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FOREWORD

it was recognized early in the X-20A (Dyna-Soar) program that electrical discharges,
caused by corona and glow discharges, would induce electromagnetic interference
into the vehicle electronic subsystems. During both boost and re-entry, the X-20A
must pass through the 70,000~ to 256, 000 ~foet altitude zone in which corona is
readily genzerated at low voitages.

Corona in this altitude zone was investigated from April 1959 to March 1963 by
The Boeing Company during the USAF X-20A contract, A¥33(657)-7132. When
this contract was cancelled, experimental corona research had been completed,
but no formal report had been written. In July 1865, the U.S. Air Force issued
Contract AF33{615)-3020 to Boeing to document the results of the X-20A corona
studies. The specific objectives were to (1) produce an assembled, condensed,
analyzed, and documented high-altitude-corona report; (2) establish high-altitude-
corona onset voltages; (3) determine how this onset voltage could be increased; and
{4 recommend areas of investigation necessary to increase the minimum corona
onset voltage. Experimental work on this contract was limited to the measurement
of corona onset voltage in helium and helium-oxygen mixtures (1) between bare
electrodes, (2) between twisted and spaced teflon insulated wires, and (3) between
wired cconnector terminations.

The work on Contract A¥F33(615)-3020 was administered as Project NR 22087-NB
""High-Altitude Coroua, " under the direction of the Air Force Aero-Fropulsion
Laboratory, Research and Technology Division, Wright-Patterson Air Force Base,
Ohio, with Captaii1 J. Priest as proiect engineer.

This document constitutes Boeing's final report in fulfillment of the requirements
of Contract AF33(615)-3020. The analysis and technical writing in this document
were accomplished by William G. Dunbar of The Boeing Company, Aerospace
Group, Power Systems Unit. This report was submitted by the author 10 June 1966.

Publication of this report does not constitute Air Force approval of the report's
findings or conclusions. It is published only for the exchange and stimulation of
ideas.

PAUL W, MONTGOMERY, Major, USAL

Chief, Propulsion & Power Br
Aerogpace Power Division
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ABSTRACT

Fleetrical discharges caused by corona, glow discharges, and voltage breakdown
were measured under conditions encountered in the X-22A (Dyna-Soar) aerospace
vehicle when operating within the 70,000 {o 250,200 altitude zone. Most measure-
ments werg made at the electric-power-system frequency (400-hertz) in gases (i.e.,
helium, nitrogen, oxygewn, helium-oxygen mixtures, nitrogen—oxygen mixtures,

and normal sea-level air al reduced pressure) used to pressurize X~20A vehicle
compartments.

Test results show that at the mininwimn of the Paschen iaw type curve: (1) the

corona onset voltage (that voltage ai which the electrical discharge is initiated)

can be increased by insulating the electrical terminals and by twisting or cabling

the insulated wires; (2) the vorona onset voltage between insulated wires is increased
as the insulation is made thicker and insulation dielectric constant is made lower,
and i8 decreased to that of bare wires as the wire diameter and wire spacing are
increased; and (3) the corona onset voltage of components depends or the type of ; .
component, its wire connecticns, its installation, and the gaseous environment.

P

o o A L

The corona onset voltage of round, bare, nichrome wires is less at temperatures
over 500°C than at temperaiures between ~60°C and 150°C. 7The corora onset
voltage drops to nearly zero when contzaminants such as moiybdenum-trioxide vapor
permeate the air space between wires at temperatures above 590°C and pressures
shove 1.0 torr,
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i INTRODUCTION

[

Many spacecraft electric~power-subsysiem components are required to operate
in various low-pressure and/or high~temperature environments during launch,
flight, and reeatry. Some combinations of low pressure and high temperature
are in & regime where corona readily forms on the conducting parts of a 115/200-
volt power subsystem, Such corona creates radico interference, and if allowed to
persist, will deteriorate insulation,

Much of this document is the result of an effort to assemble, condense, and
analyze the high-altitude-corona onset voltage data acquired during the design
and development phase of the X-20A space vehicle. The X-20A winged vehicle
was designed to attain orbital velocities and to withstand reentry heating. Some
of the electrical eguipment was located in compartmente where, during flight, it
could be exposed to low-pressure air, nitrogen, oxygen, or nitrogen-oxygen
mixtures. Other electrical equipment was lecated in the unpressurized air-filled
noge and wing compartments, where high temperatures would exist during boost
and reentry. These high-temperature compartments were constructed of di-
silicide~coated molybdenum. Hence, electrical components were exposed to
high-temperature molybdenum trioxide-air mixtures when coating failures o: curred.

The corona onget voltage in heliurn-oxygen mixtures becomes important because
these gases are proposed for manned spacecraft atmospheres. The optimum
Lelium-te-oxygen ratio bas not yet been established: i may vary from mission to
mission. Coroena onget veltage may be a consideration in selecting the optimum
ratio, because often the corona onset voltage in gas mixtures is lower than the

onget voitage In eitner pure component, For these reasons, the ariginal X-20A

data has been supplemented with data obtained from tests in helivm-oxygen mixtures.

Much of the curona data obtained during X-20A develapment is also applicable to
other spacecraft. One obgective of this document is to present this corons data

tn a form which is useful 1o design of spacecrafl. The theoreticul aspects of
corona ave discussed in the section entitled "Elentrical Characieristics of Corona. !
The "Test Equipment and Procedures” seciion peraing to the experimental work
done on the K-20A program and the helium-oxygen vessarch. The analvzed and
summarized data from fests appear in Seclien I, "Corena Test Daa.” Detailed
test Jlata are located i the appendixes.
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M. DESCRIPTION OF CORONA AND iTS OCCURRENCE

In this section is discussed the electrical properties of corona, which is the

faintly luminous and audible glow surrounding electrically energized electrodes
at voltages slightly below or coincident with the sparkover voltage. Theoretical
studies and experiments on corona carried out in the past are referenced where

applicable.

Corona is an audible, luminous, vollage discharge resulting from the ionization
of gas surrounding a conductor, around which exists a voltage gradient exceeding
a critical value (References 1 and 2). In a strict sense, the word "corona' in-
cludes only those electrical discharges occurring at near sea-level pressures.,
Glow discharge and voltage breakdown better describe the eiectrical dis-
charges at pressures below 20 torr. However, because corona is associated
with a glow, and occurs at the same onset potential as glow discharge and voltage
breakdown, the word "corona' is used throughout this report to identify any elec-
trical discharge.

Corons within an electrical-power system consumes power, generates spurious
high-frequency voltages that produce interference in communication and electronic
eguipment, deteriorates insulation in the vicinity of the discharge, and disassoci-
ates some gises, creating noxicus gases and odors. Corona can occur whenever
the potential bstween electrodes is greater than the minimum voltage expressed
by the Paschen law curve.

