such lsyers of dielectric can he c-lewlated
from the density of thr oz er shecst. If£ the peoer sheet were composed
entirely of fibrous mnterial, it would have & denaity of a-proximately

1.5 grams ner cc. The ratio of the sctusl density to this fizure will
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then give the fraction of the totzl plete seprration occunied by the
fider. The thickness of the yns films between the gneet oroner sad
the electrodes were gutomaticzlly included in thle wet od, becnusa

they werc mensured in the volume used in computing the sheat deusity

(see paze 36).

The breskdown gradient of e shest of perer may be crlculeted py
use of the gbove formula, assuming this ;radient to derend solely on
the zams but teking into mccount the effect of fleld intensifiestion
discuserd above. 5& may be assumed to be 1.0 {this is accurste within
a fraction of 1 per cent for nitrogen even st the hisher iressures),
end Ep mway be taken as 6.0 (this agrees with tie results obtained for
cellulose by De Lucs, Cempbsll, =nd #isnss (3])). The aversge density
of the nener samples used in the tests plotted in Pisure 1) was 0,770
Zrem per cc., Subztituting in the formulas given nbove (snd using a
velue of 1 mil for %, so that ¥, wlll be given directly in volts vner
uil) zives the exvression

T, =1 (0.594).
As oreviously mentioned, ¥y' for s yas is = fuaction of the gss ~res-
sure, beiny described for nitrosen by the eouation

n' = 64,5 p,
where P is the g28 nressure in stwowsherss. The criticzl voltege thus

bacomes
!ﬂ = 38,2 20

This expression is nlotted in Fiqure 12.

Inspection of Fipure 12 reveals thet the curve for the cslcu-

lzted values of the breakdown gradient for the zss in the electric field
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intensified by tho nresence of thes fiher more or less nerzllels the
curve obtained nmxrerimentally for the breskdown gredlient of the ngoer
anecimans, This wonld indicrte thst, on the basis of the rasumotions
and the theory presented thus frr, the msjor portion of the dielectric
gtrencth=Iressura devendence c-n he zccounted for by cousidering the
dislectric strength of the e ohsse 2lose in the field intensified

by the aoreseace of the fiber,

Thé forezoin; theory hee been darived on the tesis of &
uniform field {utensified by the nresence of dielectrie mrterisl, In
3 ghest of oener, the fleld is nonuniform ms & rasult of refrsetion of
the 1ines of electric flux at the fluer-gns L:nterfeces bacsure of the
difference setweer the woecific inductive craizcities of ire tve com-
vonents, This regulte ia logsl varirtinng of th~ eleetric field within
the e ohzse, The fiegld will be most intende anear the fibers but will
£:11 off to a uniform vslue at some distance from the fider., The efiect
of this inhomogzenelty on the theory sdvanced thus fzr will bz slight,
The only vrobsble effect would be the lowering of the slope of the
caleulsted curva. “hatever the effect, 1t will be comoreancted for inm

the theory to de Jresnnta& subssouently.

If the esleulsted curve for the hreakdown gredieut in the
ze8 (Plzure 17) 1s subtracted from th.e curve of tue opgserved Jztr on
the breskdown sradient »nd the difference olotied, the resmuliing curve
is no loner sirongly dependent on ,ressure. It is, rather, z ilet

curva wiich 18 cancave downward. The curve hzs ¢ <sximum gt nbout 80

pounde ner sguere inch zud 200 volts ver mil. This portion of the
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totel dlalectric stroagth shonld be agcrited to the “harrier rction®

of tha fibrous muterisl, The curveture of this plot mey indicate a
varirtion of ¢his oisutity with nressie. This need a0t be the case,
hovaver, becruse higher voltazges nre iavolved in hreaﬁdown &t the higzher
preassures: and the veristion might be the result of wvoltz e chsiget

rather than aregsure changas,

In order to investigete the nzture of thils barrler rction,
it is necesazr'r to nlctire what tskes place within tha sheet of naer

a8 the woltr,re atrese incresses,

The Jz2ner sheet consists of fivers lying with their long
nxes more or less marallel with the plane of the sheat, but otherwise
randomly oriented. The voids between these fibers are filled with
nitrozen. Lech fiber ie = slightly flattesned tube teoiered :t the ends.
The internsl cavity or lumen is filled with gos, The fihers ran e from
20 to 35 microns in dismeter but, hecause of the bhesting orocess, con=-
sidersble zmounts of fibrous debris of lesser dlimmeter sre 2lso 'resent.
The gns volds zre of the weme order of msgnitude ra the fibers, mut

grezter veriztions of size arc to be cxnected.

