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ABCTRACT

LOCKHEED «» CALIFORUWUIA COWMPARY
A DIVISION OF LOCKHEED AIRCRAFT CORPORATION

The high sltitudes ond temperatures'associated with ST
supersonic flight and the use of electricel power at
230/400 volts introduces the need for design precusutions

to ovoid corona or sparkover. As pert of the wiring ,
developmcent program, invéstigations including a literature
séurch, date analysis, and laboratory tests were conducted -

to determine the precautions required.

An spproach is presented which 1is intended to simplify the

design for corona prevention.

Further investigation and confirming tests are still to

be conducted.
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1.0 INTRODUCTION

Tt hus long been established clossically that for all puces tihere is'

fol

mininum voltage betwcen electrodes below which electrical breokdcwn, in the
form of an avalanche diﬂcnarge resultlnn in c¢orona or sparlover, cannot
occu:. Yor potentiala above this minimum,determination of the voltage
required for the onset of an avalenche discharge is buced on the Pazchen
~curve' ror the gas, modified to take inﬁo account non-uniform flelds. The
onscet voltage 15 a function of the gas _9n$ity and the width of the Bop
sepsrating the electrodes, as well as other factors includin@,thé precende
of insulation on ‘the conductor or within the cup. The nature of - clectric
breakdowvn in eir is discussed in more detail in Aopendiy A.

Tne 230/400 system voltage exceeds tha minimum of the Paschen curve ror sir,
and the reduced air denSify at the altitudes'and temperatures essocictel
with supersonic_flight, as-compafed with subsonic, increases theAspdcings

and insulation thickness required to prevent electrical discharges. These
discharges can produce undesirable_effeéts including inculetion deterioration
and electromégnetid inte:ference.

The ooject -of this investigation was to determine the deaign guidelines
required to avoid these dischurge; without significant cost in weisht or
space requirements.

2.0 CONCLUSIONS

1. As discussed in 5.1.2 and 5.5.2.2, corona must be avoided because
it transmits interference into electronic equipment and produces
cumulative deterioration and erosion of insuletion and other
materials in proportion to the product of corone intensity and
‘time, while sparkover is intolerable because 1t can cause
immed*ate equipment ¢ mage and loss of circuit function.

\
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Corora &ud sparkover can be prevented by:

- a. Avoiding contamination on suriaces of conduetsrs uné thin

insulations.

b. Selecting materials and dimensions that con withctand the
worst-case voltage gradients around energized conductors.
Co Elimination. of short air gaps between thinly-insulaie

‘conductors.

d. Selection of insulating materials with maximum recistivity

and dielectric strength, and low dielectric constant.

e. Application of the Paschen Law curve as modified for non-
uniform fields. |

f. Basing all calculations on the instanteneou: peak "aebnormal

overvoltage" of the system.

For the 230/&00 nominal system voltage and the SST operating
altitude and temperatures, weight and space reqQuirements can
be minimized by avoiding areas in which energiaed conductors,
with or without insulation, can be adjacent to—unpressurized |

alr. For such areas particular attention must be directed toward

p”oviding adequate spacing and insulation thickness, as presented

by the guidelines in this report.

Corona or arc-overs are most likely to start in’the alr pcrtion
of the’space between conductors, not in the insulation.
‘Prevention of air breakdown is therefore the prime consideration.

The breakdown of air.is promoted by high voltege grédient;
inability of electrons and ions to escape without ionizing or
exclting other atoms in the air; by the presence of ultraviolet
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P exeliew et of wir dn the Juny et olner

N . o N . e e . .
b e (cee Abpenalx A) groducing watlecion ol coeosdary
clegteone wrom the clectrodes.  bredigdown cun therelure be
minimized by:
condueters.

0. Avouming that the flnul configuration has at scme point

o ﬂradlcnt as high &< for needle pointo.
¢. Uulpy an air breamdown strungth (vo;t./“*l) corcesponding
To the worst comblndulon of' lon entrapment and secondary

cmissions in the gap.

d. N&MMm;mrtMrMMMmarﬁmMeumﬂmmﬁmmx;uo

which the designated parts will be expoced.
As discussed in 6.k, desirable I.uturesc of design to prevent

electrlc al dihcharges are:

u. . To completely encloge connectors and terminals.

omn line-to-nzutral
ratner than from line-to-line in 3-phase circuits.

wh dielectric material
_to prevent sparkover.

The occurrence of corona can best be precluded by taking
advantage of design features that are also desirablc from

other considerstions. Thege include:

a. The use of multiconductor ceble for weight cuving.

b. The uee of
v  efclude moisture.

ealed agsemblics to prevent oxidation and to_?
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. 3.0 CCNFIGURATIONS TESTED

ulcctrodes of rounded and pointed metal, insulated wirces oad titunium -uect
in various: contlﬂurations, as requlrud to verify analyglz or. to exnend the

- data uvullablt in the llterauure, were testcd to deternine the con¢_ulonu

+that produce the onset of corona and Llaghuver.

4.0 PROCEDJRE

~ The literature licted under References was assembled wit th the assistance’
or the Lockneed Technical 1lnformation Center. - This l;teratﬁre wae
studied, the available data was analyzed,‘confirming and supplcmentary
tests were conducted, design gﬁidelines were forwulated to prevent

" electrical discharges including corona, and a 1ollow on exfoft was planned,
as discussed herein. ‘

5.0  RESULTS

5.1 Design Guidelines

5,1.1 Definition of Electrical Breskdown in a Gas
An electrical breakdcwn of a gas survoundlng a set of electrodes is said
to have occurred if each elect:on 1iuerated.by the cathode undergoes a

sufficient number of inelastic intersetions to produce one or more
(photons, ions, or excited molecules).

5.1.2 Effects of Electrical'Discharges
Corona or electrical discharges within an electrical power system transmit
interference into commu_nica'biori equipment and electronic circuits; ; they

ceuse deteriofation of insulation and conductors; gnd they produce ionized

gases, ozone, and corrosive agents such as weak nitriec acid from air and

secondary electrons from the cathode due to products of these interactions”

REFORT WO.. B
- PAGE NO. b
Co The provision of conuucthu coatixg~ on Lduu ation for
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molstuce. - Sparkover between bare clectrodes resultc in currente limited
only by the impedance of the power source and cdnnecting lines, and by the
circuit protection. Although some quantitative dete 1s available, the
fects of corona on the deterioration rate of materials ic dAifficult to
assess. TFor uhege reasons corona qischarges are to be av01ued exc;nt

perhavs for brief periods under rare sbnormal conditions.

S 1.3 Basic Ccnsiderations

The fundamental nature of electrical breakdown between electrodes in air,
and within voids in insulation is discussed in Appendix A. The effective
presentation of practical design zuidelines to avoid corona and sparkoﬁér
effects must be based on theoretical analysis which is verified by
experimental data. In general, the guidelines are based on the expression

for breakdown in uniform filelds, namely

el (1)
where 'dl:is the first Townsent coefficient or the nﬁmber of‘ionizing
colllisions made by one electron driftiang 1 em in the direction of the
field; and 7V is the ségond Townsend coéfficient or the number of
cecondary electrons produced at the cathode per electfon.pro@gced in .
the gap by primary collisional lonization. The value of <EO£° may bevofi
the order of 107, while 7V may be of tﬁe ordeyr of 10'h. For nonuniform
fields a more general expression applies, namely

7 |exp [occ‘x -1 =1 (2)
An expression closely approximating the Paschgn curve for uniform fields

in air is

- - (3)
v Bpr _- |

5 /nfS-&-/n[- (lj\l/'r ]

o
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em x maiy; VY is 4.9 x 10~ (theoretically a variable reflecting cathocie
characteris stics, but about constant for many practlcal CJ~L~ with

noa Jl xceptlon of titanium); 19 ig the pregsure in mmilg, and

gap in enm.

the
.

k
O

iz the

Comgzer s’tﬂOq must be made for the vo*taae bradients around wires, incvletion,

and connectors. Small radix, especially in contact with air, are %o be
avoided. TFor the SST temperature-altitudes the minimum breakdown voltagz
(325 volts peak) occur at gaps in the order of 1 mm. Air gaps or voids,

and insulation on conductors, should be treated as capacitors to deteraine

_voltage division; thus, & low dielectric constant for Insulation is

desirable. Insulation resistance may be a factor for some materialc.

S.l.h Paschen Curve Modified to Take Into Account Non-uniform Fieldz.

The Paschen curve for uniform fields is shown in Fipgure 1. Departure from
uniform fields may reduce the discharge onset voltage. (Other analysis
presented (Ref. 1) indicates that it also raises the onset voltege gradient.)
On the same figure is:shown a curve for point electrodes. Plotted on

Figures 13, 1k, 15,'and 16 are data po’ .£s for various electrodee from the

. ‘literature and from the laboratory tes' .

Simple, conservative design guldelines .an be based oh the minimum onset

‘voltages shown in Figure 1, which give: 325" pesk volts (230 rms) as the

minimum eparkivg voltage for air at roc temperature. Ref. 2 shows that
this is the most frequently qpoted valu~ ‘of mindmum sparkover voltage,
but other values were found that ranged from 3&5Jpeak volts to 275 pesk
volts. ThiS'lowerbvalue ie believed to be an absolute minimum voltage
below which sparkover cannot occur under any circumstances of external
electrostatic and electromagnetic fields. SST enviromments will most
1likely reguire theAuse of 322 peak'volts a? thils abeolute_minimum.

~ REVISIONS : : . © REPORT NO. T _
' ' PAGE NO. e B
Vh‘:’ o) \/’ E ¥ y ‘ 8 -l I~ » Sl “ -l -
vhere Ve 1s the brcakdown ootuntlal A O cnn mlg T L o= 250 volte

FORM 4020




e I o pe e

- (st -gad) N

2078 ] TOTTeIud PU2 SQUTOd JOf 2AAR) AET 8, UsYDSCL T CRHEE ”

/.’ ~o ’ .

pA ) Ju,.. (w2 % ﬂm..:.v dun x 2403393 m

BN AN ..
AT R .4_.!..|r. 0 !

.|l.I.A.LI - - -0 ,4 1 1 vﬂﬂ_ m

g : I3 00t

i ~ 008

REFORT NO.
PAGE NO,

1 00€

-
i

“

i 004

?
..
i

3

N

N T vl s

O

Y
e ¥
LD AIRCHRAF

cos

-
=
<

009

(ead) saToA 325UQ

p
k4
L
. 3 : ool
i ”..M 1 i .
0~ X !
- TANY ENNAN L i
”.._u z T_ _ 1 c08 .
- o T (0 €28) 4 2L ‘sajersduwar ([ . i
o 3 sdo oon :Aouanbaag |UY .
s 11 006
=3 i 10998  i52p0d301H (il
] - iy ]
o3 T T ary rsep {iN
ENAER RN A : ) A :
- T ‘ T 000T :
“ ¢ T TR
3 ESR ERR NN M i Q X
2 JHE HH it ] _ 3
) - - w Y ~ " O0TT ;
_m.h- o w ~ @ v L L . m :
L L -t m

N

!
J\’




s e

.t

2
&
&
13

i

[

Ry =N

ST

. LI e £
Ly e 38 & s R A
ATRCRASY CLnodCrRAY. D0 e
X . e
aLiORT - -
-
. PAGE MO L . 2

e ) v b

5.1.5 Proctica’ Veriuoinn o Parameters

a

S.X.5.1 Tlecur.de Shape « Yhe Paschen cuvve holds only for

but fields ore rochratlily conuniform in pract Sue Soulg CLLodn
i nesr smesl radil on Sie surfaces of the electrodes. Leternincti-v of the

., L - LR i T A PN - e ey e A oye o e ) ey o e e
fields iz a difficult mathematical process except for simple siertes Like

svheres or cylinders. Needle-points redquire rescoouing to ficld manping
wsing Weledeltos vpeper, ezulvalent uniform conducvive Ziln:,

eomputer techonigues.

In the case of nonuniform fields, reasoning prescenied in Ref, L inticates
that, if the moximam field or voltage gradient doce not exceed tie unilorm
~ Tield (or voltage divided by gap) irndicazied by a poiat on the Teiclwen

curve for givin value of p§ (pressure in mmig x gep in cm), tnen discharge”
~onset will not occur. However, considering the dirTieulty of determining
the fields in practical designs, s much simpler criterion, leading to

a somevhat more conservative desipgn, is suggested: The lstteor uetn

I3
o

“t5 avoid sharp radii, and to determine the regquired gpacings snd insulation
thicknesses by reference to the curve on Figure 1 for needle pointe.
that the curve for uniform filelds (parallel nlates properly contoured

the edges) and needle points coincide over much of the critical ranse of 8.