This law states: "If the length of the discharge gap {petween electrodes) and the
gas pressure (At constant temperature) are altered in such a way that their pro-
duct is unchanged, the magnitude oi the breakdown voltage remains constant"
(Refevence 3).

joeh Relerence 4) deseribes partial veltage breakdown ca 1 by gaseous elec~
teical dischargss as:

"A& rpanifestatlon of discharge or breakdown at the electrodes is the emission of
light, sometimaes aocompaied Ly audiblc noige and by current fluctuations whish
can be picked up Indvetively and which reanifest themselves in radio interference.
The peculiur fovrms of these locatized and partial breakdowns have led to their
belrg charecterized by guch names 26 corona and brush discharge and at lower
preusures glow discharge.

e terms glow, brush, and corom. o aifferent visual forms of the same
ormsnon. At low preasioe, the oo aslty is general and diffuses over the
surface of the electrodes, as ode o2l - ot from high ditfusion of electrors at
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the high field area. This phenomenon is commonly called corona. Under other

conditions, the luminosity extords out into the interelectrode gap in the form of

a brush of diverse geometry — originally calied the brush discharge. The terms

brush corona, impulse corona, and sireamer corona are descriptions of the dif-

ferent visual forme of an electrical discharge. .

"Voltage breakdown" ig the temporary or permanent loss of nurmal insulating
properties. It is normal design practice to provide a dielectric material or di-
electric material system with a dielectric strength which can withstand an electric
field higher than the electric field at tne nurface of the electrode. Voltage break-
down results when the dielectric material deteriorates. Heat and corona frequently
cause deterioration of dielectric materials.

CORONA ONSET VOLTAGE

When corong is experimentally measured, twe terms are used to describe the
presence of corona — corona onset voltage (COV) and corona offset voltage. :
Corona onset voltage ic the lowest potential at which ionization by collision be-
comes a cumulative process; i.e., the potential at which self-sustained corona
first starts. The COV is determined by increasing the applied voltage between i
electrodes until corona-current induced signals appear on the screen of an oscillo- .
scope cr similar dstector. That voltage is then held constant for a period of time f
to determine if the pulses are sustained. If the pulses are not sustained, the !
voltage is increased in small increments until sustained corona is obtained. i
Corona offset voltage is the voltage at which corona is extinguished. The offget
potentir! is det rmined by decreasing the applied voltage across the specimen
until corona signals disappear from the oscilloscope screen or detector.

When corona is present, there is a self-sustained electrical discharge and, con-
sequently, a release of energy. This energy tends to heat the inferelectrode gas
and any nearby insulation surfaces. Any temperature rise will change the offset
voltage, thus giving inconsistent experimental data. Therefcre, the corona on-
set voltage measurement is generally more rgpeatable than the corons offset volt-
age measurement.

Self-gustained corona depends on the stripping of electrons {rom neutral atoms
and the ionization of other atoms by these electrons. To be effective lonizers,
these stripped electrons must gain a certain minimum kinetic energy from ac-
celeration in the electric field. Attainment of ionization energy depends on the
elecivie-field strength and the mean free path of the electron. The mean free

path is inversely proportional to the gas density; thus COV is a function of gas

compogition and densgity.,

JAS PRESSURE-DENSITY REUATIONSHIP

The density of ¢ gas {8 8 function of { ymperatures and pressuvre or allitude., Preg-
sgure, volume, and temperature of u perfect gus are yelated by the equation,

4




PV = NRT @)

where: P = pressure in torr
V = volume in cubic centimeters
T = absolute temperature in degrees Kelvin
N = number of moles
R = work per degree Celsius per mole

The gas density is defined as the number of molecules per cubic centimeter at
pressure P,

As gas density is increased from standard temperature and pressure, the COV is
increased because at higher dengities the molecules are packed cloger, and a higher
electric field Is required to accelerate the electrons to ionizing energy within the
mean free path. The COV decreases as gas density is decreased from standard
pressure and temperature because the longer mean free path permiis the electrons
to galn more energy prior to collision, As density is further decreased, the COV
decreases until 2 minimum is reached., The pressure corresponding to minimum
COV depends on the gpacing of the electrodes; for a one-centimeter spacing at room
temperature this pressure occurs between 0.5 and 1.0 torr. A representative
minimum COV for air is 326 volts d.c.; the COV for the same contact configura-
tion at standard atmospheric conditions is 31 kilovolts.

As “omaity is further reduced, the COV rises steeply because the spacing between
gas melecvcles becomes so large that sithough every electron collision produces
ionization, 1! is hard to achieve enough ionizations to sustain the chain reaction.
Finally, the pressure becomes so low that the average electron travels from one
electrode to the other without colliding with a molecule. This is also the reason
why the minimum COV varies with spacing — as the spacing is increased, the
minimum COV occursg at lower preseures (Reference 5).

Corona, under normal conditious, has no sharply detined starting voltage because
its initiation depends on an external source of ionizotion. There is generally a
iime delay hbetween the application of voltage and corona. This time delay varies
statistically and is a function of the difference between the spplied voltsge and

the "critical voliage.” Ultraviolet and higher -energy radiation reduce the time
delay considerably.

Below the critical voltage, there is a potentiid, Vg, where nulses of corona start
bt are not seli-sustaining, hence are extinguished. The rogion from Vg to the
critical voltage Is called the "Geliger-counter regime' (Reference 6). The fre-
guency of the pulses in this region generally depends on the intensity of the external
wnizing agents present.
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When radioactive Clobalt-60, a gamma emitter, is used as an lonizing material,

it affects corona in three ways: first, it lowers the corona onset voltage slightly;
second, it raises the intensity of the intermittent corona; and third, it may alter
the mechanical and electrical properties of the insulation to make the material
more or less corona resistant. Irradiated polyethylene is an example of a material
which is changed by radiation to be more corona resistant. Its increased corona
resistance after irradiation results from ..a increase in ability to shrink and bond
to itself to form a structure with fewer voids (Reference 7).

The COV of a test specimen as a function of gas density and spacing is shown in
Figure 1. The general shape of this curve, which is defined by Paschen's law and
is referred to as the Paschen law curve, has been known for many years. Paschen
curves have been published for many gases and spacings between bare-metal
electrodes. The COV as a function of gas density and spacing is different for

each gas and gas mixture and is affected by the electrode material and electrede
configuration. The COV is always the same for a given gas and gas density,
regardless of what combination of pressure and temperature produce that density,
for clectrodc spacings between 0.5 and 25 millimeters and temperatures below

500°C.