Both the fibrous nstarial »1d the gas nre very :ood electricsl
insul-tors =t low voltaze stresses. In the gass oshese, fons or elactrons
crested by radiomctive m:sterials (which =re ever resent), cosmic rays,
rhotons, etc., are accelerated in the electric field toward the electrode
of opposite sigzn. Such currents are extrewely smell, &Aas thas voltenge

asproaches thet deseribed by the calculated curve in Pizure 12, the

current flowings in tiie zzs Yecomes much more eoarsciszble. This is due
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to the fact that the electrons migrating in the clectric field =zre being
acceleratad sufficiently between collisious with the molecules of tne
ges prement to cruse ionization b imoact when they do collide with

the zss molecules, This orocess yields secondsrv electrons which, in
turn, cen be sccelerated mnd csuse furtier lonizetion. The oos! tive
fons thus foramed wigrated in the reverse direction towerd the electrode,
which st thrt instant is acting as the cathode. In the fields lnvolved
in the sraseat study, it is doubtful vhether the nositive ifons ore
sccelersted sufficlsutly to cruse lonlzation by 'mpact with zes
molecules; rowever, in the higher voltsze reglons they probsbl: do ceuse

secondery lonigetion by imnect with the electrodes (38).

These chsrged narticles, being accelersted by the electric
field, will imoinge on the nier fibers vresent snd will scenmul=te on
tha fiber surfsces. HXlectrone will collect on tiose surfacos M§ich
"look" et the cathode, vheress nositive inns will collsct on those
surfoces vhich Ylook" st the zrode. BHecauze the fiber has nn extrerely
nigh resistence, tiese cherges will not neutrslize each other. Since
these chorges tra separsted by only tre thickness of » fiuey, thelr
effect on the clectric field :t ezay sraat disénace from the flber will
De neclizidle. At distauces not jrester then s few fibor dlaneters
(the width of most zse volds), the effeocts of ti.ese cherges will be
ouite significsnt. “ith slectrons collecting oa the surfsces of the
finers facins the cathode and nositive ions collectinyg on the surfaces
facin; the onode, the effects of these charges will be to mllify =
nortion of the field within the jes produced by the slactrode syvsteam,

In this wey, e8 soon ss fonlzetion comsenced, surface charges will
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mild up sufficiently to reduca the field to the neighhorhood of the

ianizstion polat,

Tha fact that alterusting current was used throvghout this
study adds & few comnlications, but the over—-all plcture remsineg un-
chenzed, During each half-cyele the aurface charges alzrate to the
oononite atdes of tiie geeE volds, ogs charges wiich sre dissivated
br uoaduction sad recorbin-tinn zre raplecistied by lonizetlion Auriug
the realk portion of the c-clo. Benauae-sf tle nish mobilitien 5f the
cuarged serticles and the shoxt diafsnces involved, squilidrinw con—

ditions ore roozbly meinteined throughout the cvele.

thile the surfrce churges buildin; up on the fihers rué in
the gsurroundins =tmos-here are reducins the field in the geseous nhase,
they nre intensifi ing the finld within the fibrous p;rtion: of the
sheet. &g the volte,e incrcases, the ognitude of the spece chergses
130 incraeses until fluslly the field within the fiber exceeds its
dielectric strensth sn” brazikiown oceurs. OUnce tiie fiber breris down,
the churge sdsorbed on eund sround it disannerrs, thus sermitting

breekdown in the .as to nroceed.