Nove

at

For preliminery design purposes, it is censidered that {the Paschen curve

_(Figure 1) relating voltages between electrodes and 8§ for uniform Sields

~shculd be considered as a desirable condition and the curve for needle

(6]

‘ ‘poinits as an undesirable condition.

| - 5.1.5.2 Electrode Materials - Actually, the discharge ounset volitage

depende on the electrode materials, ecspecially for the cathode. However,

" the literature indicates that, unless very careiful control is enerci

s¢3,
. surface contamination from exposure to normal stuosphere result:. Tnere-

after, it is diffienlt to distinguish any difference in onset voliuyue for

qifferent materials. A notable exception may be titenium, which is an

SN S S
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cxcellent emitter of electrons at higher temperaitures (see Ref. 3). The
ceignificance of xhie factor at SST temperatures ic now being investigated

further. It is indicated thet this effect con be minimized by applying

a

zicromium or a dielectric such as paint to the titanium.
It chould be noted that an electrode may be metal or insulatinz material.
Pending further investigation, as noted sbove, it iz considered that the

eTfect of electrode material on the onset voltsge con be ignored for

" preliminary design purposes.

5.1.5.3 Air Constituents - Actually, the discharge onset voltage varies
Tor different gases and mixtures in the electrode gap. Iowever, the
literature (Ref. L) indicates that atmospheric variations with eltitude

are not significant for preliminary design purposec; Ozone he:z an un-

" evaluated effect, but'wiring in the engine area will be protected from

ozone, and the ozone concentrations in the other unconditioned areas will
be relatively small.

Ref. 5 material indicates that humidity does not have a éignificant effect

on discharge onset voltage unless water is condensed on the surfaces.
Then, of course, moisture absorption aud surface leakage are significant
factors. - '

For the purposes of preliminary design,-it.is considered that atmospherice

variations can be.neglected, but wet insulation is very significant.

5.1.5.h Frequéncy - The Ref. 6 is clesr that frequency up to, and well
beyond, that of a-c power system voltage does not influence the onset
voltage for discharges;

‘5.1.6 Applicable Voltages, Temperatures, and Altitudes

The proposed SST a-c power generating system will operate at 230/hOO rms
volts with a nominal frequency of 400 eps. Tt will be a three-phane,

k-wire "Y" system with the neutral point of the source of power connecied
to ground, and thus a fourth conductor. ‘ ’

e
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T Sace. B226015 (Ref. 7) gz chown in Pigure 2, delineatec the charcciterictice
< Rl J
of clectric power to be supplied by lhis generating system. It wteitec thet
voltoge transients, when converied to fthelr evalusted step function ‘loci
(see MIL-STD-TO%, & October 1959, Section T.5), shall be within the limite
of Tigure 2 for all cperations of the aircraft generating syctem. The
evaluatod step function locl of the a-c voltage tronsilente for ¢ll normal .
enerating system 0‘cratlonﬂ are to ve within the limites of 2 and 3 of
=] ! >
Pigure 2. For sbnormal operation, the evalusted step function loci for a-c
e ——————— ’ h .

voltage transientc are to.be below limit 1.

It is noted at this point that SST Spec. 422615 is given for 230 rms volt'
operation and a conversion must be made tc correspond to operation at
400 rms volts.

rom Figure 2, the maximum abnormal overvoltage for 230 volt operation as
dictated by limit 1 is 364 rms volts (515 volts peak). This corresponds
to 364 (400/230) 634 rms volts (895 volts peak) for a system voltage of
400 rms volts

From Figure 2 it 1s also seen that the maximum normal operating‘voltage
for a 230 rms volt.system is 300 volts rms (424 volts peak). This ic
equivalent to 522 rms volts (738 volts peak) for a LGCO rms volt system
voltage. |

The maximum steady state normal operating voltage for a 230 rms volt system
is 235 rms volts (332 volt" peak) ‘This correspond° to 408 rms volts
(578 volts peak) for a 40O rms volt system.

It is thus dictated by SST Spec. 420615 that the maximum gbnormal overvoltage
for 400 rms volt line-to-line operation must not exceed 896 volts peak;
+the maximum abnormal overvoltage for 230 rms volt line-to-neutral operation

mrst not exceed 515 volts peak; the maxlmum normal operating overvoltege

‘FORM 4020
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SST 3‘\ . 522615 (Ref-p?)'ﬂs‘shown in Mgure 2, d 1n°utee the. ",Jﬂftfr¢wt

or clectric power to bc suppliod by ihis gen ﬁrat.rg -yotcm. It uietes thout

' volia"“.t”anglcnts, wnen converoed to their Cvaruﬂiru ume 1uncu¢o* loci

(see MIL-STD- 70«, 6 Octooer 19)), Seetion T. o), saaL] e wit hln the limite

of Figure 2 for 171 operatloﬁo of bne axrcraft "LnCﬂaving uyetem - The

i eva’aat:u step funet-ou locl of the a-c voltanc trensiente for 2ll normal

_gencraxlng eystem_opcratlonu are 1o be within the limits of 2 and 3 o

i

Figure 2. For sbnormal operation, the evaluated step funciion loel fur a-

voltage transients are to.be below 1imit 1.

It is ‘noted at this’ poih‘t that SST Spec. 422615 is given for 220 rms volt |
=operation and a conversion must be made to correspond to operatlon at '
hOO ras volts. o o o . R

' From Figure 2, the maximum abnormal overvoltage’for 230 volt operation as

dictated by limit 1 is 36h rms volts (515 volts peak) This corresponds.
to 364 (400/230) 634 rms ‘volts (890 volts peak) for a system voltage of
LOO rms volts.

From«Figure 2 it is also seen thét the maximum noimal operating voltage

. for a 230 rms volt. system'is 300 volts rms (424 volts peak). This ic

equlvalent to 522 rms volts (738 volts peak) for a hOO rms volt system
voltage.

» The maximum steady state normal operating voltage for a 230 rms volt ey ten

‘is 235 rms volts (332 volts peak) This corresponds to 408 rms volts
(578 volts peak) for a 400 rms volt system.

It is thus dictated by 8ST Spec. h22615 that the maximum dbnormal overvolta
for 400 rms volt line-to-line operation must not exceed 896 volts peak;
~ the maximum ebnormal overvoltage for 230 rms volt 1ine-to-neutral operation

mist not exceed 515 volts peak; the maximum normal operating overvoltage
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mist not exceed V38 volts peak Pfor LCO rme volt line-to-line opcratics; |
and the maximum normal operating overvoltage must not excecd L2} volti: :.
peak for 230 rms linc-to-neutral operation. %aece values becoms very “
important when dictating electrode spuacings and insulation thicknecses ‘}
' required for prevention of corona onset at SST eltitudes and temperatures. P
) Suppression techniques should be used to eneure that these peak veolues sre % !
y . never exceeded due to inductive switching. |
. ) |
i

: Lockhu.d' 1,-2000 SST will operate up to 80,000 feet under & thermal
: environment as shown in Flgure 3 for mach 2.7 eruise. Engine ares wiring
; will function under an ambient temperature of 600 F to 800 ¥ with « p;\ubr}ole
! 100 ¥ inereese due to IR losses, or 700 F to 900 F total. Corona will i
" not be a significant problem in thic area due to "ram air" engine cooling
which will increase air density and yield a.lure;er value of pS '
B (46 = 100 mmilg x cm at 47,000 feet for a 1 em gap). Wing erea wiring
— _ { _ o will function under a maximum ambient of 430 F or no higher than
’ approximately 530 F when including I°R losses. A complete analysis of
thermal heating in & wire or milticonductor cable due to 12R losses and

high ambient temperatures is discussed in Iockheed Report 19868 (Rer. 8).

S5«L.T Analysis of Design Considerations

M To simplify initial*analysis, round-nunber approximstions and simpliTying

assumptions will be used. ' Then a more exact detailed analysis can follow.

5 +1.T.1 Applicable Data - The air density corresponding to the maximum
opérating altitude of 80,000 feet, and maximum harness operating

SO . 1 temperature, assumed to be 600 F, is that corresponding to 100,000 feet
= at ‘room temperature, or about 8.29 muwig.Referring to the Paschen curve of
| Fs.gure 1, the minimum onset voltage value is at about 0.65. oy x cm; .ox
at about 0 79 mu(approximately 31 mils of an inch) epacing a+ 8.29 i

prescure. This is the air gep for minimum discharge onset voltage of
TN about 325 peak- volts.

3 B v . . . .
Y
AR .

FORM AG2D




s e e e _
" oty e, o e i s T2 man e mat son v en e wee
: : - —— - " - —— —— - ‘. -
. SR . JCSWNOITAWT TCRISYL 18§ € 83NN
! i ; . |
' H
it :
- ales) s
: B3 P
-~y ;
SN
~
~ . 13 -W . m. .
. - m .ll
H o b o .
AT
3 Mmoo
k4 = Le . .
H L § e T .
_ g R
_ ; : o NI b L. .
b tY ¢ ) . .
R 4y
198 ) m

TCRAFTY

52T .?i _o‘ Vu%... Eﬁ_:ﬂ_._. ._‘.2
; " £ \\u\ . 2% ST e
da v, ; d . S AR APt
\ Hd“ «u [ ’ . . . A.. ) . . . » ﬁoq.-.o U\.Moo clv .- E R
Ve « . )..... . s - L. ... . R . s.. um .u,:.a J:ﬁ s B
T | saseetadongae) [ Mo C.Z it x: O
w . a0 = SRILRAGIS GO R b ; 3l 1
i 3= oL o E A :
oI { c . L. . ’ . . . Lol e . ; '
Come T ginug 7 VI ”
B dvEwirouiA TUWEENL 1SS =€
”“ R u < ¢ - ) m.. . oL pereewe vineovmtes e s et o s - - P na!.ts..!!‘.\.l .'.»... . R ?
! z v . T T )
L €

e e e v 4 i s i ¢ b m—— e 70 ot

- mmmem WIS

AL AN

IR L
1 _ v e




LOCHRBERD » CALIFORNIA COWMPARY
A DIVISION OF LOCKHELD AIRCRAFY CORPORATION
REVISIONS RLPORT WO, AL

PAGE NO. L

g e e e

5.1.7.2 Convential Wire Harncso - Conslder the conventional wire harness;
of paot aircraft designs. Alr gaps between insulated wireo vary fron
zero to many times 31 mils. Whatever gaps between wires is required for
niniwun onset voliage, the harncus will have it. Thio means that, co
prevent eorona, the voltage between conductors minus the voltage drop

;o e At m———— s et e

e

across the imsulation must be no greater than 325 volts where the wir gap
1s 31 milo.  Although the Pauschen curve shows an incrcase in dlocharge
onsct volfagc for smaller gaps, no advantage is available becausc the
dicchnrs;d can take a longer path that corrcoponds {0 the minimum onuct

voltage. Thus, thoe voltage mast be no more than 325 volts for gups 1eoe
than 32 mils.

For the 230/h00 nominal system voltage, the maximum peak potential betwcen
conductors 1s 895 volts peak for G1l second for abnormal conditions such
: as 1oes of control by the generator voltage reguiator. iet uc a s
»3_”} " the moment fhat corona can be allowed for this: rare extreue trancient
condition. The maximum voltage for any normal transient is 730 volis
peak. let us assume that discharge onset mast not occur at this volt:ige.
Moreover, let us assume that tranalent induced voltages, such as those

produced by switehing off inductive loads, are suppressed to this peak
value of 738 volts.
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5.1.7.3 Determination of Insulation Thicknees Required - Referring to
Figure 4, at Section A-A let us now proceed to calculate the thickness of
wire insulation required. Set the air gap equal to 3T mils. As a fair
approximation, the region beitween conductors shown hoiced by i;ixe dashed
lines can be considered as two conductors separated by a layer of
insulation on each, and the air gap of 31 mils. Insulation resisiance "3 1
be neglected for the precent, end will be discussed later. The diclectric .
constant of all insulation 13 greater than unity. It is about 2 for
TFE Teflon, 3 for silicon, 3.0 for H-Film, and 3.3 for siliconc rubber. !
. Let uo asoume a value of two. At 738 volts peak between conductors and p
< . 325 volts across the gap, the drop .'acroas each layer of imculetion mst
be half the dirference, or 207 volts. Regard the alr gap as & capacitor
with plates 3V mids apart, and dielectric constant of onej and cach luyer
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of ineulation as a'capacitof with plates scparated by the thicknc of
insulation to be. determined, ‘and a dielectric constant of two Since - ;
capacitance. is inVcrgely proportional to plate geparation, and oroportlona_
to dielectric constant and since the voltages acrose the capacitox~ will

"‘.div1dc in inverse proportion to the capacitance g, the required inculation

thickness is: T — | \/c _ \/3 '! 8 K : o
2 Ve J o O]

.'where:. T ig the insulation thicknecs required in inches.

N —— T VR R

L

.Ve7is he peak voitage between conductors.

' Vé is the peak voltage across the air gap.
8 is the width of the air gaps in inches.
K 1s the dielectric constent of the insulation.

v

vThis expression glves an insulation thickness required of 39.ktmils
- (0.039% inch) for a dlelectric constant of two. But the effective dielectric | -
constant is about 2.5 for practical high temperature insulation systems; : 5
such es_the insulation systemsinow being.tested,owhich are made up of - |
laminates of H-Film and TFE Teflon with and without a glass outer covering.
This combination nouid.require'evmininum insulation thickness of 49.4 mils.