The COV may be related to temperatare and altitude by using the U.S. Standard
Atmosphere, which gives the air-density factor as a function of altitude. Thus,
for corona test purposes, it is pessible to simulate any altitude and temperature
in a recom-temperature chamber containing gas at an appropriate pressure. How-
evel, this simulated test environment ignores higher-order effects from chemical
and thermal dieleciric deterioration, which would occur at a temperature other
than room temperature. A U.S. Standard-Atmosphere chart is partially repro-
duced in Appendix V (Table V-1 and Reference 8).

The test conditions for simulating a given operating altitude and temperature can
be calculated by using this relationship derived from the ideal gas law:

~ 273 +
Py = P, 273 7t Constant Volume )
where: t, = operating temperature in degrees Celsius

&3
t, = test temperature in degrees Celsius (usually room temperature)

P, = operating pressure ii torr
by o= test -chamber pressure in torr

The COV, as a {unction of gas pressure and temperature, for round nichrome
wires having a fixed spacing is shown in Figure 2. For each constant temperature
curve shown, the COV follows Paschen's law In the low-pressure region, decreas-
ing to & minimum voltage at a predictable pressure, followed by an increase in
COV as the pressure is further reduced. There is some varietion n the minimum
COV at temperatures between 560 Lo 11006°C, but little or no change from 23 to
500°,
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CORONA ONSET VOLTS (rms)

b
I
(R B A ML T T T
600 +—
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FACTORS AFFECTING CORONA

At near-sea-level pressure, the COV between bar electrodes increases as elec-
trode spacing is increased. Between sea-level and near-zero pressures, there

is a pressure at which the COV is at a minimum for any given elecirode spacing.
For each electrode spacing theve is a unique pressure at which minimum COV
occurs (Figure 5). Thus, the minimum COV will occur over a wide range of alti-
tudes in the electric system of an aircraft or space vehicle having m. ny compon-
ents with a variety of spacings between conductors, contacts, and terminations.
At constant temperature and pressure, minimum COV occurs at a point directly
proportional to the electrode spacing.

The volume of gas between a pair of parallel-plate electrodes varies directly with
spacing. Hence, the following relationship can be derived from the gas law for
parallei-plate electrodes at constant temperature:

dy

d, )

Py =11

where: Py = original pressure in torr
Pz = new pressure in torr

d original spacing in centimeters
1 S

dy = new spacing in centimeters

This implies that the pressure at which the COV is a4 minimum for electrodes of
tixed configurstion is a function of electrode spacing. The peak-to-peak 400-

hertz COV for a gap is approximately the d.c. COV. As the frequency is increased,

a2 point will be reached where the positive ions have insufficient time to cross
the gap in a half-cyele, and then COV will tend to increase, In this report, one
test involves X-hand frequennies; all other data is for the frequency range {rom
doe. to 400-hertz, where the COV is not affected by frequency.

At near-sea-level pressures, the COV between bare electrodes is increased as

the etectrode configuration is changed {rom points to planes. However, at alti-
tudes corregponding to the lowest COV, the onset voltage is affected only slightly
by clectrode configuration (Figure 4). A common rule of thumb in making parallel-
plate electrodes is that the ratio of electrode diameter to spacing should he 10:1,

VOLTAGE DISTRIBUTION IN GAS-S0LID DIELECTRICS

Past work has shown that the corona onget voltage in solids is many times higher
than in gases, Algo, it hag beer shown that in solds, as in gases, the start of
cumulative fonization is the beghwing of dielectric breakdown, and solid ingula-
tions generally have much greater diclect vic strength than gascous insulations.
Thus, corena should occur (st in the gas surrounding o homogencous solid
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diglectyic. The coreona cnset voltage in gases can be determined by using vui nh-
ligshed curves icr various gap distances and electrode configurations. The remain-
ing problem is one of establishing how the applied voltuge distributes itseli between
the gas and solid portions of the dielectrie path.

Halleck (Reference 9) has shown that whea a voltage ig applied to two capacitors
in series, the applied voltage, vV, will be divided betwesn the two capacitors by:

VsV Yy H
where: V = voitage across the two capsacitors

Vy = voltage across the golid dielectric capacitor

V, = voltage across the gas dielectric capaciter

i I
N
<
s N
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gas solid

A
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The voltage gradient, E, across each capacitor is then:

Vi

Ey = t )

Vo
E, = t (6)

where: t; = thickness of the solid dielectric
t, = thickness of the gas dielectric
It follows [rom the definition of the diclectric constant, ¢, that
. Ny € < Es €9y N

Substituting into Fquation 1 then gives:

€2
V < Ea{ ty — 4+ {q #
2\ 2 (8}
(e, 1,
V' L E[)g“‘} . “ l (5))
o (1 f,}
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Vo vy {2 1 o)

Let €5, tne dielectrie constant of tho us—-dielectric capacitor, be 1.0 which is
the approximate dielectiric copstani of most gases.

‘Then Vg, the voltage across tho gas napacitor becomes:

v
Vo = =~ 1)
S
x‘,‘_) Ei

Measurements show thai the breakdown voltage in a gas dielectric uniform fizld
is the same as the corona onget voltage, Substituting the corona onset vcltage,

Vogr for A\ then gives limiting voltage oy corona-free operation.
V=V (1 " ) 12)
= .i... e
©8 ty €1

Similarly, an equation can be derived for two solid dielectrics in series with one
air gan:

ty t3
V=V = ] e 3
cs tz €1 63 tl (1 )

'm"l i" 'Wfiz}"' "'ifsi""

ST

e ‘z[ X ,i 4'3
hﬁ i %%,
Vel ey, L

solid gos sol’d

whe re: €q = dielectric constant of the secund solid diewectiric

ta = thickness of the second solia Gclectyie

A vondition sometimes encountered in practice is two gas gaps in series with a

single solid dieleetrie.  The appicable equation ia:
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L 1) 15)
"V = ‘V 4 .-.m 4 :,‘ 5
s Lq El "-4 F,

and in the case wheve the alr-gap thickiecges ure equal:

tg = g
n ti
S 14 i o 2 ’1‘6
VoE Vs it €1 > o

tulelness of second gus gap
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Gas solia gos

The voltage spplied to vwo twylated wires will divide into three componenis: the
voltage anvyoss sach of the iwo wire insulations, and the voltage across the space
between the insulations. Thie voltage distribution is uniike that encountered in
series capagitors where the voltage asross the alr capacitor is proportionsl to

the voitage across the solid-insulation capacitor for all applied voltages., With
parallel wires, the thickness of the insulatic-. ‘= constant around the wire, but

the thicknesg of the gap between wires varies frum a minimum in the space be-
tween the wires to 2 maximem frem the far side of ona conductor to the far side

of the other conductor. This resnlts in a nonlinear electrie field shown in Figure 5.