The harrier action of the fibroug metsrial thus consiste of
the ability of the fiberg to rot-in gurface chnrzes vilch reduce the
field within tue zes and effectively srevezt its breskdown. This
barrier sction persists until the field witidn the fibers exceeds thelr
dielectric strenzth, st which point the tasulatin  ahility of tie saner

sheet colleoses sad nreskdown ocenrs. Inequalitles in tue orizinel

field resulting frou refruction of liunee of electric Tflux w11l -~robably
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cruse at least "ocsl loaization to ocour st volts;es lover then those
predicted by the cslculnted curve in Fijure 17, 7This will meen slijht-
1y greater surface chnrges #nd, hence, earlier collepse of the flber

barrier,

The total field within the fiber will cousist of the sum of
the field resulting frow the elecirode srstew ond the fleld resulting
from the cherges sccwnulsting at its surfaces. When this totsl field
exceeds s cerialn velue, breskdown will ococur. Since, ss8 tho ge8
sressure is increzsed, ths voltszes reculred to cause ionilzation are
also increased, the relative sortion of the critical field guialied
by the electrode B -«tom beromes srenter with nressure iaerrescs. Under
these conditions, the contribution by the surfrce-charge field will be
lass when breskdown occurs snd, t.erefore, the bzrrier cction should
decresse with incrasse in nressure, If vufficiaqtly nizh oresaures
ere attained, this berrier action should disapoesr completely, Such
aressures were never sttained in thise atudy; however, s decrezsze in
perrier sction with #n incererse in pressure is rezdily observed in the
plot of the difference between the ohgerved snd celeulzted velucs for

the Lreskdown strength of ssoer sad zas, resvectively (sse ¥iure 12).

The plot of the barrier action of the fibrous material éu
shown in Fiiure 17 is curved, heing eonceve downward snd krying a maxi-
wum at a gage dressure of shout BO noundw oer sguare inch. The decraase
with increess in pressure cen be exnlalned, in oert, by the mechenism

described in thie orecedin; - ragreph. The increase with prescura ot

low oressures czn be exhlained as follows, It hirs been suown
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experimentslly (2) that the dielectric strength of very thin films of
gas is ruite appreciably higher than that of the gas with thre usuel
electrode spacings. This §{s attriduted to an insufficilent mumber of
mean free paths for an electron across the film and, hence, insuffi-
cient impacts t0 csuse the required lonization for hreakdown to oacur,
Suoh very thin films exist in the lumens of paner fibers. If the field
within the fiber is insufficient to cause breakdown of the gas within
the lumen, then the dielectric strength of the fiber will increase with
an increasse in the oressure of the gas. Ultimately, howsver, with in-
crease in the pressure of the zas the mean free path of an electron in
the gas decremses and, consequently, the dimensione of the fiber lumen
become relatively larger. As a res . lt, the dielectric strength of the
sas in the lumens becomas more nearly that of the gess ocutside the fibder,
This decrease in the difference between the dielectric strength of

the gas in the lumen and that outside the fider will continue as the
pressure increases until it finelly vanishes. Adove some critical
pressure, breakdown of the gas within the lumen will occur before bresk-
down of the fibrous materiasl. This will result in a collection of
charges on the internal surfaces of the fiber and, hence, a further
intensification of the field in the fibrous material. At pressures

in excess of this criticel preasure, the contribution of the zas in

the lumen of the fiber to the barrier action of the sheet will no longer

increase with pressure,

The various phenomena apvearing in the study of the sffect
of gas pressure on the breskdown gradient have beea culte completely

explained by the theory just evolved., Attention is now turaed to the
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affeciy of the other variadbles $o deteralne whather these eifects axs

comr:tible with the th:gory.

The resulig of the invastizztion of the elisect of relrtive
humidi ty on the breskdown sradiont ere listed in Teble IV and are plotted
in ¥imre 4, 7From the curves it can e seen thet, mt conatuni sressure,
the valuan of the dielectric atrengtih of vever =t 0 dzr cenl relntive
huwidits sre gre-ter then thosza ot 50 ser ceat relztiive huanidit: throuch-

out tite pressura rapce.

Ia order to evaluste the barri-r actlon of the osyuer aliect
¢t noch husidity, tie Atelectric sirsu th of the s aust be zrleulnted
necarding ta the zzthod dlsenanesd on s e 56. In ealeulstin: the
velues for tha ges £t 50 oer cent rilntive humidity, = chizn e in the
saceific indvctive croncity of the flLer must Ye nagsumad, Uscuise the
fibar hirs sbsorbed moisture which hes = wsreelflc inductive czoscity of
8. In view of ihe fmct thzt wo dsts were aveilcile on thiw aulject,
1 value of ¥ for tha srecific inductive ¢ sscity of the molat fiver
vor asgumed, “hp exact verlue of tiis ~usutit: is not criticsl becauwe
it snters the farouls only sz the denominetor of an sdditive term, the
aumerstor of which is quite wnnll, If ti.e ssacific inductive cromelty
of the moint fiber were taken =s belsn,: laflalde, the v lue of ths
troskdown volia:e for the gee z8 celeulotod would e cliraged by oaly
stout 10 rer cent. Since the sxiericental woric of 2eek (2) showed no
gifeet of humldity on the dielectric atrength of gav lu & vaif r fleld,
the aravionsls used value of O4.5 volts oer nil 1t mt .oz heric aressure