However, the worst-case insulation thickness”required is not dictated by
‘the breakdown voltage and gap at the minimum point of the Paschen curve,

- but by'those_for a point corresponding to a somewhat higherAvalue of ¢C.
For example, it is desired to determine thebworstvcase p® value and the
corresponding required insulation thickness at 100,000 feet,'738 volts
between conductors, and for a dielectric constant of 2.5. By evaluating
Equation b, with results as shown by Figure 5, the worst-case pS value is
3,062 mi¥y x  em (0-370 em or 0.0%% -inch gap at 100,000 feet) and the

corresponding insulation thickness required for prevention of sparkover
1s 0.1880 cm or O. 07h2 inch.

Table I gives a falrly representative value of insulation thickness for
various conductor sizes. By analyzing this, end remembering that 0.0742 inch
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0.3 - 0.5 0.6
Air Gep Between Conductors  (cm)
" Assumed Peak Voltage = 738 ‘ '
Dielectric Constant = 2.5
. Figure. 5 Insulation_required for various air
" gaps between conductors.
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SIZED COUDUCTORS
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VARIOUS

TEFLOY TFE HOOXUP WIRE A
TYPE EEW _ (Ref. 10) THSULATION -
SIZE NO. FOUINAL Cér. | NOMLIAL THICKHESS,
DTA., IN. 0.D., IN. I,
8 0.161 0.215 0.0270
10 0.113 0.149° 0.0130
12. 0.087 | o0.12 00185
1k 0.069 04105 0.0180
16 0.055 0.089 0.0170
18 0.64:8 0.079 0.0155
20 0.039 0.069 0.0150
20 0.038 0.068 . 0.0150
22 0.031 " 0.061 : 0.0150
22 0.030 0.060 0.0250
2k 0.025 0.055 0.0150
24 0024 .- .05k 0.0150 -
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of insulation iz required to eliminate onset at 733 volts peak &ad
100,000 feet, it ie indicated that overall insulation thickness will be
dictated by corons considerations.

_ Referring to Figure &, it can be argued that where _t'he two inzulated wires

: touch an effective capacitor is shunting the gap, thereby reducing the gap
voltage. This has been shown in tests wherein the onset voltage tor

© twisted wires was comewhat higher than that for closely spaced wires.
However, in conventional open wiring the wires can be separated clightly
for. several incﬁes, so this shunting effect cannot be relied upon.

Note that corona cten mlso occur in the unpressurized air spaces between
. the wire strands and the insulation. '

B
ns
{
'
[

e AL AL N o

5.1.7.4 Effect of Insulation Resistance or Surface Leakage ~ In the sbove

3 discussion insulation resistance was neglected. Reference material (9)

o

A
H)

indicates that for some materials such as Teflon this factor is not - - - - .= j.
negligible. Insulation resistance should be treated as a resistor in °
parallel with a capacitor representing the insula'tion, and would further
increase the insulation thickness required or would render the insulaiion - -
ineffective in supressing corona. This is shown in reference material (10)
4n which heated TFE Teflon-insulated wire, coiled and resting on a metal
plate, produced corona onset at 220 volis rms which is sligh?;ly below the
minimum peak value shown in Figure 1. This dif_ferencé can probably be
ettributed to experimental error. ' C a

RIS s PO

PRNpPY. JEt AT S

~a Surface ;Leakage resistance between conduétors, for insulation that is wet
) or has a -conducting £ilm, can enhance corona end sparkover. This situation

may be treated as & voltage divider between the electrodes for determining

'
H
i
H

the onset of corona at exlsting air gaps. _ =

s It may be argued that, as a lower linit, corona may be endurable for
( A : infrequent transient intervals at voltages somewhat: above the maximun
' steady line-to-line value of k03 volts rms or 573 volts peak. Nowever,
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it is considered that design for no discharge onget below 738 volis peak is
adviseble. First a safety factor must be provided; also if Eoronn onset %o
allowed, then the offset.voltage value is much lower and difficult to
predict accurately. Also insulation life has been affected to an extent
difficult to evaluate quantitatively.

Referring to Figure 1, the air gap between bare terminals up to 100,000 fecd
- (80,000 feet at 600 F) mist be greater than 1.09 cm (0.428 inch) for 8% volts
peak; To insure against sparkover, bare conducting surfac'es should be
-avolded. In previous aircraft designs bare conductors have existed G
teminnl blocks, and between.pins of connectors with hard inserts or
merfectly mated faces.

5.1.7.5 Determinations by line-to-Neutral Voltages - Now consider the
line-to-neutral voltages. Similer :easoninghleada to design for T38//3 = 424
. volts peek. An insulated wire may lie egainct or near a grounded plate, end
tie vorst.case air gaps mst again be sssumed. A method of ealculation
similar to that described above leads to a determination of the ..neulation
thickness required. It is 20 mils, corresponding to a ps of 0.095 mHg x o
. and a dielectric constant of 2.5. Note that this thickness is less ‘than.
. for 1ine-to-line voltage (0.0Th2 inch) even though there 1s only one layer
"of. insulation instead of two, and the applled voltage 1s reduced by less thun
‘ two; actually by af3.0 = 1.73. Nevertheless, corona considerations arc
stlll dictating insulation thickness. Note that the air gaps for bare _
.conductora must bé based on 896/ ./-3- or 515 volts peak, as damaging 'spa‘.rkove:-.
coull otherwie_g result during an ebnormal dvervoltage transient. The
corresponding gap 1¢ 0.133 inch and a safety factor must still be provided.
For the line-to-line voltage tha corresponding gap 1s 0.428 inch.

e

STRin BRI

i

- - From the above analysis it cen be seen thaf great advantages can accrue dy
L‘ f adopting the design philosophy expreas'ed in the conclusions. Whenever

z ! ' practicable areas should be avoided in which energired conduetors, insulated
- . or not, are adjacent to unpressurized air.
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] From the preceding discuscion the marked effect is readdly eveluated ol

changes 1n altitude and tem:.eramre. These alter the air denzity and

i airect greatly the required electrode spacinge and inculation thickriesses

o ——r e

' recuived. At 80,000 feet and the applicable aerodynmmic heating, the

. _ pressure is about 10 mmHg. At 80,000 feet and no heating it is about

! 20 mllg, ané the required spacings -and insulation thicknesses are reduced
Dy half. At LT,C00 feet and no heating the pressure is about 100 mmMg, and
the required spacings and insulation thickness are reduced by a i‘ac;;;or of

i
|

ten. Tt is therefore seen how pressurization markedly reduces the corona

and sparkover problem. Alsc, it reduces the gains to be made by keeping

the temperature low at the higher altitudes.

5.1.7.6 Precautions Still Required at Iower System Voltages - The peak
voltage to‘ be considered has a very marked effect on the spacings and

insuletion thicknesses required, especially at values near the ninimun of

S DA 9 a4
#¥at
)

& o the Paschen curve which is about 230 voits rms. In oversimplified 't:héory
no corona oi: sparkover ‘ca'n take place below this voltage regardless of 3
) spacing'S';and insulation thickness. Practically, the same wiring methods
that would eliminate the problem for the higher voltages s, would £till be

adviseble, as stated in the conclusions. For a lower system voltage such
as 115/200 volts a-¢ or even 28 volts ‘d-c, voltege transients between
conductors from such operations as -swiiching off inductive loade must be

suppressed or Spacings end insulation thicknesses provided so that corona i
~or sparkover does not result. : .

5.1.T.7T Detail Design anci Verification - For those ereas in vwhich energized
wires, insulated or not, may be in contact with unpressurized air; guide~
1ines for prelimnary design have been presented sbove. For final design,
numerous other factors must.be considered as described in the following
sections. Also, the final design configuration should be ver:.fied by
condncting laboratory tests.

FORM 4020

T )




1 ey St e

s e

[N

W PRI g, e g

e Py £ 3 P AR I

i
!
T
-
!
i
!
i
{
]
1

LOCKHEED » CALIFORNIA COPALNY
A DIVISION OF LOCKHEED AIRCRAFY CORPORATION

REVISIONS REPORT NO. 1A

PAGE NO.

5.2 Supporiting Information and Data

5.2.1 Elcetrode Configuration and Polarity, 1‘
\
The geometrical design of the electrodes, as well as the nature of their .
surfaces, can play an important part in facilitabting eleciriczl breskdown.
Surface irregularities, such as sharp edges or points, produce a locel
concentration of the electric flield which may well atiain values at which
true field emission of electrons might occur. ievee, to reduce the tendency
to produce breakdown, all electrode surfeces chould be smooth and as
gently curved as possible.

It is also important to note that in most cases the corona inception
‘voltage is lower when a point iz negative. This oceurs due to electrons
vhich are starting av the most intense mart of the field (i.e., at the

electrode) where secondary emission procisses are more efficient.

5.2.1.1 Breakdown Gradient as a Function of Electrode Shape - Az discussed
in 5.1.5.1, a8 conserveative design practice is to avoid shary radii and

‘bhen design the spacings end insulation on the basis of the Paschen curve
for polnt electrodes. If it is chosen instead to use the curve ror
'parallel-plate electrodes (the upper curve in Figure 1) then some advantages
can be gained, because this 1is the configuration for which electrical
breakdown occurs at the lowest value of voltage gradient. This is explained
in Sections 5.2.1.1.1 and 5.2.1.).2. In such a case, the maximum point
gradlent for the actual electrodes can be combined with the Paschen curve
for parallel plates (Figure 1, upper curve) to yield a sefe design.

5.2.1.1.1 Secondary Products Loss ~ The parallei plate configuration provides
the lowest secondary product loss factor of all the geometries. Photons

are generated isotropically; i.e., they can be emitted in any direction.

llence with parallel pletes, they elther etriic the cathode or anode. With

other configurations, there is a non-zero pfobability of a strike on either
plate.
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Tons which are charged positive are attracted towards the cathode. In a

v parallel plate configuration, the ion has & certain probability of reaching
the cathode. This probobility is dictated by reconbination rates of the
gas. TIn other cases, the ion may miss the cathode or orbit around it.

These added mechanisms reduce the number of ions available for cathode

: interaction for the non-parailel-plate case.

Excited atoms are isotropic in nature. In a parallel plate confipuration

. AR s+ S ool bk P8

these atoms have a certain brobability of striking the cathode. This
probability is dictated by the life of the excited state (metasta’olc :
states have long life times) and the fact that the atom will strike either , ‘
the cathode or anode. In other configurations, the atom can also escape

o T . the sirstem, Astrik'ing neither the cathode nor the anode.’ ; : S -—{-‘-

3 . 5.2.1.1.2 Inelastic Collision Rate - The use of parallel plates, infinite
in two directions, provides the greatest efficiency of secondary-electron

)

5

? : generation. It will now be shown that parallel plates provide the greatest

1 ' rate of occurrence of inelastic collisions. Figure 6 illustrates these
arguments presented in the following two paragraphs. Suppose an electron
is generated by an inelastic coliisa.on with a gas noelecule. This electron .

* has a probability of traveling a ceritain distance before striking a gas

" molecule. Such a probability is 2 function of the gas density, and size
of the gas molecules, but not of electron velocity. Such a probability is
also independent of field configuration.’ '

PRy T IR RS

There is & provability that the interaction between an electron ond a gas
molecule will be inelastie. The value of this probability is dependent
‘on the energy of the electron; the “lover the energy, the lower the probability.

Constraining our thinking to those cas;s where the voliage gradient oi the
- parallel plate configuration is the .,ame as the maximum gradient of the
nonuniform field, Figure 6 implies that the energy of the electron interacting
g:' ’ with the ges molecule is statistically lower than that of the parallel plate.
This implies & lower probability of lnelestic collisions.
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Intervction

Path Iength
é
/ Weeitron Generated

Anode

Equipotential
Lines

Cathode

Zquipotential
Lines .

Anode Cathode

Path Tengta

Electron Generated

Non-Uniform Field

Flgure 6  Comperison of Poraliel Plate Configuration
: snd Non-Uniform Flelds.
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In rabing various configurations of conducting curlaces Tor the avoidonce
of ¢leetrical breakdown, it is sufiicient %o require that the maximm
voltage gradient ghall be legy than that cpecifled by Paschen': Lav cuwve

for parallel plates as shown in Figure 1.

Trangient Conditions

The time of voltage npplicu‘cién is believed to play an important part in
determining the pre-breakdown currents or the breakdown threshold. hen

a field suiticiently 1argg %o cause breakdown is spplied to & system o
electrodes, there are two reasons why sparkever does not Limediately occur:
(1) time is required for one or more initial electrons to appear in a
favorable position in the gap to lead to-the n_ecessqry __avalanc‘ncs.. Tals

is called the statistical time lag, (2) the development of these avalsnches
and buildup of current to a value corresponding to breakdowm requires »

time because of the firite mobilitles of the particles. This is known as
the Formative time lag.”_'l‘htis, there 1s a time delay before breakdown whiclh -
1s the sum of these two perilods. )

In the case of air, the statistical time lags are in the order of micro-
seconds and the formative time lags are.even smaller. Thils occurrence of
breakdown during any particular applicatlon of voltage will therefore
depend on the time of voltage application and would occur with some
probability rather than certainty. |

The statisticel time lag is analyzed by msking a large mimbér of tests of
breakdown at a given voltage with an essentially zquare front pulse and
recording the time to breakdown. The value of time corresponding to. .