Thi analysis of the fleld sbout 2 pair of insulated wires can be simplified by as-
suming that tue wires are of infinite length, thus reducing the analysis to a two-
diniensional fleld. Assuming an infinite ground plane hetwesn the two wires does
net altey the fleld bt further siwplifies the analysia. Curvilinear squares cau
then ba caleulated, with two sides of each square vepresenting the electric fleld
aied the other Lwo sides representing eguipvtential Hpes, The fleld lines then map
w emanating normal to the conductor and tevminating normal to the
ntial ground plase. With a two diclsotrie media, the wire Insulation and

. the illowing cormevvaticn-of-energy prine.pele applies everywhere in the

maoeding
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where: E = electric field intensity

g = field direction line

As a result a field line passing from the solid insulation to the gas is discontinuous
at the interface.

In terms of the angles between the directlon lines and the tangent to the boundary
E; € = Ep € (18)

or

D; = Dy 19
where: D = displacement vector
Then

]31 sin o = 1--)2 sin ¢y 20)

or

El € sin o = E, & sin O 1)

The angles are shown in the sketch.
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The continucus components of £ are

E]_ cOSs a‘1 = Ez cus 02

then, by dividing and rearranging:

fan (12

tan 0y €3 @3)

The field lines of a gas-solid insulation system for a pair of clogely spaced wires
are shown in Figure 5. The mathematical equations for these {ield lines are

derived in Appeudix 1I1.
ELECTRODE INSULATION

Corona will cccur adjacent to an electrode in a localized area where the electric
field is the highest. With a gas~solid dieleciric combination, corona will occur
when the dielectric strength of the gas is exceeded, provided the corona cnset
voltage is much greater in the solid than in the gas.

Two precautions must be observed when using gas-solid insulation. First, the
electric field may be highest at the gas-solid interface. Corona may occur here
during momentary overvoltage, resulting in charring of the insulation or carbon
tracking. Sometimes the introduction of solid ingulation having a high dielectric
constant may actually lower the electrode potential at which corona occurs.
Second, in applying insulation to a wire or electrode, it is important that there
be no air spaces between the insulation and the conductors. The reason is that
when materials of different dielectric constant are placed in an electric field the
voltage divides inversely as the dielectric constant; that is, the material with the
higher dielectric constant will have the lower voltage gradient across it. Be-
cause the lowest dielectric-constant material i3 gas, which also has the lowest
dielectric strength, this voltage division becomes undesirable. Thus, a good in-
sulating material should have a low dielectric constant and a high breakdown
strength if it is to be used in places having air pockets or gas layers (Reference 5).

Mercier and Elliott in ""Analysis and Elimination of Corona Effects' (Reference 10)
state: ''Since corona occurs when air is overstressed, it is possible to eliminate
this corona by eliminating the air gap either electrically or mechanically. In
eliminating an air gap electrically, both surfaces bordering the air gap may be
coated with a conducting or metalized paint, or metal foil. The two conducting
surfaces are then tied together electrically to eliminate the voltage acruss the

air gap. The air gap can be elimirated mechanically - -ith a filler, such as trans-
former oil, epoxy casting resin, or petrolatum,"

It is ditficu¥t to eliminate all voids in solid insulation and all air spaces between
an electrode and golid tnsulation. Some voids have been eliminated by using
frradiated polyethylene, which has the ability to shrink and bond to itself to form
& atructure with few volds (Reference 7).

i 4




FREVIOUS PACK WAS BLANK, THERRPORE NOT FIDMED |

. TEST EQUIPMENT AND PROCEDURE

The X-20A corona tests were designed to establish from measurements the COV
of several electric-power-system components in the environments of the space
vehicle. The IEEE Insulation Committee recognized three circuits for detecting
corona; all three circuits were investigated for use in the X~20A program to ob-
tain accurate reproducible results. The three corona-detecting methods are sum-
marized in Table 1, which is reproduced from a paper by T. W. Dakin and J. Lim
of Westinghouse (Reference 11).

X-20A TEST APPROACH

The method adopted for the X~20A program was the one in which the voltage drop
across a resistor in series with the ground lead is measured (Section 2.a(1) of
Table 1). This simple method produced consistent results and was insensitive to
outside interference. The amplifier and oscilloscope provided a sensitivity of 500
microvolts per centimeter, which was adequate for all electrodes tested and all
of the environments.,

The electrodes were energized from either a 15,000-volt (rms), 1.5-kva, 400
hertz single-phase transformer or a 1000/500-volt, 1.0 kva, 400-hertz single-
phase transformer. The transformer was connected to a General Radioc 20-
ampere, 0/130-volt (rms), 400-hertz variac. The variac was supplied by a.
400-heriz, 115,/200-volt, three-phase laboratory power source.

The presence of corona was detected by the voltage drop across a 96-ohm resistor
connected in series with the ground lead to the electrodes. The signal from this
resistor was fed through a high-pass filter to attenuate the 400-hertz sine-wave
eignal, its first five harmonics, and all induced spurious voltage signals having
frequencies less than 2.2 kiloeycles.

This filiered signal was examined for corona voltage with a Tektronix 545A oscil-
loscope, using a type L plug-in preamplifier. The corona detection circuit is
shown in Figure 6.

A three -phase corona-detecting circuit was used to tesi several X-20A components,
This circuit used matched 1000/500-voli, 1.0 kva, 400-hertz transformers and
variacs (Figure 7).

The various electrode configurations and clectric-power -subsystem ¢ taponents
were tested in a chamber evacuated by either a W, M. Welch Duo-Sea: vacuum
pump or a 47 cubic~foot-per-second Kinney Model K8-47 vacuum pump. The pres-
sure inside the vacuum chamber, down to 5 torr, was read from a Wallace and
Tiernan Model FA-173 absolute-pressure gage.  The pressure, when below 5 tory,
was read from a universal vacuum gage manwfactured by Todd Scientific Company.
The vollage across the clectrodes was measured with celibrated—-certified electro-
static voltmeters masufacturered by the Riwson Eleetrical Company.

[y




Table 1. CORONA DETECTION

1. Power-Freguency Bridge Methods -

a. Direct balance of the bridge, wherein the increased tan 6 at higher voit
ages indicates the power loss due to the sum of corona discharges. The
angle {0 is the power {actor angle against the j axis.

b. Observation of the bridge unbalance voliage due to the corona as a Lissajous
figure, where the area of the figure indicates the corona power loss, if
other losses are halanced out.

2. Measurement of the Voltage Produced Across a Resistor by the Corona Dis-
charge. Several modifications have been used:

a. A resistor is connected in series with the ground lead to the test speci-
men. The voltage drop is measured using a

(1) Wide-band amplifier, or
(2) Narrow-band amplifier.

b. A resistor is connected in series with a coupling capacitor connected to
the high-voltage terminal of the test specimen. Again the voltage drop
is measured using a

(1) Wide~-band amplifier, or

(2) Narrow-band amplifier (essen/tially like the NEMA, electromagnetic
interference).