vas anolored in the crle lrtloaw, Tha values of the Lreskdown redient
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for nitrogen in the field dntensified by the 2resence of t.c flber are
given in Fijure 13 for voth 0 ead %0 ner cent rstotive lmmidity. The
valuse at 50 jar cent relsiive hunddity vers little from those 2t

0 1ser ceat,

The Alifarence hetveen the csleilrted curve for the ;jradient
for initistion of discherge in the 228 and tie curve for the breskdown
zradient for the nmoer »nd zes is p measure of the barrler sctlon of
the floxr. This is ~lotted in Fiure 13, The barrier sction 13 found
to very quite coneidersbly with humidity. The values ¢ 50 ner cent
relative humidity ~re lower then tie values £t O ner ceil st Lhe szme
wressures. This difierence in the barrier actions =% the two hmiditiaes
ig sttributed tn the srent lowering of tie elecirical resistznce of the
naser Piter s8 ite wolsture content is incrersed. The regi-tnace of
the finer : - U0 ser cent relotive humidity is less than the resistsnce
of O per cent relstive humidity by = factor of the order of 10“ or 105.
Thias lower resittzance weraits the charges sccumulctin; on the libers to

he dissipated by conduction, snd jaseous dischearge occurs st a lower

over-sll volta:e.

In -edersl, there will bLe two criteria for hreckdown, elther
of which will be sufficient. In one cese, tiie surface charze will build
up on the fibers sufficiently to nrevent zmseous discharge from sccurring.
Rreckdown will then occur when the field within tte fiber, resulting
from the charges on the electrodes aad the surface charge on the fider,
exceeds the dielectric atrength of the fiber. At tilds point, the

charges on the fiber neutralize eeclh: other sud . sgeous discharge is no

longer imveded. In the other cese, the resistivity of the fibers is
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low enourh so th-t r point is rasched =t wvilek insufficient charse ean
be malantaived on the flhers t5 sreveut breekdowa of the . e8. In tidsg
crsg, the fluer may set =8 = resistance in series with the d5eciarce or
the dischzrse nar hy-rass tiiz flber znd teke lsee wholly within the
a8 hrae, Since the ar;ditu&e of tug surface charges unfer =ny _iven
set of conditinne is derendent solelr an the voltase in nxcess of thet
retuired for lonlzation of thr ;ee in tre zhsence of ¢-ves chrrge,
failure resulting from ingdility to ueintzin sutficient space churge
vill toke nl=ce 2t lover voltn_ es than follure resuliin: fron the
brerkdown of thse fihers, The coadition of'breakdownAof the fibers will
be considered zs th:et zivin: rise to the unoer limit for the berrier

retlion of the “w inr sheat,

The affects »f tenssrsture oa the hreoekdown redient at eige-
strnt sressuce (100 nounds Jer sousre inch) are shown in M.ure 5. The
pradient decrsrsea more or lass linssyly with tecner ture increoase
ovar the raa e from 20° C. o 75° C, o denaities were obtziusd for
these semnles and, hence, the megel tules of the berrier zetina in each
code could not he sscertsined. ¥iure & shows the efiect of teroursture
on the breskdown sradient- rossure rel-tionship. The values =t 50° c.

cre lower thrn tuana 4 202 3, for tie scise ressures.

In tie colenlrtion of t & radieat corres0adi; to ursoikdown
in the gee (in tie Tield inteasified V- the revence of t! r {iburs), 1%
is necens=r; to uge : diifteresnt velue for th.e dislectric eircazth of

altrozen -t ¢0% €. then =t 20° €. Lt coastont yressure, tha dfelectric

strenth of & . r3 varles iaversel: #3 e su3nlule teepor: tarve. In
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calculating the dielectric strength of the zas alone, the equation for

the critical wvoltagze at 60° ¢. becoxnee,

or
¥, = 571 put-g + ¢/E, ).

The plot of tuis equagion is shown in Figure ll.