O/N = 1 is the formative time lag. This relation is expresced mathematically

.. ~|n (n/N) = - )\'é (5)
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where H = mognetic ficld intensity
e » clectron charge
u = path length between collisions
m = mass of clectron
v = electron velocity ;
r = path radius
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where M\ iz the number of tests and M iz the total nuwber of Lremcdown: }
with a btlae dag of Cor prowier. 1/ )\ ie ealled the wean ctavisticul !

tine lag. It ds a meast:  of the meon Lime bebtween occurrences of bLruouk-

down iaitiating electroans in the gap.

'The mean statistical time lag decreases morkedly with the ulisaviolet
irradiation of the cuthode whick lnereazes the supvly or oleetlrone aud
alco decreasas with inerensing voltage. With an unirradiated pap in which
cositic rays and radioactive impurities are the sole source of clectron:, l

the time lag will again be largely statistical. In a gap purposely irradisted,

the statistical time lag may be sufficiently reduced so that the srineipal

contribution ©to the total lag comes from the formative part. Therefore
-ﬁl’m two time legs are separated and measured experimentally in thic munner.
These time logs are of ¢onsiderable practical as well as theoretical
interest, since if the duration of an applied voltage pulse approaches the

time lag, an apprecisble increase in breakdown voltage may be obuerved.

For the practical purposes of ‘this investigatlion these time lags, if ignored,

can lead to discharge onset voltage determinations that are high by one
or two percent (Ret. 11.).

5.4 Influence of Mognetie Fields

Az electrons travel hruween the cathode and anode thelr free pathe between
collisions are bent by magnetic fields in accordance with the relstion:
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.Kow, convider the cace where the magnetic and electric fields cii:t'parailél
to coeh other. For high gue denclties, the mean free path o3 the electrons
is emaller than the interelectrode dictance and gac collisions then Dccom;
signi:i ant. In accordance with Eduation 6 the lateral diffuzion iz thus
reduced and-the maintenance of the diccharge is faciliated. -For‘ldwer
dencitie hun the mean free path is of the order of, or greater than, the
electrode distunce; the electrons are free in their pessage between the
caﬁhqde and-anbde and their free paths become curved in such & manner o

further facilitate discharge.

Yext conﬂlder the cace of a transverse ma*netic fizld parallel to the
electrode surface und thus at right anglec to the electrlc field. Xue to
the'lnuergctlon of this magnetic field, it is neceosary to consider the'
distribution of freé paths about a mean value and also. electron reflection :
at’ the cathode. Their»efféét on the maintainance of discharge debends on
the gac denéiﬁy and on the parameter p8 (pressure x electrqdekspacing);'
thus the location on the Paschen curve.' For e#amplc, it the'magnitude of
pS is greater than that corresponding to the Fuschen minimum, then a
transverse magnetic field effectively increases p§ =0 that_é higher break-
down potential is required. On the other hand if p€ in an evacuated vessel
is less ilhan that corresponding to the Paschen minimum, theh;thé tfansverée
nagnetic field which in effect increasss p§, reduces the breakdown'poteniial.

Thus the influence of any magnetic field on breakddwn pqtehtial, as well

as that of electrcde geometry, depends on a value for the parameter pf.

- o

For the purposes of design, it is dpnsidered that magnetic fields can be
! ignored, since significant fields will not generally exist except from
wirec carrying current. The latter fields will be transverse to provide

added cafety against discharge.

|
|
|
|
L
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As for the low valueu of nE, no galety is loct, as the efi'‘ect will not
alter the minimum point of thé Paschen curveQ Moreover, no advantage ig
availablc from the higher onset voltage at the low p8 end of the curve.

" Thig is bécuuﬁe for practical ednfiguration" the diﬂéhargc cuir take a nath
of greater than the minimum lcngth that will correspond with the miniimum
point of the Pauchen curve.

5.5 Dielec1 ~ic Materials As Insulators

5.5.1 'Definitions and Explanaticns

5.5.1.1 Dlelectric Strength - Dielectric strenﬁth is that voltage whilech
an insulating material can withstand before breakdown ocecurs and is usually

expressed as a voltage gradient such as volts per mil. o

'5.5;1.2 Dielectric Ioss - Dielectric.loss'is the time rate at which electric
enefgy is transformed into heat in a dielectric when it 1g subjJected to

a changing electric field. A low losé is a requirement for high quality
insulation. V

5.5.1.3 Dielectric Absorption - bielectric gbcorption is that property of
« an imperfect dielectric whereby there is an accumnléfion of electric

- charges within the body of the material when it 1s placed in an electric

field. A low dielectric absorption is necessary to prevent low values of

breakdown voltage.

5.5.1.4 Dielectric Power Factor - Dielectric power factor is a measure of
the relative dielectric loss in the insulalion when the system acts ésva
capacitor. A low power factor'is consldered a criterion of high-quality
insulation.. | '

5.5.1.5 BSurface Reslstivity - Surface resistivity of a material is the
resistance between two opposite sides of a unit square of its surface. A
high surface resistlvity is desircd to prevent low values of voltage .
breakdown. . '
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5.5.1.6 Surface Leakage - Surface leskage 1c the passage of current over

‘the boundary surfaces of an insulator as distinguished from passage through

ts volume. It is a very undesirsble effect and is usually attributed to : 3
conduction within surface films. » I

<

* 5.5.2 Effect of Electrical Discherge Near Dielectrics

2

5.5.2.1 Factors Affecting Breakdown - The dielectric breakdown strengih
of a material depends on & number of factors including atmospheric

s+ s———
Pl

I TP PORE

~ conditions, voids, and dielectric composition. It is also dependent upoa

the rate angi duration of dielectric stress as covered in Section 5«3 on

transients.

i
o At b a2 e

5.5.2.1.1 Atmospheric conditions
5.5.2.1.1.1 . Moisture contemination

The dlelectric breakdown strength of an inéulation is seriously reduced by
moisture contamination. '

PR RN [ Ty X Y PRI

In a dry homogeneous insuletion, ions ere held'together_byhstrong attractive
forces. After water ebsorption interfacial polarization exists which
s decréases this attractive force according to Coulomb's Lawe. This aliows »
) the fons to dissocilate and migrate in the’ direction of the electric field. . i
- As a result there is a disadvantageous increase in capacitance and dielectric

it e

o power factor together with a _sérious reduction in surface resistivity.

The rate of moisture a‘osorp_tibn and the degree of retention of moisture
dependrupons the” porosity of the material, the relative humidity end
temperature, and upon the freguency of ‘the applied voltage.

YT T

g

Even with non-porous insulations surface filn:s of moisture or dew may form
as a result of changes in etmospheric conditions. This thin film of water
may rénder the surface highly cenductive which constitutes surface leakagze
and possibly voltage breakdown. Whether or not a complete £1lm is formed

~depends upon the ease with which the water wets the imsulatlon surface.

. | |
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Iven microscopic roughinecs mids the formation of moisture films. Dirt,

dust or other contaminants on an insuleting surface may aloo greatly increare
the tendency for the formation of conductive £ilme which abzorb moisture.
Also the possibility must be considered of the precence of sali, oii, smog,
sclvents, cleaning fluide, ete.

9¢5.2.1.1.2 Tenperature and density

A change in temperature influences the corona starting voltage through its
effect on the air density, dielectric constant of the solid, and the
thermionic emiscion of the cathcde.

It has been found empiriecally that the density effect cag_bg taken into
account by multiplying the corona starting voltage at room temperature '
(20 C) and atmospheric prencure by 293/7 where T is the sbeolute temperature

in K vhich is equal to C.+ 273 (Ref. 12).

‘She effect of temperature on the dielectric constant is dependent upon the

'type of material used. For example: The dielectric constant of Teflon
resins and H-Fllm decreases, wheress, that of siliconec increases with
temperature. ’

V¥hen a conducting surface is ralsed to a sufficlently high temperature, an
appreciable number of electrons will have the kinetic energy required to
escape through the surface of the ma'i:é'i'iai.' This results in thermionic
emission of electrons. Heated muterials ; especlally titsnium, are known
"t0 liberate large amounts of electrons which enhanqe glectrical breakdown.
The extent of corona on heated t'itmim surfaces is discussed in lockheed
Report 18481 (Ref. 3). . ‘

Over the range from atmozpheric density to moderate vacuums, a decreasze in
density will reduce corona starting levels and will increase thz effective
.gap spacing for minimum starting voltage. 'This effect is accounted for by
Paschen's Law curve vhlch expresses onset Yoltage ac a function of gas
density and spacing.
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Conelder the case of a void trapped within an insulation at the time of
manufacture. It is desired to determine what effcet AVSST altitudes and
temperatures will have on ;this void. AT manufacture the pressure within the
void is say 760 mmlg (1%.7 psi) and the temperature as a worst case iz

say 20 C (G8 F). At the SST aititude of 80,000 feet and temperature of

600 T (310 €), pressure within the void is caleulated from the constant
volumi gas law, where p is the pressure in mmHg and T in degrees sbsolute.

P, _® o
= | (1)
. Ty | -
(760)maHg = (B, - T60 + 10)milg
(20c+273) . ... (BI0C+2T3) -

P, = 2270 mulig or 43.5 psi

internal pressure of k3.5 psi to maintain its integrity.

5.5.2.1.2 Dielectric Compositison - The dielectric breakdown strength and
. corona resistance of an insulating material is dependent on ron-excessive:
conduction through the insulation.

With some excepuions (notebly sulfur and diamond) solid inorganic insulating
materials are ionic crystals, or glasses that have amorphous structures.

In such structures all stoms are ionized but bound, with only a few exhibit-
ing random distribution. The smaller positive ions (hydrogen, sodium,
potassiun, etc.) move more easily through the materiel and when present
contribute most to the loniec conductivity. .

In contrast, pure organic materials contain relatively few ions; the atoms

of organic molecules being bonded by non-c':ouiomb forces, wherein electrons '
are mutually shared, rather than beinz completely transferred i'rom one aton
to another. The ions that are present in organic insulating materials, are

This means thet, due to a void, the-insulating material has to withstand an
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uzually products of oxidation or other degradation: of the inculetion.
Therefore, the jonic conductivity of organic electrical insulstion is subject
to wide fluctuations, depending on the purity or history of the material.

. §
Dipole -molecules also conduct for short periods of time by rotating in the
direction of the field. Therefore dipoles contribute to d-c conduction
only for a short period after voltage lis applied and to a-c conduction only
at higher frequencies.

Whenever conducting ions or dipoles are able to move repidly enough %o go

to the limit o their movement, within a small fraction of a cycle, they
produce a current that is maximum at zero vdltage. This is charscteristic
of a capacitance which 1is proportiohal to the dielectric constant. Materials
that have a large number of dipolar molecules or parts of molecules have

an undesirable high dielectric constant, high conductivity, and a high
power factor. ’

$.5.2.2 Corons Aging of Materlals

5.5.2.1 BSurface Corona - Surface.corona is not harmful to many forms of
insuiation, but there are serious secondary effects due to the production
" of powerful oxidizing agents in an intense electrical field. Ozone is
produced, accelerating the oxidation of organic materials, and nitrogen
oxide compounds result from the ionization of the air. These combine with
water to form nitric acids which attack not only organic compounds, but
also corrode metal. Cellulose and organic fluorocarbon resins such as
Teflon are rapidly oxidized in corona fields as they are embrittled,
weakened mechanically, and then destroyed.

Corona degradation of Tefion is a direct result of bombardment by high
energy gaceous ions accelerated by the electric field (Ref. 13). fThese ions
borbard the wells of the cavity, breaking dowm the insulation and enlarging
the voids. This process continues until the insuletion is penetrated causing
dielectric fallure. A similar result is observed when an organic muterial

is bombarued with high-energy radiation. 4
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Mica end gless are not sffected either by corons or by oxivizing agent.:

roducsd by 1t beessse of thoelr incrgenic ctructure. Silicowe regin. are

more resistent to corcna than their organic cQLj.n‘cerparts. Orgoanic syntrziic
rubbers and natural rubberae are both susceptible to corona attack but
gilicone rubbere are highly resistant.

One manufaocturer (Ref. 14) has claimed to have developed a new ylihe of

high voltege wire and cable which usec CR {corona ressisﬁant) Teflon iu

overcome the problems cauced by corona. Thie new insulation is specilically
designed %o preveht or retard corone penetration. It cpntuins a emell -

smount of additive that is dispersed-a‘s tiny particles about one micron in
.dismater. Under the ion impacts of corona, the dispersed material forms

a liguid which covers the surface belng bombarded: This prétécfive £ilm in R
CR'Te'flon'prevents or slows down the growth of the cavity. The protection

3
3

s

ALY TSy emgn oy e

is essentially complete if the impact energy of the ione is below the level
required to penetrate the liquid film and stril;e the 26lid dieleciric A
beneath. Even et high’energy impact levels, the liquid £ilm absorbs much of
the impact and greatly reduces the penetration rate through the insulation.

~

AT S,

Thus, the major effect of the corona resisting additive is at intermediate
, Voltege siresses where the liquid film is essentially impervioué to ion

t
3
¥

impacts.

The manufacturers evaluation of test data and actusl experlence under use
conditions has esteblished the voltege ratings, es shown in Table II, for
high voltage cable with CR insulation of vafying thickness. 'The constructions :
in this table have been designed for a minimum life of 10,000 hours. Longer
or shorter life can be accomplished by a logarithmic function of the

insuletion thickness. For example, doubling the thickness will incresase
the minimum life at least tenfold; halving the thickness will reduce the
life to about one tenth - or 1000 hours.