3. Measurement of the Volfage Drop Produced Across an Inductor by the Corona
Discharge i

a. An inductor is connected in series with the ground lead to the test speci-
men. The voltage drop is measured using a

(1) Wide-band amplifier, or
{2) Tuned narrow-bhand amplifier.

b. An inductor is connected in series with a coupling capacitor to the test
specimen. The voltage drop is measured using a

(1) Wide-~band amplifier, or

(2) Tuned narrow-band amplifier,

20
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For testing bare electrodes and X-20A components, three vacuum chambers were
actually used: one for testing 5-centimeter-diameter parallel-plate electrodes,
pointed eiectrodes, and 9.64-centimeter round-rod electrodes; another for testing
high-temperature wires; and the third, for testing X-20A components and wiring.
Dry, filtered gases at 24°C were used for all bare-elecirode tests.

Three of the electrode pairs are shown in Figure 8. The knurled sections of the
electrodes were machined off prior to testing. Figures 9 ard 16 show test setups
having pointed and parallel-plare electrodes in the vacuum chambers,

Equipment used for corona tests in helium -oxygen mixtures included a vacuum
chamber, vacuum pump, helium and oxygen gas supply, corona-detection instru-
ments, and power supply. This equipment is shown in Figure 11. COV was de-
termined by slowly varying the power supply voltage as shown in Figure 12.
Twisted wires and a connector were tested in the T-shaped vacuum chamber

shown in Figure 13.

A shield is placed over the bell jar during test to protect the equipment and operat-
ing personnel in case the bell jar fails. A micrometer on the left end of the hell
jar is used to space the electrodes before and during the testing.

HIGE-TEMPERATURE TESTS

High~temperature corona measurements were obtained in an oven, made of light-
weight firebrick, enclosad in a vacuum chamber. The parallel wires being tested
were centered within a 7. 5-centimewer ~diameter thin-wall stainl~;s-steel tube that
was piaced inside the oven. The stainless-steel tube was grounded at each end to
isolate the test specimens from interference from the high-current low-voltage
direct-current power supply used to energize nichrome heating elerments. The
temperature was measured with an optical pyrometer and with thermocoupies
installed on the stainless-stecl tube.

The test wires were spaced with porcelain insulators — one fixed and the other
spring-loaded to provide wire tension. The insulators were cooled to limit leak-
age current through the insulators. All sharp metal edges were glass-taped to
prevent corona {rom forming in areas not under test. One end of the oven is shown
in Figure 14.

During testing, the oven was held at each test temperature for at least 15 minutes
prior to corona measurements te stabilize the temperature in the stainlegs-steel
tube and the parallel wires. Yven then the wire ends were cooler than the midsec -
tions of the wires, due to radiation and conduction to the cold insulators. There-
fore, the only truly valid readings were those taken at the minimum and above the
minimum pressurcs of the Paschen law curve. Corona onset voltages observed

at pressures lower than the pressure at the Paschen law minimum were ambigous
with respect Lo the density of the gas surrounding the conductor where the corona
ocourred.  The vacuurs chamber for this test was %0 centimeters in diumeter and
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TEST ELECTRODES

Figure 8
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Figure 10:

PARALLEL — PLATE ELECTRODES IN VACUUM CHAMBER
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CORONA TEST SETUP FOR HELIUM-OXYGEN MIXTURES
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WIRE AND CONNECTOR CORGNA TEST

Figure 13
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150 centimeters long (Figure 15). Electrical connections and cooling-water feed-
throughs are shown in Figure 16. The vacuum-chamber high-voltage feedthrough
was made of teflon and spaced at least 10 centimeters from the grounded tank.,
The corona onset voltage, as a function of pressure, for the vacuum-chamber feed-
through is shown in Figure 17. The feed-through corona onset voltage represents
an upper limit for valid corona-voltage readings.

CONTAMINATION TESTS

The equipment used for the high-temperature wire tests was also used in meas-
uring the corona onset voltage between high-temperature bare wires in molybdenum -
trioxide vapor. Contamination was obtained by either heating moiybdenum decals

or molybdenum wires. The vacuum chamber was thoroughly cleaned and the oven
replaced after each run. Moiybdenum-trioxide crystal growth is shown in Fig-

ure 18,

COMPONENT TESTS

Electric components were bolted to a stainless-steel baseplate containing feed-
throughs for instrumentation of pressure, temperature, and voltage. Feed-
throughs for power were available for those components requiring activation during
test. A glass bell jar, 3V centimet: rs in diameter and 45 centimeters high, formed
the vacuum enclosure.

TEST PROCEDURE

The equipment was assembled as shown schematically ir Figure 6. The electrodes
were checked for scars, etching, burning, corrosion, cleanliness, spacing, and
alignment prior to installation in the test chamber. When a gas other than air was
used, the chamber was purged three times hy exhausting to less than €. 05 torr and
refilliag to 700 torr with the test gas. The chamber was externally heated during
the first purge to evaporate finger prints and/or oxides that collected on the elec~
trodes, endbells, and glassware.

When changing from atmospheric air to the test gas, the chamber was purged three
or more times by evacuating to 0.02 torr and then repressurizing to 700 torr with
the test gas. The pressure was then decreased to a standard gas jressure where
the COV was checked at a known densily-spacing-COV value. If the test point was
correct, the system was pressurized wil the correct amount of gas for subsequent
tests. The same procedure was followed for pure gases and gas mixtures.

Chamber pressure was held constant for at least 3 minutes prior to any measure-
ment of corona onset voltage. Then a 400-Hz a.c. voltage was applied between
the test electrodes and increased from zero to just below the expected onset volt -
age. From thia point the voltage was Increased manually at 2 rate of 20 volts per
minute until sustained corona discharges appuired. The voltage was then reduced
helow the thresholu of corona onset and the process vepeated. Temperature was

3i
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MOLYBDENUN. TRIOXIDE CRYSTAL ON A CABLE

Figure {8
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recorded and adjusted every 15 minutes throughout the fest. The chamber was
purged several times during each test to eliminate the effect of czone and other
test-generxr ted impurities.

Several points were taken at the minimum of the Paschen law curve for each pres-
sure, spacing, electrode configuration, and gas. The COV curve for each fest in-
cluded the lowest voltage points at each pressure. Data obtained at Boeing with
standard configurations and test conditinns agreed with published data within t
percent,

VERIFICATION OF TEST APPARATUS

The vacuum chamber was first checked for leaks and stability of electrode spacing.
The leakage rate was found to be less than 0.1 torr in 24 hours. The electrode-
spacing change was less than 0.0025 cm between atmospheric pressure and 6. 02
torr.