The differencas betwean the oLserved -ué calculated datam fall
very close togethar, aud any dilferences beiween the fwo curves lie
within the ran e of exnerimentsl error (Mgure 14). It cen bve sald that
the effect of tesmnerature on the barrier sction of the fibrous material

is very slighs, 1f oressut at all.

Tha location of the maximuw in the curve for 60° C. et higher
pressure then the maximum in the curve for the barrier sction -t 20° ¢.,
if not due molely to exosrimentzl error, may Se exnlained o3 follows,
At the higher tempersture and ¢t coastnut oressure, the uean fres nath
in the /e is longer than et the lower teujer-ture; Lence, higher
Jressures are nacesssry before the gas in the lumen csz wrezk down,

For this resson, the maximum snould occur ol s higher sressure =zt 60°

g, than it does at 200 Ge

The effect of density on ti.e breakdown gradient-pressure rels-
tion is shown in Figure 7. %The vslues of the brerkdown gradient for the
shect of lower denslity are sbove those for the higher denmity sheet at
the same nressure. Becsuse these detorminstions were made =zt 60° ¢c.
the value of 57.1 volis per mil was used for caleoulsting the #lelectric
strength of the gas aloune in the intensified field, TIhe velues thus

caloulated are shown in Fizure 10.
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The barrier action curves for the two densities (Fizure 15)
ghow thet the velues for tiie lower density sheet rise to a higher maxi-
mun at the lower oressures then those for thie higher density sheets

and fall off more rapidly as the pressure incrsases.

The relntive heizhts of the maxima can be explained as the
result of two effects. Mirst, in the higher density sheet, less gzas
was nressnt snd, hence, the field within the fiber was more intense.
This csn reedilr be saen by referring to the cslculations of the field
within the gas presented on paze 55. For ’thic resgson, the more denss
shicet should break down at » lower voltngze thon the less dense sheet.
On the othe; hend, however, the maznitude of the snace chargs necessary
to prevent zaseous breskdown depends principally on the size of the
zes vold. Becsuse the gas voidsin the denser sheets are, on the averz;e,
smaller thsn those in the less dense sheets, the sisce charges and the

resul tant fields within the fibers are slso smaller. The barrier

mction plotted in Fiure 1 represents a balence of these two eflects.

At the higher density, the maximum in the curve renresenting
the berrier action of the fibrous materlsl occurs at higher pressures
than does the maximum in the curve for the lower density sheet. Be-
cause the grenter density was obtsined by oressing the sheet vhile wet,
1t is logical thet the lumens of the fibers in the denser sheet were
more reduced in size in the dirsction pernendicular to the plmne of the
sheet than were those in the fiders of the less dense shect. The
smaller the lumens, the hisher the pressure reculred before dbreakdown

csn occur within the lumen. For this resson, the meximun in the barrier

action curve occours rt higher Jreseures,
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The elfectas of shret thickness on the breskdown  rsdient are
shown in Fi,ure 9. The gradient is seen to {211 off with increase in
thickness. Figure 10 shows the effect of thlckness on thae bresizdowa
yradient-pressure relstion. The curves are more or less the same shaoe,
with those for the greater thiicknesses lying below those for the

lesser thicknesses.

According to the eouation derived previously, calculstions
wore made for the gradient corresponiing to brerkdown in the gas (in
the field intencified by the nresence of tie fibers)., The rasults of
these caloulntions, together with the differsnces between tliese velues
pnd the ohsmrved hrorkdown ;radients, are nlotted in Pliure 16, The
barrier gction cirves were of similar shape and srrenged in the same
order zs the ohbserved braskdown sradient curves—i.e., the grester the
thickness, the lovwer thr value of tie darrier sction et the ssue Hree—

sure,

The resson for the low barrier sction with thick shects is
statisticsl in nature. In any path through the paner sheet in the
direction of the field, there are = mumber of slternztely onlaced fjbers
#nd gos volds., Xn the vicinity of breskdown, each fiber nossesses
sufficient charge st its surfaces to restrain the field within the gas
voids to guch £n extent thret further ionlyretion of the gas occurs
at 5 rete just necessary to reolece the crerge dissinrted by electrical
conduetion through the fibers., The magnitude of the charge reruired
will depend upon (a) the dimensions of the gas sopce in which the fleld