( CR Teflon insulations are rated from -60 C to 300 C, although the corona -
4 .
initietion voltage is somewhat lower at high temperature.
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TABLE TI

VOLTAGE RATINGS OF VARTOUS INSULATION THICKWESSES FOR CORUNA RECISTART
' TEFLON

DESYGN TFORMATION FOR HIGH-VOLTAGE CR COWSTRUCTION
- MINIMUM LIFE EXPECTAHCY 10,000 HCURS
ool | AC VOLPAGE RAVTNGS DC_VOLFAGE RATENGS
(TcHEs) | SEA LEVEL | 80,000 Fr. | SEA LEVEL | 80,000 FP.
) 025 : 3,'(50. 1 2,500 1 12,500 | - 8,500 - -
.030 4,500 3,000 15,000 10,000
035 5,250 3,500 17,500 | 11,500
.0k0 6,000 | 4,000 | 20,000 13,5C0
.050 7,500 4,500 25,000 15,000
.065 10,000 | 6,000 32,500 | 19,500
‘ .080 | 12,000 7,500 " L4o,000 | 24,000
.100 15,000 | 10,000 50,000 | 33,500

FORM 4020

TN




- it e P

LOCKHEED » CALIFORNIA COMPANY
A DIVISION OF LOCKHEED AIRCRAFT CORPORATION !

= : L TR
iy REVISIONS . : REPORT NO. od it
_PAGE NO.

(VA
\*2}

AR e U P

5.5.2.2.2 Corona Breskdown Processes in Insulation - Dielectric breakdown
usnally resultc from an electron avalenche in the dielectric. In a Tev
cases breakdown results from excessive heating of 8 highly conductive
;':_ ' insulation by the clectric field until it decomposes to conducting cerbon
(in the case of organic insulation), or becomes a molten electrolyte (in
the case of cermmics).

ke

TN

Electron avalanches are now believed to occur not only in gases but al=o

PRSP S L

in solids and liquids. Once breakdown begins within a solit at en edge or
point it continues through the moterial. At.an instant determined by

E ) cumualative electrical, chemical, and mechanical effects, a breakdown channel,
E.‘_ T often microscopic, penetrates the eroded surface.

The propagation of a breekdown is likely to be a randonm branchin_g pr-oce,se;
known as "treeing". This slow erosion to tree propagation is believed to
tegin when a pit is eroded through the wall of a void, it is thought to .
act as a sharp pointed conductor. Because of stress concentration, the

k

L]

[
S ugrgad,

_ gradienﬁ at the tip of such a pit can exceed the intrinsic strength of the :
insulator even thouga the average field between eonduetors is within the ;
limits of the dielectric. Under these conditions, the dielectric ahead of |

P o
s AN SO (AL S WL 1

| thé pit breaks down thereby extending the pit as a fine-channel. This
effect is “attr(ibuted. to the formation of space charge eround e point
conductor. - With sin.usoidal applied voltages, the space charge evidently
stays in phase with 'the polarity of the point so thaet its eflect is always
to reduce. the field. . Howgver,.if sudden .changes in _poten‘ti'alt oceur,. the
space charge cannot form or if formed 1s unsble to immediately adjust %o

the nev poiht voltage. 1In this case, high transient stresses can momentarily
exist at the end of the needle cr eroded pit which then continue the process

of degradation. This dependence of the stress on the rate of volta‘ge change'

can explain why transients have been observed to start breakdown. v
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Trees in some coses appear to be non-conductive o IC voltage: but become
inereasingly conductive with higher frequency AC voicsges. In nigh Irequency
applications the AC conductivity of insuiation alse leads to o large oamount
of dlelectriec heating, and a low power factor is a necessity Lo prevent

the destruction of the insulation.

Often if mechanicel {orces are present electrical failure may occur az a i
result of the degradation of mechanical properties of the materlals by the
discharges. Tor example, in many polymers, cross linking reactionc moy
cause exbritilement, with ultimate failure due to cracking. Meteriel:z under
mechanical strain may undergo "stress-cracking" or "ozone cutting”" owing to
__ R sé.ission of polymer chains by the discharges or their products.

-

Corona degradation of insulation for the S3T will be of no significsnt
o~ _ problem, since design criteria™will require corona onset not to oceur. If

R MY e

- corona does occur, it will persist only under a rare transient condition.

. 5.5.9 Dielectric Effect on Corona and Sparkover

ey XL

. -Once we stress the air with intense {lux fields we must then exnlore the
quantity of ions in -absolute numbers between the electrodes. The entire
path between the electrodes mist be + overstressed to pernit sparkover or

Al

1 e ———igre

tlashover whereas corona exlsts when part of the path 1s. overstressed.
Cu;‘rent can pase uninterrrupted as sparkover; but, the passage of this
extreme current is usually prevented by the inclusion of' a dicleciric. In
this case only corona will result. When there is no solid insulation
1:, ’ ' separating two electrodes dielectric breakdown and erc-over generally closely
I - follow the formation of corona. Corona will also occur at the interfece

between a solid and & gaseocus Insulation. Here breakdown does not immedistel

follow unless the total voltage exceeds the dielectric strengbh ol the solia
s insulation alone.

The original volitage distribution is determined by the relative spacing
- ' ( ; and the dielectric constants of the respective materials.

An inereacing
dielectric constant contributes to capacitunce by cffectively moving the
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"plates” eloser together. NHowever, when corona is formed, the voitoge cerocs t
. . “ s !
the gas spoce collopaes thereby imposing the full voltage aeross the =0iid ! !

insulution.

6.0  TARORATORY WIOYS .

-

6.1 Test Proccdure and Coronn Test Circuit o !

“he method selected for electrical disc‘narge de"bection. measures the vollage
vroduced across a resistor by the ﬁischafge as s‘x_mo'vm in Figaye 1. The voltsge
output is then fed through & high-pass filter and o wide-band amplifier to

an oscilloscope. This eircult is simple to operate, provides consistant
reeultaa, has adequate sens:.tivi'hy, and 1s insensitive to ou»sxd\, int‘.rference.
The oversll corona detection test se‘tup is shown in I‘:.n-ure 8. i

2 Data was taken by pumping down the chamber to an equivalent S8T altitule and
- PN : temperature by accounting for the temperature as only a- change in density. . -,
L.

(80,000 Peet at 600 F is approximetely equal to 100,000 feet at room tempersture
or 68 F.) The system voltage was then incressed ot a rate of approximately

100 volts per minute until onset occurred, and then decreased to determine the

E i extinetion potential. 'This process wos repeated several times to obiain 2 set

. of readings for the purpose of reliabiiij:y. The system was purged several
times during each test to eliminate the eflects of ozone and other lmpurities.

P R

The electrical discharge onset voltage was determined by applying s voltage

L ) to the test specimens within a frequency range of 60 cps to 1000 cps. No = -
significant difference in onset voltage resulted from this chenge in frequency.

It is sgein pointed out that most of the testing done wes to verify deta found
in several references vhich appeared to be releted to actual 357 environmental
conditions. For thls reeson, results were teken only at 100,000 feet

(80,000 feet at €00 F) snd represent the most severe cases for corona coneider-
ations.

Determinations were mude of corons end arc-over for specimens of insulated wire,’
end slso for several electrode shopes.
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Figuare 9 cnows the test setup for vorious spocings of needlowpoint contiguarotions

Severel types ronging from rounded points to very shurp polnts were tested to

detormine which yiclded the leuast onsed volitoge ot n given specing ond

altitnde (p§). .

The use of a thre cwphus-. s b owire "Y", a-c power gendroting system dietsies the
possiblilty or coronu onset bt.tw‘.cn lin»-to—lm\. and line~to-neutrsl wiring
coni‘i urution.,;

sent vavious

\ . , _ :
Figure 10 ».now.,jl.he test setup :l‘or parallu.l wires which repre

linc;-to-g]._;\.xle voltages and spucings- ) Preg,au‘t:;i.ons werem'tal:cn to ensure thut _
the wixfe,s_' &emain’ed bwrellel "’61* a zi\;ex.x-:-'air gup so that sccurate test resalis
could be obtoined.
spucirg 10. 001 :‘.nch.v
"eclauping block" shown in the figure.

‘The air gap between the w;rcs wag kept uniform at a given—
ension was maintamcd in the conm.ctor by use o1 the

Figure 11 §hows the test setup for a wire and a ground plane which represents

line-to-neutral voltages and spacings. Again precautions were taken

sults.

various
and accuracy was maintained to ensure good test re

6.2

. Analysls of Comparsble Deta From Tsboratory Tests and References

The purpose of the lubox'-aiy;pry--teéts_iw'as to "chcck' the consistency of the
reference data and to cor'rela'te this dota with Equation k&, Pege 16, %o determine
whether ony limitotions exist on its application. A major porticn of the
refercnce dota was found %o be inconsistent, which con probubly be ubiributed
Reference material‘ (Ret. 28) on {1

to-error in luboratory procedure. 8 conduetor

agrecd quite well with experimental data obtained in the Lockheed :le¢trical
oy-st\_ems Teboratory and for this reasonr 1t 18 used as en example in this section.
Also, refervence material (Ret. £3) on other sizes of bere conductors was not
greatly different than thot for 18, This 1s shovn by considering (Lor & given
air gap vetween a large and a omall condixc‘téo;') that the date puints for the

-

large conductor will approach the curve ;("or paralicl pletes and date points Tor

the «rnll conductor will nppronch the curve for points.

LOCK E'LD e STALIFORNIA COLIPAENY
A A DIVISION OF LOCKHLED AIRCRAFT CORPORATION 1ok
REVISIONS _ - eeme REPORT NO. .
PAGE NO. eemcsim s e o e

— e o cmpad 08 10 i+ i <

AT TR

[',

E
A
=
4
. 3
i
B
r

.
:-]i
3
A

FORM 4020

RO T o e g ARRECCRLES




No._ 190 PAGE Lg

LOCKHEED «- CALIFORNIA COMPANY "'

A DIVISION OF LOCKHEED AIRCRAFT CORPORAT'()NW)N'
A L

DATED

0 Sy

wst sotur for various spocings of necdie-uro

onfigwr’ one.  (Note points betueen number
#nd ().

-3

Wt




O el

o TR T

At nd & bde)

ORY NG, ek . PAGE

LOCKHEED « CALIFORNIA COMPANY "
A DIVISION OF LOCKHEED AIRCRAFT GORPORATION . - I

9z BhR

A >I~"ig. 10 < Test setup for perallel wires at various line-
i Co to-line voltages and spacings. )

. S
L0/ ]
cxfe o 7
Cour

Fig. 11 - Test setup for a wire and grciund plene at »
yarious 1ine-t9-_neutral voltages and spacings.
(Note conductor reflection on metal plate).
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Figure 12a represenits the case of two poarallel, non-inzuloted strunded wiroes.

Cest results were obtained from _the' test setup shown in FPigure 10 cxcept

that the insulated wires were repluced with bore, sgivanded conductere.
Test dato is showm on Figure 13 vhere it 1s compored wita the moaified
Peschen curve of Figure 1 and to comparable data from Ref. 28. Ikte points

oceur between the curve for parallel 'plntes and the curve for poinis, os

. expected, due to the shape of the configuration. Although not shown on

' Mgure 13, similsar tests were run for #18 solid conductors. Test results
indicated that corons onset is slightly lower for stranded, bare conductors
due to the smaller radii of the strands.

i ' Figure 12b represents the case of an insulaled conductor next to & ground
_ S ' 4 piane, as could occur with line-to-neutrai’/voltages where 2 conductor is
near a grounded panel. Test results were obtained from the setup shown
in Figure 11. On Figure 1% these results are compared to the modified
Paschen curve of Figure 1; to comparable dsta from Ref. 28; and to onset
voltages calculated from Equation 4. Note that Equation 4 is for parallel
‘ .insulated conduetors and must be modified by removing the constant 1/2 to
account for only one insulation thickness.

v T=%;W
L

Given the insulated wire next %o a ground plane, as in Figure 12b, it is i

A
g
3
&
3
T

RS DR R

g l/\ Bo. 4.1 !

desired to determine the onset of corona foz.' a glven spacing and elititude.
| Consider, as en example, a spacing of 0.1155 inch (0.29% cm) and en

' altitude of 100,000 feet (8.29 mmlg.). The breskdown voltsge of the air-
gap is determined from the Paschen curve of Figure 1. For a pE of
2.1 mnig x em (8.29 mmHg x 0.29% cm), V. is determined to be 520 volts

peeik from the curve for parallel plates and 480 volts from the curve for
points. o '

i

3

F -
-~ -.-.:_H

¢ L

T

!
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i .
: - o #12 w16 (051 inch)
! f} ~ (.r“(.:i—‘},~ 19/50 Steanding
. N, ‘L (_/""\ ~_‘
%3 . £ 33 (MIT-/-15873,
W 3 ot ’_f\‘ [P "rfj""h
e etst “ype %, wit
L < insulaotion removed
i a \
Ground Plene
(Aluminum)
-1
= o i
= &0
L= - ITY Surprensnt
< -OFE Teilon
T #18 AWG
I 19/30 Stranding
P MIT-W-16373

AT

Rakes I

Ce.
d.

b. -

Type B

0.005 Inch

Rod 0.01 inch

2 . . Steinless Steel
@ dismeter

Cross. seetion of test
Cross section of test
and @ ground plane.
Cross section of test
Cross section of test

Figure 12

a
ssmple, parallel, bare, stranded conductors.

sample, parallel, insulated, stranded conductor

sample,parallel, insulated, strended conductors.
gample needle-points.