The objective of the tests was to detect the presence of either corona or voltage
breakdown, rather than the magnitude of the corcna. The minimum detectable
corona display on the oscilloscope was evaluated by measuring the electromagnetic
interference (EMI) transraitted from one insulated wire te another. It was found
that a 1-millimeter defli ction of the oscilloscope beam represented corona that
produced an interference level well below the allowed EMI limit for the X-20A
electricsl subsystem. A 5~ to 50-millimeter indication on the oscilloscope indi-
cated interference that exceeded the EMI requirement by one or more magnitudes.

An IEEE subcommittee on gaseous insulation has developed a portab!: test cell for
screening gaseous dielectrics (Reference 12). The cell accommodates square rods,
plates, round reds, and other electrode configurations. The test circuit and vacu-
um chamber used at Boeing deviated from the IEEE standard test cell, but the elec-
I w8 were as specified. For example, the 400-Hz voltage breakdown and corona
between 6. 4-millimeter round-steel rods at fixed spacings of 0.5 to 5, 10, and 20
millimeters were measured at room :mperature in air and various pressures.

The results of this test are shown in Figure 19. The voltage breakdown bstween
b-centimeter-diameter purallel-plate clectrodes was measured at room tempera -
ture (24°C) in air at various pressures. Air was filtered and dried to a dewpoing

of lower than ~100°C. The knurled section of each test electrode {Figure 8, Set 2)
was machined off prior to use. Da . taken with these 5-centimeter electrodes
compares well with the data of References 3, 13, 14, 15, 16, and 17, as shown

in Table 2.
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Table 2,

P assure

Lrem Hg)
0.6
1.0
2.0

5.0

100.0

200.0

744.0

VOLTAGE BREAXDOWN BETWREEN PARALLEL PLANES

IN AIR AT 23°C —SPACED ONE CENTIMETER

Meuwsured

Adeen)
323
362
470
740
1,080
1,760
3,300
5,600
10,000
23,000
30,400

Brea cown Voltage

Calculated

_fa.c.)

238
256

1,242
2,339
3,960
7,070
16,200
21,400

Measured

N CRLP
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Iv. TEST DATA

The test datw presented in this report are normalized with respect to pressure and
smreing by using pressure times spacing (torr-cm) as the independent variable.
to find the minimum COV for a given electrode configuration it is only

Theretons,
> multiply the gas pressure by the electrode spacing and read the mini-

neeaw s Lo
mua OV iTem the curve. The spacing or pressure limitations at a given voltage
can be determined by reversing the procedure,

Gases most comm only investigated by others have baen argon, carbon dioxide,
helium, hydrogen, neon, aitrogen, and oxygen. Some of the corona-onse!-
voltage curves in air, carbon dioxide, helinm, nitrogen, and sulphur hexafluoride
are spown in Figure 20, and the minimums are summarized in Table 3. The
curves show that the COV, as a function of pressure and spacing, is unique for
each gas or gaseous mixture.

There were four areas in the X-20A vehicle where corona could have been a prob-
lem: the electronics compartment, pressurized with nitrogen; the crew compart-
ment, pressurized with 60-percent nitrogen and 40-percent oxygen (by volume);

the unpressurized air-filled wiring ducts between compartments; ~zd the generator
compartment, pressurized with a gas specified by the vendor. Normally the pres-
surized compartments do not Lave corona problems; however, a valve malfunciion,
broken gas line, a break in the compartment, or a malfunction in the pressurization
subsystem could depressurize such compartments when the vehicle is at high alti-
tudes. Thus a variety of gases and gas mixtures were used in corona testing.

Manned space vehicle atmospheres must be compatible with the physioclogical re-
quirements of the crew.  Environments considered for crew compartments includo
pure oxygen for the Mercury, Gemini, and Apollo; nitrogen-oxygen mixtures for

the X-20A; and helium-oxygen, neon-oxygen, and niirogen-oxygen mixtures for
future vehicles. In the two-gas atmospheres considered, oxygen partial pressure,
PQgy, 15 usually held at 186 terr (3.5 psia). This is physiologically nearly optimum,
and allows crew transition from a two-gas atmosphere to an emergency nure-oxygen
wtmosphere without chonge in POg. Diluent partial pressures of helium, neon, or
nitrogen are fhen established to provide the reguired total eabin pressure.  Pro-
posed diluent partial pressares rangs from 15¢ to 580 torr (References 18, I, 20,

21, and 22).

Needte-point and parallel-plate electrodes provide two extremes in clectrie ~fiekd
mtensity. Paradlel plates have well-defined uniform fields, whereas reodle points
have extreme nonuniforin {ields.  The corenn characteristics of electrieal com -
ponents vary between these extremes. Serew theeads, nat tips, vercy thin wires,
and poor seider joints are exaomplos of points.  Re bay eontacts, large paraliel bars,
anst variable scapucitor plates gre exampies of paridle! plates. Thervefore, both

aesdle dnd paradlel plde electrodes wore used in the eog o tesia
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Table 3: BREAXDOWN VOLTAGE BETWEEN BARE ELECTRODES
SFACED ONE CENTIMETER

Minimum at Critical Breakdown Voltage
Pressure Spacing at 1 Atmosphere
Volts Volts Kilovolts Kilovolis
Gas a.c.) (d.c.) _(a.e.) _(d.e.)

Air 223 315 23 33

Armonia —— ——- 18.5 26

Argon 196 280 3.4 4.8
Carbon Dicxide 365 430 24 28

Frecn 14 340 480 22.8 32

Freon 114 295 L. 64 20

Freon 115 305 430 64 90

Freon 116 355 500 - --

Freon C 138 320 450 - -
Helium 132 189 1.3 1.63
Hydrogen 290 ——— 12 17
Nitrogen 187 265 2208 32
Oxygen J1¢ 440 - -

Sulfur Hexafluoride 365 520 67 95

1t is anticipated that space vehicles, as in the X-20A, will require electric-power
quality as gpecified in MIL-STD-704, This specification allows excursions up to

18074130 volte {rm) {rom the 115/20C-volt, 106-Hz power supply; Jicrefore, most
ol the corvona testing was done with 400-He a.¢. in this voltage range.