mist be neutrslized, and (b) the thickness of the fiber (i.e,, the
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seperetion of charges of oonoslte ai.m)., The sizes of the gzs volds
and the thicknesses of the fiders sre not coastent but ere di~tributed
over a1 renge of magnitudes; lience, the surface cherges present on the
fiters snud the fields within the fibers are also distrihuted over =
rence of megnitudes. As the fiéld within the fibers is incressed, a
poiat is resched st which the dieleotric strength will be exceeded
within some one fiber. Feilure of this fiber is asccomdanied by sn in=-
crease in the stress in the other fibers. The other fiuers may be
gansble of withstsnding this sddition=l stress, in which case equilib-
rium will be re—established., If, however, the other fibers are not
crosble of withstanding the incressed stress, then feilure of the
othar fibers will take nlace and comnlete breskdown of the shest will
oceur. As the thickness of ¢ sheet fs lucreased, the number of fihers
which zre to be encountered in nassin~ from one electrode in t-e ather
also increrses, With this inorease comes the grester nrobability th=t,
at some point within the test ares, the distribution of gas volds,
fiber thicknesses, mnd dielectric strengths is such that breskdown will
occur st an excentionslly low value. For this razshon, tre breckdown

credient dacresses with increase in sheet thickness,
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CONCLUSIOH

The first =nd¢ orinci :al concluslon to be drewn from the ore=
ceding work is thet the breakdown gredient of a shoet of peoer imuersed
in = gos is not o mersure of the intrinsic dielectric strength of
either the fibrous m~tsrisl or thue gss. Hather, 1t is 2 comdlex
nphenonenon involvinz the dielcctric strengths of both. The conditions
sxiating prior to breakdown ars orinarily determined by the arorerties
of the 58, whersss it is the failure of the fibsr which flaslly
deterniieg breskdnwn, The hreskdown stren-th of thz fiber itaslf,
however, crannt be daduced simoly by Aividing the totsl volteie eo9lied
across the electrode sratam b the slectrode eenarstion. This would
sive 2 velue far ton low. The ztresz on the fiher at breskdown con-
2igte of the stress resultiag from chercas on tre electrodes nluse

those arlsing frow the »raseace of charges on the fller,

Most paper tested for dielectric sirzusth i intended for use
nr the elactricel industry after 1t has been impre;neted with some oil
or resin. Much cantrol testing of thls  mner for dielectric streugth
is c¢srried out on unimdregnsted semples in rir. In view of the thenry
snd moachanism evolved hereln, interpratetion of such results in terns
of use reauirement of the naver is exceedingly difficult, 1f not im=

ong3idle,

If the g»s volds within.é shieet of paner were to be filled
with 2n oil, the conditions of the electric fleld within the shmet
would he grestly changed. Even without considerstion of tne un—

certainties of tre imnrezustion orocess, this would e trua. The oil,
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having a snecific inductive caprelty of two or three times thzt of the
zas, wollA hrins about s more esuitsble diatridbution of the electric
field, The 01l would be subject tn an inteneified field, bhut not %o
the exteat Jreseat in the me. Accordingly, for the some nnoliad
voltare, thn field within the fibrous porition would be much sreater.
The £i1d would algs be more nesrly unifom within the oil =9 the
refrection of tho fileld at the fiber—oll intarface wonld be xrantly

reficead,

1f such #n oil=filled sheet is imagined to he stressed to the
vicinity of breskdown, what is tsking olace within the shect? Does
the 011 becoms filled with conducting ions or electrons zg o s does,
or does breakdowa in zn oil take nlace in & different nemn-r? Do
charzes accewmlznte on the fibers and thus aartizlly neufralize the
£1a13 in trhe oilT Until the wachenism of dislectric bBreakdowa of the
04l crn e exoserinents1ly sstnblishad, these poszzinilities nust cone

tinue to ha otjecis of sieculrtinn,

Poor corralztion between the dielsctric strength of paner
s teated in nir =n? the performasnce of the eloctrical equlnment
fabricated from this neaer ie observed in practice (38). Generelly,
varistions of the imprsgnnting process have been assumed to sccount
for this leck of correlstion. The reml trouble mey lie in the fact
thrt the rmechraisy of breskdown of i-ner in adr 1s quite different

froe thst of pener in oll.