Flectrode Configurations Tested

-t 5 o i e e i e | e 1es
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Considering the conservative value for points and solving Equation Ly
g -

for the corons onset voltage Ve :

.
%
~—
i
l.
s

Bq. 1.1.1

Y % 2 X0 B Hhraaranre
—~» |\J()'\2.‘l ;(O 1y

LR j
VC = R00.8 vours Paear
Similarly, considering the curve for psrallel plstes:

_ o.o0108 Y\
= 52'0(2,.1, N onss !

VC = S42:5 VOLTS PeAi: - s
A family of curves may be plottéd in a similar manner for different spacings
and altitudes. It is interesting to i:ote ‘that the configuration of a
ciosely spaced conductor and a ground plane wmore closé!,y represents parallel
plates then points. Therefore y .’_L’t seems reasonable that thé actual corona

" onset voltage will closely approximate the curve for parallel plates as

_ calculated above. This is shown"to: be true byv analyzing Figure .

It should be noted that wiring has %o be terminated by comnectors or terminsls )
. and the possibility of sharp points enters the picture. Therefore, for
" design criteris it is desirable for calculations to be based on the curve
for points. . . -
Figure 12¢ represents the case of two parailel insulated wires. Test
’ resu:!.ts. were ,ob%ained' from the éetup shown in Figure 10. On Figure 15 these
" results are conipared_ to the modified Paschen curve of B‘igure 1; to comparsble
data from Ref. 28 and to onset voltsges caleulated from Equation 4. Due
.: t0 the presence o: two insulation thicknesses between conductors the
constent (1/2) must be considered as discussed above. A femily of curves
may be plotted in a similer manner as discussed previously.

Both of these caleculeted values appéar on Figure 1% for a p&  of 2.1 mmig x cm.
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Figure 124 represents one case of a sharp point which conld occur within a
connector. Figure 15 compares loboratory data for 0.01 inch dismeser
needle points to the Faschen curve of Figure 1. Refercnce material (Rt.i. 15
ard Ref. 28) indicates that very sharp pointed isolated elechirodec will

define the modified Poschen curve for points as also shown on iigure 16.

The tests also indicated that sharp points nesr large conductors do not
represent as nndesirable a condition as would be indicated by tests on
isolated needle points.

Although insulat ion on wires in general prr fe*xtﬂ arc-over ot lower voltages,
the sppearance of corona is nob preve.ited wd sometimes occurs ab lower

—- S -voltages than without insulation. This corona discharge, although not:.. . ..
- lumediately dsmaging, does result in eventual damage
Py i‘t was noted that the same' size of bare wire and the seame spacing, spark-
3 L . over cccurred without any preceding corona di.;chqrge at low altitudes but
i ‘ corona occurred ‘before sparkover at high altitudes.
to note tha‘l. ¢orona, once started, can be sustained
~-the ons_et voltage. Insulated conductors were found

. as mach as 50 volts below their onset values; while

1o the insulation.

W v gk

It is important, ﬁlso,
at voltages well below

to have offset voltages

non-insulated parallel
; plates sometimes have offset voltases corresponding to a value around the

“ minimm of the Paschen curve. Offset voltages were found to de:‘y’ analysis

. end are very unpredictable » especially in bundles where the geomei:ry of
. entrapped air is indeterminate.: '
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G.3 Relinbility Aspecte

The following is a list of desirable design factors Tor reliability concerne

ing prevention or control over corona and sparkover in the 887 enviromment:

1. Connectors and terminals should be completely encloszed to
prevent moisture or contamination and a resulting reduction
| in breskdown voltage.

2. Specisl insulating techniques can be used which concist of

placing the electrical wiring as close 1o electrical ground
as possible and placing neutral wires between the phase
wires; thus the voltage gradient is not betwven phases, but
between phase and neutral. '

¢z o

)

3. The geometrical design of the electrodes, as well as the
nature ¢of their surfaces, can play an important part in

Sotnb e drni, ¢

R b B

facilitating lower breakdown voltages. Therefore geometrical

osiar iy

irregularitieé such as sharp edges or points, which produce a
local concentration in the electric field, should be avoided.

s o B o A LATIESL A | et

¥

~ All exposed high voltage conductors should be coated or
covered with dieleclric material to eliminate the possibility

of flashover, and to lncresse the voltage necessary for corons
'ane'ption.

5. Supression devices, such as gas discharge tubes, should be
considered to ensure that the maximm allowed transient
voltages are never exceeded.

6. The use of sealed preé'surized assemblies should be considered
E ' to eliminate the corona probleu.
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are: decreaslng the Wire diameter; decreasing the wire R
spacing, but the effect of diameter change is much 5reater
;(standard wire of the same cross section as £0lid wire also
has a lower corona starting voltage), decreasing the air =
density; increasing the air temoerature (lowerc air density),
dirt, water, ete.. on the conductor surface; physical surface -
conditions, such as nicks, pin points, etc., and parallel

 magnetic fields.

7.0 FOLLOW- ON TEST PLANS

Plans for follow-on tests are described in Lockheed Report 19380.

Tests
prevention using actual ascenblies under realistic condition The plans
include life test in repeated cycles on harness specimens, ncluding

The tests will consist of .

application of normal and overvoltages at thevoperating temperature and

\ired connectors and termination assemblies.

altitude,'observation of ‘any corona or sparkover, immersion in water, B
normal disconnection and reconnection, vibration at room and elevated

Book Company, Inc., New York, 1958 Section L-6.

F. Llewellyn-Tones, Ionization and Breakdoun In Gaseéc,
John Wiley gnd Sons Ine., New York,»‘.l957,' .p;{; '97, 113-127.~ »

J. Roger Sheridanh, A Study of. AC Corona Vbltage Ievels,
Boeing Airplane Company, Seattle, Washington,‘“““”;
Section VII. -

-1., A

Wlll be conducted to verify design guidelines and safety factors for corona;

temperature, return to the temperature altitude chamber, and repetition of |

the cycle.
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APPENDIX -A

A.  TSE NATURE OF ETECTRICAL BREAKDOWN IN AIR (Ref. A).

A.l  Behavior Tn a Uniform Field

Consider two electrodee in air, consisting of two flat plate‘ w.th curved
edges to nxoduce a substantially uniform field, with e Slowly rising IC

or by other means to be discussed later, will be acéelerated'toward the
aﬁode, but w1ll not travel far before encountering a gas molecule. If the
energy of the electron is not too large, the collieion will be elastic.
The situation is analogous to a vory samll ping pong ball striking a

it will counce back with very 1little change of energy. The energy loit
per collision is 2mM/Gm + M) where m is the electron mass and M is that

© the molecule. ~When m <&M this reducee,to om/M, which is approximately
10’3 to 107,

The average distance an electron travels between collieiong is the mean free
path )\ ’ and 1s dependent on the. number of molecules per cubic centimeter,
and the size of the molecules O (the electron size is negligible) The
mean free path is given by:

_>\=’1'/ne
| ()

For a perfect gas, n = 1020 B/T to'within's.percent, where p it the gas
pressure (mmHgz) and T is the'dbsolute temperature.x For air at one stmosphere
5 x 10 5cm, and for air st eo,ooo feet 20.874 mlly and 600 T,

= 4.0 x 1073 ¢ -

potential between them. Electrons emltted from the cathode photo-electricelly,

bowling ball. The electxon may suffer very large changee in direction, but

L
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The clectron makes more than 1/ A collicionc in moving onc centimeter
Tacrous tne £8h, actually C?«ﬂ\ collisions per centimeter of drift, where ¢
ic the average random velocity, and v is the drift velocity in the direction
- oi the rield. For air at one atmosphere this is about 3 x 10° collicionc f
per centimeter. ‘ ' - '

Some electrons enter into the process of back diffusion. The electron

of this occurrence depends on ‘the applied field and the opposing electric

field due to the charge on the electrons. When the voltage 1s near zero

most of the electrons emitted return to the cathode. As the field is

increased the current increases until few electrons return to the cathode. .
' The current then approaches a saturation value which degpends directly on

the number of electrons emitted per second from the cathode.

The platean value of currentvcorresponds to the collection'of ecsentially dl
of the elecfrons from the cathode. The further rise that_occurs»with
still further increasing.fiela’is explained'hy‘consideration of the

esultant inclastic collisions of - electronq and molecules. In such collisions
a large fractlon of the electron 8 energy may be lost. However, erergy.
can be transferred in collisions hetween an electron and a molecule only
if the electron possesses at least'the amoﬁnt required to raise the molecule
to a higher Quantum level. Excitation of electrons t0 higher energy levels
ic a dominant energy loss mechanism._ Such levels are scpesrated by several

electron volts, and this energy may. reappear as light as the electron
returns to Its normal orbit.

‘When an electron possessing sufficient energy collides with a molecale, it
may eJect from the molecule another electron, and leave behind a positive

~ion. Each of the new electrons can itself belaccelerated in the field to
produce further ioniaation, and an avalanche of electrona finally reaches
the anode. The positive ions move to the cathode and contribute to the
total current in the gap, but they are uneble to cause collisional ioniza-
tion themselves. Becau5e~of:their large mass theyilose.on the order of

LOCKHEED + CALIFORN:A compm\,y T

e

euffers a ceries of collisions which returns it to the cathode. The probability
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hal: thuir energy on each elaﬂtiQ collision. Thug, the nouitive ions ean
HLVGl 3ain sulflcient Lnergy in the 1¢e1a at orainary prec*urca to ionize

anot her molecule.

' The irst Townsend coéf‘ficien’c,'oC , s defined as the number of ionizing
collisions made by one electron drifting one centimeter in the direction
of the fileld. The quantity l/OC is the average distance in the field

direction between ionizing collisions. That is:
d e (X )
dx

- where X  is the distance in the gap mea*ured from the cathode, ard Le(x)

e(x) N O

L

- 1s the electron compohent of the current at X. Smce equal numberg of

positive ions and electrons are generated by collisional 'ionization:_'

d”'(x) =~ g (X) o (3)
d x '

The sum of the posi‘tive ion and e,Lec'tron currents will be the total

current, ,L » as measured in the eﬁternal }circui‘b. Thus:
o X ' -
oC Le (X) = Le_ (O) | (&)

where Le(o) is the electron current et the cathode. Substituting in (3)
for the positive ion current and integrating. ’

K.

‘where A is the constant of- integratiox'l_; -T}_’ie 'posi'bive ions do not contribute
to the current at the anode 80: - ’ '

(83'_—0

and, | L R e

whereb 8 is the gap. le'ngth. 'I'herefore,’"the" cﬁrrent which would be measured
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by & meter in the external circuit is:

R4
A

.‘ v.'_ | . s NS b-
L = L,J,(X) () = te{0) & @)

(J)

in

-

e CKJ increaces witu the fiele, the colJisional multlplicaticn ractor
ff” will 1ncreaﬂe very rapidly indecd with fleld.

Cf/fa

The number of 1onizing colllsions per centlmeter made by an electron moviﬂg .

through the gan will be proportional to the total number o; collisions per

centimeter times the probabllity that a colllsion will resurm in ionization;f:
 The total number of collisions is proportional to the gas pressure P, 50 OJ sj,'e.y

is proportional to the pressure.: The probability of- ionization depcndv on

the electron energy. If the emergy is less than the minimum amount required

to ejecf an electron from a molecule, € the prdbdbllity i~ Zero. Above

thig energy the probabilify increases, pa°sing through a maximum when the

energy ig of the'order of 10“x'6¢ At very high energies the probability :

of ionization dccreases with decreasing interaction time.

Becausz of the many collision electrons experience in their traveliacr039’5"

a gap, they will have a distribution of energies ranging from near zero to

a value somewhat above, 6‘ . Lnergy is gained by the electrons in the field
and loct by col1isions. Excent at extremely low pressures, the electrons

will reach a steady state in energy. within a very short distance afterv
leawlag the eathoae. This means che rate of energy gain will Just equal S
the rate of energy loss, and the energy distribution will be uniform through
ont the gap.: Thus,vfor.an_eleetron_poving_a Qisyanee;guxfin the direction}
of £icld B - L a f'~ , :r .t N '-‘4 SR A

" BEAX = VAEAX C .
vhere V . 1is the number of crllision" per centimeter of travel and g;e is th=
average energy lost per col]ision. The . number \'s is proportional to the
_produet of the gas pressure, p, and the - cross-section of the molecxles.
Thece cross-sections are dotermined by the. electron energy. Also, A;e"
is determined by the relative values’ or avi cross-sections (excitt tion’ to
various electronic states, ionizatton, etc.,) and so it too is a runetion of

E
=
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electron energy. Thus, the above équation shows that the electron energy
'distribution'will,be.a function'ofEZ/P .