Az shown L oor, the winimum COV in nitrogen is 190 volts (ras) between bare
elecirodes, oreating a defindte possibility of corona between lines and ground if
Hled compariment is depressurized.  Continuous corona could exist in
three-phase civeuits where conductors are spaced bhatween 001 and 5 centimelers

FEEELHITS
amd wherve be mtrogen prevoure is betweon 0, 1 and 7.0 torr.,

sremionts were made with A0¢-herts aLo.
BV eloctrio powar systens, ruath oo than

alost of tho corona onset vollage meds

the wormal power freguency (or the X

divect currend. A penertieod forvuia for comparing divect-carrent covong dol

wilth the allernetngcarrent daba s
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This formula can be used only when the electric field is uniform. Data have been
published on the direct-current brezkdown voltage of pointed electrodes and for
wires surrounded by coaxial cylinders in several gases and different pressures.
In some gases, the curves at the minimum voltage or critical pressure for point-
to-plane and for wire-to-~coaxial cylinder configurations show lower breakdown
veltages when the wire or point is negative to the other electrode. The direct-
current COV for a wire-to-coaxial cylinder, taken from Reference 3, is shown

in Figure 21. Thus, the above equation cannot be used for converting a.c. COV
to d.c. COV in point-to-plane and wire-to-coaxial shield configurations.

Most of the Boeing data were taken with alternating current; hence, the corona
onset voltage always corresponds to the d.c. polarity that has the lower COV.

CORONA ONSET VOLTAGE IN GASES BETWEEN BARE ELECTRODES

The direct-curren. corona onset voltage and breakdown voltage between electrodes
of many configurations in air, helium, aitrogen, oxygen, and other gases are known
at room temperature (Figure 20j. A literature survey failed to produce adequate
information on the COV and breakdown voltage in ammonia, carbon dioxide, oxygen,
and nitrogen-oxygen mixtures; consequently, these data were obtained by Boeing

in the laboratory.

Ammonia, carbon dioxide, helium, and nitrogen were investigated from the stand-
points of dielectric constant, dielectric strength, and compatibility with other
materials. Tt was found that these gases have a dielectric constant hetween 1.000
and 1.008 at room temperature and pressure (20°C and 760 torr). The dielectric
strengths of the gases at normal temperature and pressure ave shown in Table 4.

Table 4: DIELECTRIC STRENGTH OF GASES AT
ROOM TEMPERATURE AND PRESSURE

Relative Dielectric Btrength
{(Referenced to Dry Air)
a.¢. {legs than 10, 000

Gas d.c, _mepacycles)
Alr, dry 10 LY
Ammonia, commercially dry G, o4 L.oag
Ammonia over Nify GH 0. 55
Carbon Dioxide .ol 110
He b 0. 13 g4 3*
Nitrogen J IR 1.0

Mixtuic o Nitrogen, THE

Ammond, commerelatly dry. 259 0, 83~

oV ron, experimental date using pooentled plates,

T n e s, ot



CORONA ONSET VOLTS

1100

1000

700

30U

Flaure

Wire Negativa Wire Positive

Y 0.158 ¢m Dic Wire

-1 2.3 cm Dia Cylinder

Temperature 20°C

£) 2 4 b 8 IR
FRESSURE (torr)
21 DIRECT CURRENY BREAKDOWN VOLTAGE OrF AIR BETWEEN
AWIRE ARD A COAXTAL CYLINDIR
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AMMONIA

Air, cooled by ammonia, is presently used as an electronic atmosphere in the
IM-99 missile. However, ammonia is one of the few gases that can be used as
both an evaporating coolant and as a pressurizing gas for sowme electrical subsys-
tems u«nd comprments; therefore, it was investigated. Ammonia is generally con-
sidered corrosive. However. the corrosion rate of pure ammeonia gas at 25°C is
less than ¢.020-inch per year on materials that it «itacks quite readily, such as
copper, aluminum alloys, zinc, and galvanized surfaces (Referencz 23). This is
a low corrosion rate for seme uses, but is high when compared to corrosion in
inert gases. Excellent resistance to ammonia is offcred by Kel-F, Xoroseal,
natural rubber, polyethylene, silicone rubber, Teflon, Tygon, and white asbestos.
Corrosion rates in ammonia at room iemperature and pressure are shown in
Table 5.

A curve of d.c. breakdown veltage in ammonia between 2. 5-centimeter-diameter
parallel electrod:s spaced (.25 centimeter apart is shown in Figure 22. Since
these plates are cios:ly spaced (C. 1 spacing-to-diameter ratio), the breakdown
voltage is essentially the same as for parallel plates. Other ammonia data at
9600 megacycles appears in Appendix I.

CARBON DIOXIDE

Carbon dioxide (CO2) is a useful pressurizing gas because it can be stored as a
high-density comparatively low-pressure gas, solid, or liquid. Furthermore at
& given pressure it is a better heai-transfer agent than air. This makes it possi-
ble to transfer a given amount of heat with less blower power and lower compart-
ment pressure, thus reducing gas loss from leaks.

The electrici] properties of COy are comparable to those of air. The dielectric
constant of COy at 1 atmosphere and 23°C is aboul that of air. The dielectric
strength of COg at l-atmosphere pressure, for alternating voltages up to 106, 900
megacyceles, is less than the strength of air — 0.91 for CO, versus 1.0 for air.
However, at eritical pressures, the COV is preater for €Oz — 230 volts (rms)
tor air, 310 volls (rms) for COy.

Although an inexpensive pgas, carboen dioxide has drawbacks.  For example, COo,
tike ammenia, absorhs infrared energy. Below 10,000 megacyeles per second,
COu sllenuates signalds slightly more than aiv. Brush-type direct-cureent motors
y in a COu atmosphere; even with high-altitude brushes
the mootor will operate sadstoctor.ly for only o short tine,

ny not operiate proper!

The corena cnset voltage as o fonction of 00 pressare and clectrade spacing,
for phides, points, i 1 rod clectrode condigurations is shown in Fhare 23, The
COV between parallel plates: tor carbon dioside and Wre is comparad in Figuroe 20,

Yy

oobinee vostivg booresls o aocombanaties of Ol and waler s loss corrosive than

Ao r_\.:x\'.&ﬁris- Hhtooweate i Conbinid i




Table 2+ CORROSION RATES FOR AMMONIA AND AMMONIA -WATER
SOLUTIONS (REFERENCE 19)