Assuming for the moment thot the aechanlsm of trezkdown of

paner in oil is quite analogous to thut of the breakdown of neer in
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nir, difficultiss would atill be exnerienced in pradicling the results
of one t33t from tha reusnlts of tha other, descause of tha diflerences
existing betwaen tha soeclfic indctive caszcities en” llelectric

gtrag,ths of the oil -2t eir,

¥rom the sronosed theories snd the foregoing exnerimentsl
vork, it is concluded tirt ths voltsge stress reculred to ceuse the
dielectric braskdown of onzowr in s geseous stmosphere ¢sn be divided
into two nerts: that recuiref to cause ionizetion by impact to eccur
in the zas ohese snd thrt during which a surfsce chsrge resuliing from
such jonizstion sccumulztes on the fibers, 7Thls lstter rortion is
mdminated $u breakdown, which oeonrs when the £4014 within the flbvers
excerds the dieletric stransth of the fibrous materizl, or when elac—
trical econduetivity throuh the fiher dissinatew the ewrfece charges
30 ranidly thet zaseous Alsciiarge is no longer 1nhibitad. Tha Tirst
sortion of the breskdown voltagze siress is considered %o ba gno-
Aprendeat snd «i11 vorr with :ny chengses in the fleld wilkin the 3asg,
or with itz dlelectric ztrenzth. The ascond nortion is -itrihuted to
g %harsier action® of il fiher which nreveonliag hresrklowm frow azcurring
until the gmerast PLold in tie oos ing exceeded thie dlielmetric atrength
oFf the zas by a certsin roount, This burrier cction is s fider-de-endent
aantity, slthouph 4t ie comlisrted by the dialesctric stren;th of the

zas in the fiber lumen.

Rel=tive humidit: or molsturae content has scoreely nny effect
on the ssg-desendent wortion of the breskdown volirge miruoas dut hes
2 marzed eflact an th: barrier mction., This ia attridated to tic ree

duction in the resiativity of the fiber, which is <nown $o accompany



incresses in humidity or molsture content. Such a reduction increases
the rate of dissioation of ths surface charges on the fibers to the
point thet gesseous discharge tskes place despite the presence of the

fiver,

The thickness of the test sample is another varisble which
affects nrimerily the barrier action. The effect is statistical 4n
nzture. Since the msgnitude of the surface charge which collects on
the fillers denende unon the size of the gzas void and the thickaess of
the fibter, ouite a soread in the distribution of volteze stresses will
be sresent. Failure at ons point within the sheet will plsce zn in-
crecsed stress on the rest of fibers lyin; in the same nath., This
incrensed stressz may or may not cause failure to continue sernss the
sheet., As the thickness of the shect &n incressed, 80 2130 are the
chisnces of finding sn exce>tionally weak si0t so arranged that breskdown
can occur. XYor this resson, breskdown ¢radient decresses with increase

in thickneces,

Gas oressure, temseraturs, and sheet density, on the other
hand, primsrily affect the ges-desendent portion of the breskdown
voltaze. The zas ressure rnd tempereture changes ceuse variations
in the density of the .as and, hence, in the dielectric strength,
Chenges in sheet density ceuse varistions in the field within the zen
by changing the ratio of ges to fiber nresent. Density, however, gleo
hes some effect on the barcier rction, becsuse the fleld within the
fiber is =180 sffected by chanzes in the fiber-to-gas rrtio. At high

molsture contents, where ultimate dbreatdown does not depend upon the
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dielectric stren;th of the fiber, thie effect on barrier actlon would

not be sy pronounced.

The barrier action of the fibrous portion of the shcet de-
creases with incresaing oressure, snd theory gredicts tiet, at some
pressure, 1t will vsnish. At such a point, the curve of the observed
breskdown gradisnt of neoer plotted sgeinst pressure would intersect
with the curve of celenlsted bregkdown gradient correspondiné to onset
of discharge in the gss, This point would represent the condition of
the fiber failing at the same time the gas comnences to brenk down.
Yrom the voltagze 2t which this intersection occurs, it wvould he
posaible to celculrte the dielectric etrength of the fibrous msterial
{taslf, Siuch sn interssction of curves doss not occur within the
ranze of nressure attainable with the anosratus used in this work.
Fror an estimste brsed uoon tha curves obtained, the intersection

ghould oceur in the vieinity of 500 ponunds ner scuare inch,
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SUMEARY

An apoeratus was devised snd coxstructed in which naper could
be teated for dielectric stron;th while well desiccated snd immersed
in an ztmosshers of dry nltrogen under pressure. The soecimens of
paner wsre dried by svacugtion nt slevatad temnerature while in nosition
to he tested for dielectric strenzth., The anpar:tus wes so designed
that ten specimens could be dried and tested without opening the tent

chambar,

A procedure wss svolved for desiccating snd testing psoer
with sn averaze standard error of the rean of ten determinations of

dielectrie strenzth of U to 5 volts per mil.