To stmmarize, ¢C is proportional to p and some fﬁnction OfEi/? . The
oreac where the energy .distribution curve overlaps the;ionizétion probability
curve determine ¢ . For most gases the requiréd'experimental data are not

availablé, althoughAéemifemperical mﬁthdds, discusced later are ucgeful.

An incresse in the collieton cross—saétion will lower the_eiectron energy
distribution in the seme manner as an increase in p (or decresse in E /p. .
Generally & will be decreased.

If the electrode spacing S is changed, keeping oC conStant,'a plot of.
the logarithmiof the observed cufrent’againét_,5’ should give a étraight
line with slope oC .« Now it is expected that oC /p equals F(E/p), soC
" should remain constant if the field is kept constant. If the pressure and‘

field is doubled the slope of the line is doubled. ' |

Townsend found that above a certain sparking distance SE “the current is

independent of external illuminatioh (of the cathode to‘dause emission of
" electrons). Some additidnal mechanisms are operative in thé production:of

additional electrons at the cathode: | A

Tons strikihg the cathode cause the ejection of electrons.

The dbsorbéd energy may appear as radlation of light as a

result of the excited molecular electfon falling back to -

itsAﬁormal energy level. This radiation may fall upon the
cathode to produce photo-emission of electrons. |

Some of the electronicaliy:excitea'molecules may collide with
neutral molecules to lose a small fraction of their energy.
These metastable molecules may diffuse back to the cathode and
couse electron emlssion on striking 1t.

e e
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These three processes are described quan‘uta'blve]y by & coeilicient /

vhich 1o dei‘mod as the nupber of socondar/ electrons moc.ucu. ot the cathcdc

the magnitude of "Y nay be small {e.g. 10 ,, its overall effect may be
large since these secondsry elec‘trons are 31~ouucea ot the cathode, and
each will be multiplied by tne factor c.cc
the time it crosses the gap.

(pernaps 107 or more) by

The coefficient >\ is not proportional to pressure, but iz determined bj

the energy of the primary electrons, so it is a function of E /p.

" The number of new electrons created per eécond by a current . L ”~<) in a
small dletance dx is o(-l.e_(x)&x therefore, the total number of electrons
generated in the gap per second 1s given by the mtec,ral'

K ] Lg (X) dX
o

From the definition of 7 and the use of BEquation (4) the nunber of
electrons produced at the cathode is:” :

fa § . _ : . )

, 'Yl; L) dx = ¥ i (e =)

) o . : ' v _
Thus if ([ o is the electron current at the cathode due to external
illumination, the total electron current at the cathode, [:e(O‘_) becomes :

1) = o + Y ie® (e

Rearranging and substituting in Equation (6), yields the total current which
is measured in the external circuit:

. -[,vo 6005 (7)

| — Y(ex8-1)

ver elect tron )roduceu in the gap by Urmazy collicional ionizavion. Altnough
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mhis cwrrent becomes very large (limited only by the external ceries
recisiance of the power supply and the conducting gac) as the censminator
of the preceding eguation approaches zero, that iz wvhen:

Y(eR8-1) =

-~

. N
or, since 60&' >> 1, when,

7 €8 = (9)
Since (e‘f‘a-l ) 1s the number of electrons-(or positive ionz) generated by
a single eleétron crossing the breakdown gap, and ’}’ is the nuwber of
secondary eleétrons generated per primary electron in the gap, Equetion (8)
is satisfied, aﬁd breakd.ofm'occurs', if for each electron svalanche at leust
one secerndary electron ls generated at the cathode to initiate snotier
avalanche, and the discharge becomes self-sustaining. %he fulfillment of
Eguation (8) does not dep‘enci’ on the %/a.lué of { o brovided there sre

sufficient electrons to start the sequance of -avalanches. The varisblec

are Vg and ‘ps . Sblving expl_ici'bly Tor the sparking potential gives;

where \P' ‘is a function of the variable PS only. &his is the wmathemstical

. expression of Peschen's Law. E / P ié the fundamental parameter deternining

the breakdown voltage if the temperature is constant so E>\. ie proportional
to E/ P. If the temperature. veries the rundsmental worieblic becomes £ 7T /%

3

s0, to include ithe effects of’ temperatui'e ’ ‘Paschen's Law should be exprecssed
ac: .

waere T is the absolute tempera‘ture‘. An alternative way oi ctating Paszchen':

Law 1is o o
% =‘l’( a8) o

-2 nunber of molecules per cubic centimeter.

o

where N\ ig *
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Thic 1s not a very stringent vrequirement since cosmic rodlation and radistion

from radicactive impurities nre easily able to provide these initiating
electrons. ’

. . _‘ . -' . ) - r\‘., !
fhe fulfillment of the breakdown criterion for a particular gap depends on ¢
and ¢© . 'These variables depend on (E/‘P) , gus pressure, the cathode

ccmposition ( ;hrough",y ) and the nature of the gas. B

A.2 Paschen's Law (Refn 1)

As already shown, c,C/‘) f(E /‘P)and Y= g(E/P) By substituting 1m,o

Eouation (8) and setting the sperking potential Vs equal o E. o

(valid for wniform fields) the following expression (valid et brca&down) is
o obuained. I_ _ ’ :
i P FQvs/p8 -1) \ o :
gl ="-et T | b= L

| /
A3 Analytical Bxpression of Paschen's Taw (Ref. 4).

H;,,

(Y

s

Consider an electron moving across a breakdown gbp 9 under the influernce
of an applied field E . It will. undergo many collisions with gas '

_molecules. Assume it hes en ave*a,, ren:iv... velocity '_(‘, - and a smaller '
drift velocity V in the direction of E . Following its tortucus path, I
it will eventually gain the necessary energy é"- to ionize a gas molecule ’5
by collision after it has traveled a net distance d; measured along the )
direction of B . Iue to its random motion the electron will have traversed ‘
& longer distance < A'L / V 1in the process of attaining the ionization éxlérgy-. i
~f the average nunber of collisions is }\ ; then the total number of
collisions becomes Edi‘/\lx . 'IfA.€ is the amount of energy lost per
collision, then A €[€d; /V)g] is the. total energy lost. If the electron ;
proceeded across the gap without losing any energy, then Vdi / S woula ve :

- the energy gain from the field in traeling this eritical ionization i

SN distance dl - In order to produce ionization the electron must hove o ‘

i
P
i
v
v
F
1
3
$

T
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net energy gain of at least € ) and so the i'ollowing relation hoid.::
Ve, Td_ac
- = & (19)
) VA L
Ry Ry ~ - . .
By definition OL = l/dL so:

o LTV _zael )

From Equation (9) the equation for breskdown ig:

<8 = \Y\(—-L-)

04
and, substituting for oC “and replacing V by \/s gives:

EL In \—--\) Tael = (12)

‘l‘he terns \n (| /’Y) and’ (Q Ae /J)usually do not vary strongly with (6\ / /\\
s0, to a first approxima'cion \/S is a linear function of “/)\ or wb

with an intercept of
(e Inlin)]

The deviations of the celenleted curve using Equation (12) from tne observed
values are due to small variation inY, ¢, v, and AE ., Iowever, all
ol thése guantities are functions of\/s/fﬁand, therefore, functions of

at breakdown. Theiefore, Equation (12) satisfies Paschen's Law since

is purely a function of the variable.PS‘.

This simple model is concerned with average quantities, and the equation
loses its meaning when','dz.-'- becomes of the order of S . For example,

when this occurs, electrons make relative'ly few collisions in their transit
across the gap, and as a result C. and V become funetion: of electron
position in the gap.. In practice as 'PS becomes sufficiently low, the
sparking voltage traverses a minimum. This is expected on the bezls of the
Townsend T "‘heory, since at very low pressures, tne necesgary nunber of loniz-
ing collisions can be achleved only if the applied field is very substantially

raised to increase the efficiency of the primary and secondary ionization
processes.
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From iguation (10) can be calculated the fraction of the energy gained from
the rield which iu uséd in ionization (i ¢., the ionization ef? iciency).
For air at one atmosphere pressure and o \Cm CK.O or S/d has been
measured to be about.l9 at breakdown and VS =2 30 x_Zl.O3 ‘volts. TFor oxygen
and nitrogen respectively, €i=-l3 and 15 ev. - Solving Equation (10) Tor the
ratio of the cecond to the first term giv'.es'the’ ratio of erergy loct to all
procecser other than icnization' to that gained from the field. Sube titution

 of the above numbers yields a value of about 99 percent, or only 1 percent
of the énergy gained by the electrons from the field 1s used in the ioniza-
tion process, the remainder being dissipatcd as inelastic (excitation) and
elastic (heat) collisions. A emall fraction is lost by heating the ancde;
this amount becomes increasingly important at 1ower values of ’08 Hear
the Paschen minimum.: (?(0\ * 0.7.8nd o('_.o 3) the ionization iz much
more efficient, apsroximately 20 percent of the energy gained by the

\ electrons appearing in ionizing processe

-

A.L.a More Quant‘itative Breakdown Relation (Ref. A)

Reference o Paschen's Curw}e (Figure A. 'l) shows that at low pressures a
long gap may break down at a lower voltage than will a ShOI‘u gap =t values
ol PS to the left of the minimam..

The expres:ion for d:/P as-a funct'ion of E/P is shown in Equation (11) on
the basis of a very highly_o_versimpiified model. For practical ucse we

nust have a more quantitati_ve relationship between these two quantities. -
The energy distribution funection \/\/(G.)fcr electrone,, and the probability of
jonization P (e). . "iPheoreticians have computed W(E)by equating all
possible ways i‘or dissipating energy (elastic and inelastic collisions) to
that gained from the field. " ‘I'he function P (é) is measured experimentally
"and its product with W(E)gives the- desired quantitative expression for
OC/P = f(E /p) No single equation is ‘valid for all ranges of £ / P » but
an e.cpression useful over a. larc range of practical value 1s ‘
| - By /&

= A¢ (23)

&£
P
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where A and B are constants characteristic ol a particular gac. Tnzerting
Eguation (13) into the Townsend-criterion for breakdown (‘quauion )

gives a useful ouantitative expression xor the eparking potential a; 0
function of PS ‘as i‘ollow., : ' '

e Bpy

L i

/n P8 + /nL )
In (1 .| -
. Under practical conditions, the change in 7Y with ]D is cmall and’ the

logarithmic dependence reduces it even more, hence the term in the brackets

is often treated as a constant.

The daehed line of Figure A.l has been computed using Equation (1L) where,
from measurements of OC/P vs E/P,A 8. 8 cm mmHg-‘L and B = 256 volts -1
cm X r"nhg. By fitting the equation to the experimental data at Pg = 0.7
Lmia mmig x cm, 7/ is found to be 4. 9 x 10 - the agreement with experimental
L. o values (the circles) is seen-to.be much better than that obtained with the
- simplified expression. ' |

A.5 Time Lags (Ref, A)

When a field sufficiently large to cause breakdown is applied there are

two reasons why sparkover does not occur immediately: (1) the time required
for one or more initial electrons to appear in a favorable nosition in

the gap to lead to the necessary avalanches, and (2) the development of .
these ava.ianches and build-up ‘of current to a value corresponding to break-
down requires time because of the finite mobilities.of the particles.‘

These time lags are not significant to the problem of corona and °parkover
in the SST power system wiring. They are very short,on the order of 100

. microseconds or 1ess, reduced typically to less than lO microseconds at
two oercent overvoltage above the minimum sparking potential for a aet of
condftions. S ‘ L
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A.G reakdown in Inhomogenous Electric Fields (Ref'. A)

The preceding diccuesion has been‘concerned exclu ively with unifozm eleetric
£iclds in which E 15 constant and independent of X where X ic the coordinate
along the drif't path of an electron participating dn the breakdown process.
This ¢ nui lon is readi y fulfilled with parallel-plate electrode systems
having eontonred edges, and for two similen.spheres which are ueparated
byvless than One-tenth of their diamcter. fgonfigurations commonly
encountered in practice genefate inhomogeneous fields. Examples erc widely
coaced 'dherer or cylinders and sphe:e -to-piane. Effort 1s expended in

‘ eleetxical decign to reduce the fielc inhomogeneity to a minimunm.

For such electrode ey.;tems, & is a strong function of E socC 8 must

now be replaced by K oCdx + The Townsend criterion for breakdow'n ic a
nonuniform field then becomes:

V|exp fo dy }-— =1

The integral t)ﬁ OCAX is not generally a function of the product & o and
Paschen's Law is no longer valid. Although Paschen's Law is not applicable
to electrode systems which give rise to 1nhomogeneoue fields there is a
much more general "Law of Similitude which doec apply to both uniform and
nonunif rm field geometries. Paschen '8 Law is a speclal cage of this more
general lsw and applies only to: uniform fieldu.-

In addiiion to xnowing E = f(x) in order to apply Equation (17) the functional
aependexee of TV and dC,upon E must be known. This dependence has ba en
meacured experimentally for a number of gases.- ‘The sparking potenti .1 ¢omputed
by Equat ton (17) agrees well with observed values for moderately
'inhomog- eous fields. However if (dE / d)() is very large the elect:-on
vVLlOCity willl be changing rapidly and will not be characteristic of the
value of E in the’ region of the’ gap in question, 1;é; the eleetrone lag
behind the field. If the anode is small compared'to theAelectron mean free
~ path the electrons may not strike it following ‘their last collision with a
gen molecule. As'a result extra’ ionization may be possible.' For asyrometric
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electrodes ')/ will depend on the poldrity ol the electrodea U;ually }
ic larger with the smaller electrode as the cathode and a lower value of
“results.

A.7T  The Taw of Similitude

The volt-ampere characteristic of a given gas discharge willl not change i
all linear dimensions are increased by a constant factor and the gas pressure

- ig reduced by the came factor.

A.8 Inhoﬁogeneity Due to Space Chsrge

.Poisson's eqaatlon demands a change in field strength across a gap even though
the space charge is unlformly distributed

(") = EI\PP ik 4"“'6 (—-— FrRa

where f) is the net charge per unit volume. g

A. 9. Thermionic Emission

'At sufiiciently elevated temperatures thermionic emission may occur Irom the
cathode in the range of lOOO to 2000 K and reduce the breakdown voltoge. -
The temperature at which this occurs will be determined.by the thermionic
work function of the cathode.

r“rxermal ionization of the gas occurs in the range of 2000 to SOOOK - too high
for con: Lderation in the: wiring system problem. .

A.10  Corona Stabilization

If the field is generated by very aeymmetrical electrodes it is pocsible to
obtain localized breakdown which does not bridge the gap. This is corona'and
it is self-sustained. COmplete breakdown occurs at still higher voltages.

. Invarisbly both the flash-over and the corona. onset voltages will be lower than
for uniform fields. '
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©A.1l Dreakdown Undér.Aitcrnating Fieldg

At sufficiently low frequenéies breakdown occurs when the ipeak value of the
a-c voltage reaches the d-c value predicted by the Townsend Criterion. &4
decrease in the sparking potential oceurs if the period of the applied,vovltage
isv'comparable 'to the transit ;time of 'Bhe charged carriers. Thic occurs et

frequencies too high to apply to the Wiring system problem.

A.12_ _Influence of Molecular Structure

Since in the Towvnsend Criterion 7’ 1s a pfe-exponential factor while oC
appears as an exponent the electric strength is much more sensitive to the
value of ¢ than to that of Y . '

T sing certain acsumptions, G nay be calculsted as a f‘unctior' of & /'p in term-
;of the molecular parameters. It has the form ¢

A C—ﬁP/E

-_--.%’ (See Equation 13)

in which 3

/9 =K (60 G)VL (GL —.eo )3/2 (See Equation 11;)"

where & 1s the elastic cross-section; & the inelastic eross-section for
electronic excitation expressed as ' V

& = 6‘(5 ee,)

and € e 1s the lowest energy of the electrons at which excitation can occur.

A.13 Representation of a Void (Ref. B)

Let us consider the model for a dieléctric» containing a void shown in.
Figure A.2(a). Here, Cv represents the capacity of the.void"which is in
series with 8 =olid dielectric whose capacity _is Cs’ and qd-represents the
capacity of the remaining solid in narallel with the combination. If a
sinusoidal wltage, V, 18 now. applied to 'the system, the voltage will divide

capaciti vely between C and C - pro: ding the electric strength of the gas
in cv 1s not exceeded and no diechar 8 occur. ' ‘

PAGE NO, _APPENDL - Pr. b

FORM 402D




OCRHE”D‘-_ CALIFORNIA COMPALY .
| DIVIS!ON OF LOCKHEED AIRCRAFT CORFORATION S
REVIS!ONS : .

REPORT NO. . L0355
- . . . . . i v gy g “ . s
I - . PAGE NO. _ APPEIVIX < Pp. .

————iiy

The clectric %*reﬁnth of a gas s relatively indewcndent ol the naturc of the

clecirode materiol. It has been found “hat even when the electroae’ condist _‘
of a tynical solid dielectric, the sparking potentiol, V & di*Pere little j _
from that for most metal electrodes. Thus, when the voltage acros thc vold ) k
Vt (Figures A2(b), reaches Vs breakdown will occur. Charge produced by
ionization in uht ‘gas in C will remain on the insulating surfaces of C to
ower its potential to V a? the extinction voltage for the discharge. vdt the
seme time, charge will flow from the external circuit (including Cd’ if the

external circuit impedence is sufflciently hivh) to raiee the voltage acros

C.. The diecharge time 1s very short - perhaps lO sec - and can be

rela ted to the transit times of lons. and electrons in the discharge; After

the fast discharge, the voltage on C continues to rise at the sinu°01dal

rate until, after an increase of Vé, a further discherge cen occur. Thece w1ll
continue to the neighborhood of the peak of the applied voltage, aiter which the
voltage across C will decrease and discharges will cease. The cnarge remain-
ing on C will augmentvthe epplied field ‘on the next hal: cycle, and o new
series of discharge will begin at an earlier point. This may occur even at

the zero of applied voltage, as shown in Figure A. 2(b) or before or arter the
zZero - depending upon the amount ‘of charge deposited. Thi g, in turn, is a

Iunction of how much the peak voltage exceeded the. gtarting voltage in the

firet ha]f-cycle. As a result, more diSLhargea will occur on the second half-

cycle. After seveirsl half cycles, a stoady state will, of cource, ‘be reached at'

which time the average charge bransport*d on each nalf-cycle will be the same.
At this time, 1f the peak #vplied: volttge is‘increased, diecharges will begin
sooner on the voltage wave and the numb.r of dischargee per heglf-cycle will

increase..

An interesting feature of this model 1s that it permits an explanation of the‘
olten-observed intermittent discharges which may appear for'mahy cycles and'=
then ceage. Thus, even if the pesk applied voltage is somewhat below thin

fequired for sustained discharges, 1t may be augmented'by the field due to

charge deposition by a chance discharge (owing, for example, to a fluctuation
in voltage) 50. bhat a further breakdown can occure. Dischargeu may then
continue o:n each half-cycle - but, ds a little reflection will show, at ap7
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eurlier'point on the wave for cach cycle. EVentually,_the'sum ¢ the applied
voltage and that due to deposited cherge will Pail to reach tre sperking
potentisl on a half-cycle, and discharges will ceace. The phenomenon will be

accentuated for low values of the extinction voltage Vé.

A nurber of studies have been made of the so-called "epochs" of the dilccharge:
on the voltege wave,'and,on the basis of these observations, the general
validity of the above simpie»model has been confirmed. Detailed conciderstions
suggect, however, that some modifications are neéeﬂﬂary. ‘It hac been Z“ound, Tor
example, that - except perhaps for voids of very small eross seetion -~ the

whole void is not divcharged. Only relatively small areas appcar to be involved
in each dlccharge, and it seems likely that the extinction voltage is lpu.A

As & result, sites once discharged tend to remain-in such condition for a

relatively long time, changing slowly as transverse leakage cccursz.

_ For G-¢ stresses, ihe mbdel of Figure A. 2(a)>predicts that discharges can ocecur
only as the voltage is raised. In practice, of .course, C WiL* alwayg po: ecs

a leakage resl:tance, Rs,_effectively in parallel with 1t,‘ o thet the voltage

across Cv can build up again with a t;meiconstant RSCS, Thus, depending upon

the magnitude of the applied voltage and this time constant, recurring discharges
" in voids will occur even with d-c voltagee. TFor most good dielectrics, :
however, R C is very long and damage due to ‘discharges is usually much less

with d-c tpan with a-c of compardble stresse

The application of the model of Figure A.2(a) to practical systems is further
compliceted by the fact that such systems-seldom contain only one vold. There
‘is usually a wide distribution of void sizes and, in the case of an electrode

on the cielectrie surface, an essentially infinite distribution of gir gaps iz
availebie at the electrode edge.  Le£ us consider, for exemple, a sphere resting
on a sheet of dielectric of thinckﬁess»g', and let us assume as a first
approximation that the fleld in the varying gep is uniform normal to the
dlelectric. Our model must now be feplaced'by one containing a large number

of seri:s combinations of C; andjcs, each Cv corresponding to a different

air gap  Now, the. voltage across any par;icular a;r gap_ig.v5'= V(cs/’(cv + Cs)
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where V {s the applied voltage. Assuming the thickneds of the diclectriz
. remaine constant, this may be written:
| V.Y

)

where €  is the dielectric constant of the =olid and 8 is the air gap uncer
conzid e“atiorx. How, 1f V is raised until the peak value V is Just that
reguired to initiate stable discharges, »Va mast be equal tg VS, the sparzsipa
potential. Thus from s knowledge of VS az a Tunction of © , we can
calculate the discharge initiation volisge, Vi, often referred to as the

FE LA

corona sterting voltage.

g ©= -l ‘Let us ascume, for exsmple ,-' that 1n~th¢-rahge of void sizes of interest: . -
b = AF+B

: 1 4 ' L )

}3" N e . *_ -
; : ) N Then, ’ . _.

[ . N .

IR V=[S i (As+)

:“ " It is interesting to note that this expression. for V has a minimuw value with

& C varying 8 Discharges will therei'ore first sppear at this value of 8

: and with this value of V . ‘Curves for V 85 a function of 8 for various
values of S / € are ~=hown in Figure A3 for air. These curves were plotteu
using measured data for Vs as a functiox) o_f- 8 -, rather than the simplifisd
expression assumed above. It should be noted that the minime in this firure
bear no relation to the Paschen lsw minimum, except when S'/e is zero. On the
contrary, as seen above 'y they mppear even when & linear relatlonehin between
V and 8 is assumed. Figure A.3 is useful for calculating V from knowledge
only of the dielectrie constant and thickneszs when a wide ran(,e of void sizes

LT e 5

)

el Che s iR

-

: or an electrode ed_ge are present az is often the case in sracticol sy-....ems. It
{0 has been found to apply remarkably well for all geometries except thc charpest-

pton,

edged electrodes, where field inhomogeneities must be teken into account.
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FIGURE A.2 (a) Equivalént circuit of.a dielectric containiixg a void.
(b) Time dependence of spplied voltege V.
- _ " {c§ Time dependence of void voltage v,




OCE"HECD'!CALlE‘ORwlﬁ COMPAaNY
A DIVISION OF LOCKHEEO AlRCRAFT CORPORATlON
REVISIONS ; : "REPORT NO. ' 15356

PAGE NoO. __ATEERDIX-7: . 19

e e 14

A number oF discharge detectora and device or'mea.nring'encrgy diacipatcd
in the aischarges are availablc, but more than a cursory cxaminatlon of then
is oeyond the scope of this report. They include devices bazed on optical
techniques (e.s., photomnltlplier ), aural methods (microphouec), nigh-
Ircquency elect*ical detectors (tuned circuits and ampliriera ac well as

radio rcccivera), and various type"’of bridges designed- to meacure eleetrical

losses. The last two have enjoyed the moet popularity in recent years.

~Since the discharges are of very short:duration, the spectrum of their Fouricr

components ertends well into the‘megacycle range and they are rcadily'isolatcd

from the power-frequency currents. As a result, very high gainc are poscible,

-and detection of discharges containing only a few electron avalanchcs is .

‘possible.  In some ways. this has been unfortunate, ‘since no one hae as yet

established the lower limit of’ discharge magnitude below which the life of
commcrclal equipment 1s adequate. vhith the advent o more and more =ensitive
detectors, equipment which was earlier thought»to be free of discharges has

come under suspicion. Particular'care'must be’ taken.under these conditions

-to eliminate *tray-discharges generated on the'leads or in the power supply.

Much remeins to be done before reliable- correlations between discharge
magnitude and liie of insulation are eetablished.

Low-frequency bridges are corona,detectors of relatively low censitivity,
since they measure the ratio of in-phaSe to Out-of-phase current. - However,
they have he advantage of providing a’ direct measurement of the average

energy dissipated in the* discharges, a quantity which-has in some cases been

" correlated with chenical degradation. A useful variation of conventionel
‘bridge techniques is one in which the charge, rather than the current, £low-

ing to the system is measured as“a‘functionvof the sinusoidally varying

voltage. Thesse may be plotted as a cyclogram.on the' -oseilloscope, the area of

which 1is proportional to the power dissipated.

Althouﬁh time-coneuming, nerhaps the most direct: :method for evaluating the
effects of discharges .on electrical insulation is the measurement of the
time-to-failure as a function. of a1plied voltage. The fact that such a
curve appears to approach infinite 1ife asymptotically to the discharge
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inceptloe voltagc is good evidence that failure ie cauced by &lvcnazgco.e* R |
" Ghe time requlred to establiah such curves may be confidcrablj reﬂuccv by
inercasing the requency of the applied voltage. Frovided that the normal
a-c losses arc sufficiently low so as to avoid dielectric hesting, the .
‘frcqucncy may be raised to as high as 1 me without obtaining apprec1able
general heating of the dielectric by the di«charge- It has been found that
ithb rate of damage due to discharges is accelerated proportionally to the
inecrease in 1requency. This is not unexpected when one notes that, accord-
ing to the model of Figure A. 2(a), the total charge tranvferred by dlvcharge°_
per half cycle is a function only of the difference between the peak applied
-voltege and the veltage at which dischargeﬁ are initieted. Thuu, the'total
charge transferred per unit time should be proportional to the frequency of .

~ the applied v0ltage.
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