A theory was develoned descriding the mechanism of dlelectric
breskdown of paner immersed in » zes. This thaory ix besed oz the
xnovledsze that, when the electric field within the :;ss ohrse of the
sh et excesds 2 certein criticel velue, lonlzation of the ;a8 hegzins
to occur. Such lonizatinn is accompanied with lmmediatse collection of
cherzes by the fibrous msterisl of the sheet. Those surfaces of & fider
thet face the electrode which at the instmant 1s acting zs the cathode
collect electrons, whersas the opposite surfroes collect positive ions.
These charzes effectively cencel the fleld within the gas voids of the
sheat which is In excess of the lonization field. While this s>ace
charge restrezinas the field within the gas volds, it intengifies the
field within the fiber. As thc surface cherge on the fiber increases
vith voltaye increszse, s point is finally reaclied at wiich the di:lec-

tric strength of the fiber is exceeded, Tellure oi the fiber results,



-1

the surface charges on tie flher are neutralized, and complete bresk-

down of the sheet ocours,

The averass voltayge stress at hresikdown, csloulzted as the
quotient of the s)plied voltsje by the clectrode seosration, was
dividad intn two nortinne. One, 2 grs~deendent nortion, was caleu~-
lzted ng the breskdown volts.e stress of the zgos itself, sssumings st
1ta dieleetric strongth wes ¢ linear function of the nressure »nd thet
the field within the ;28 was thet which would exist if the fider zad
the zes were present ag8 two coatinuous lsvers, The other portion wce
2 finer~dependent nuentity which wer referred to es the "barrier
cction® of the aheet. This wrs cslcoulrted ps the difference betveen
the observed vrlies of the sveraze stress snd the gstress corresponding
to the onset of dlscherge in the ;es, It revreasented the »dllity ef
the fibrous materisl tn orevent geseous breskdown Aesolte the nttain-
ment of an sversze fleld in excess of the dielectric strenzth of the
a8, The foreaninz theory was develosed fram the study of data ob-

teined in the following experiments,

The breskdown voltaze of naser wess found to increrse usrkedly
with increrse in nressura. As wvould be exnected, the sffect of sressure

was odrincipally on the sss=desendent portion of the brerkdown voltage.

Increnscs in rels=tive humidity ware found to decrease the
breskdown volte,ce. This decrcnge was orincipally e {iver-denepadeat
quantity rosulting from s decreese in the electrical rosistance of the

fiber,
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Demaprnture wes found to have a gas~dependent effsct on the
breakdawn voltsge of naar, The breckdown voltage was reduced by
temnareture increases. This was attribtuted to & variztion of I8

density with temnerature et constant nressure.

The breekdown voltage of szier was found to decresse with
inernanen in the shost density, fThis was orineioally the result of an
increase in tre electric field within both the fiber znd tre SEBe
Density was thus e-neble of crusing chenges in both the gas ~nd the
fiher-denendent wortions of the breskdown sradient, The sreatest

part of ita effect was on the zas-densndent vortion.

Increases in shect thickness were found - decreass tie break-
down voltsge of s irr, The effect is nrimsrily fiber-derendent. It is
sttributed to n statisticel effect. As the trickness increzsed, the
nuniior of fibers and the zss volds to be treversed in wesing from
one slectrode to the other also incr-zsed; hence, an ineressed
nrobebility th-t & Iiber configurstion havin_ gzn excestionslly low

dielectric strength existed.

It w»e concluded thet the dielectric strengtlh of paner as
tested in air wus diatinctly different from that of ge36er o3 tested
in oll. Zach quantity decended uoon different distributions of elee=
trical field and different relztive dielectric strengstius., Even if the
mectrniams mizht be considered identical, the drawingz of conclusions
concerning one of these values on the basis of exssrimentel results on

the othier would be & difficult and uncertsin process,
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