Ammonia Temp. Coryrosion Raie
. Material /) N (CFy (in. per yr)
Steel, Cast lvon, Ni Resist; 12 Cr
. Steel; 17 Cr Steel; Worthite; Durimet 100 75 0.002
20: 18-8 Stainless Steel 16-30 212 0.020
Copper, Tin, Bronze, Al Bronze, 10-40 5 0.050
Red Brass, Silicon Bronze 100 5 0,002
Yellow Brass 10-40, 90 75 0.050 stress c¢cracks
100 75 6.002
316 Stainless 10-30 175 0.020
100 75 0. 002
Monel 10-30 75 0.050
100 700 0. 050
100 500 0.020
100 75 ¢.002
Nickel 16-30 75 0.050
106¢ 700 0. 050
100 500 0.020
Inconel 16-30 75 0.002
100 700 C.020
Hastellcv (A, B, C, D) 10-40 75 0.002
10-100 212 0.020
100 600 0.020
Aluminum 10-30, 100 5 G.002
16-30, 100 125 0.020
100 212 0. 020
h Lead 10-306, 100 75 0.020
§ 160 212 0. 020
sold, Platinum, Tantalum 10-30, 100 212 G.002
1 Silver 10-30 75 0. 050
100 5 8. 020
Silicon [rons 10-30 75 0. 020
100 212 0. 020
Glass and Stoneware 10-30, 254 212 0,002
Rubt:er 10-30, 100 75 0. 002
Asbestos 10, 2¢ 15 0, 002
Plastic iHavey) 10, 44 212 0,002
Karbatse 1G-30, 100 212 0. 002
Coneiretle 100 Th 0. 002
Wioxnl Lo TH hetweer 0. 526 -
0,050
Titaniurm |, Zirconiam 3 Io o902

y
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HELIUM

Helium is the lightest inert gas used for pressurization and environmental cooling.
It has good electrical properties when pressurized and is irert with respect to
combustion and corrosion. Howe or, practical helium storage requires high-
pressure leak-free vessels. The minimum corona onset voltage in helium is much
lower (about 132 volts rms) tha. in other pases at the critical pressure-spacing
dimension,

More duta is available on helium than on most other pure gases (References 3, 4,
13, 14, 15, 17, and 24). Corona onset voltage as a function of pressure and spac-
ing between parallel plates, rods, and pointed electrodes is shown in Figure 24.
Helium was not considered seriously as a pressurizing and cooling gas for X~20A
beeause of ite rontuinment grobicin and low corona-onset-voitage characteristics.
Mixtures of helium and oxygen are being considered for future space vehicles,
Corona characteristics of some of these mixtures are shown in Figuve 25.

NITROGEN

Nitrogen was the pressurization gas selected for the X-20A electronic compart-
ment, and a nitrogen-oxygen mixture was selected for the pilot's compartment.
Extensive COV tesis were conducted in pure nitrogen and mxtures of nitrogen

and oxygen. Figure 20 shows that pure nitrogen has 4 lower minimum breakdown
voltage than air; therefore, those compartinents using nitrogen or aitrogen-oxygen
were especially susceptible to corona.

The gas pressure that must be maintained within a nitrogen-filled compartment
will depend upon the voltuge, electrode material and configurations, and the spac-
ing between electrodes. There will be no breakdown, regardless of pressuve, if
all voltages an mitrogen are bhelow 180 volts {(rms) a.¢. or 250 volts d.c.

MANNED SPACKURAFT ATMOSPHERE

Atmospheres composed of oxycen and various inert gas dituents have been investi-
pated for manned space eraft.  The petter diluents appear to be helium, neon, and
nitrogen.  Nitrogen was chosen for the X-20A, and heliom and nitrogen are heing
conslered for the Manned Orbiting Laboratory (MO, Neon as a diluent has been
used successtully in diving work by the Roval Navy and in experimental space
chamboers Reforeace 28). Neon has not yol been used in spoeceeraft, The Mercury,
Gomind, X-15, amd Apollo vehioles wdl use low ) esseo axnygen without dileents

forv the breathing atmospherce.

>

When prire oxvegen 10 usod for broaahi g, the cabin is usually pressurized to 260

B0 psiar. The Farth ™ simospheso, conbiining 21 percent oxygen, provides

Sl L psta) partia pressure of exygen,  Most spacecoradt using diiated oxy

b on Do pore 800 pei) pariiad oxyeen prossare, with appeoxdmatety
VL0 palad tolad cnbin pressure, Atmosphere seloction tor sanned spreees

HSSHUSS S
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@ Phe ook vate, and tanle and steectyrad sveiohd yoguieed Ge cordain the pavas
for replenichment;

® The clectrie power cequired to coroulade ) deeonuaminade, und myonitoy the

almo=pbere;

A Flammnability of malerials in the gascaets mistare:
& Phe physiological and pathological etects on the astronant

e Spacccrdl pas requirements, other thas Tfe snppori,

Cas eoncipos from the spaceeraft through smadl capiliary vpe ho

Wi

Yo, less than 10
icrons in dinmeter, and eough lavger holes caused by meteorite penovrations.
The helium flow through @ capillary-type hole bess than 0.1 micron is aboat 7.5

times greater than for air at normal spaceeralt prossures. However, this highey
flow vite would require Less helium than aie or nitrogen by welpht,

A typical spacectaft 3 meters in diamcter and § meters long pressurized (o 360
tort would have a jotul leakage of about 0.5 kilogram of helivm-oxygen quassphere
per day through capillary holes. This leakage is insignificant compared to leakage
through larger holes where the flow rate is approximately the same for all gases.
As a result, the weight of 4 spacecrafl pressurized with belinm-oxygen is less

than if either a nitrogen-oxyvgen or a neon-oxygen mixiure were used (Reference 21).

The flammability in two-gas atmospheres is greatly reduced if oxygen is diluted
with at least an equal volume of inert gas.

The electric power required for atmosphere circuloation depends on temperature,
pressure, and compartment configuration. Less power is used it the diluents are
hielinum or neon rather than nitrogen, primarily because of differences in thermal
conductivity. Power for decontamination ar ! moniforing of gas supplies is not
affected by the diluent scelection.

The important advantage of nelium and neon diluents is that theiv use minimizes
the possibility of nitrogen narcosis, and reduces other pbysiological difficnlics
(References 19 and 22) and overail weight.

HELITM-OXY(OUN MIXTURE

A gaseous mixture of helivm und oxyegen has bheen sugpested for the MOL erew
comprriment.  During Hight, cabin depressurization or equdoment maliunctions
cun couse prossures Lo viny from nominid cabin pressare Lo the vacaum of s,
Faifure in pipang, control valdves, or pressure vessels conbid chanpe the cabin
atmasphore mixture to cither nearly pure helium or oxygern,

Corerna an religm and oxyeen mixtares wias expiored by ncasuring the corong on-
set voltinge betwaen aopair of o 0-centimeter paratict-pinte olectyodes spaeed 1.0
centimeter apart, Hpacings of 2.0 and 9.2 contunetors were aloo tested v pare

gasen s ne noticoabie change o tne Poaschoncdose vollnere prosagee cing yelation

shirpy iy o !

i s




Curves developed o the test datn obtained with pasatteb-plate oicctirodes ae

shown in Fisore 20,0 dn these cvrves the U0V s plotied as a fungetion of pressyyve

fhnes spacing fov pure belium, pure osypen wnd gas mixtvoes, The curves an
Pipure 20 show the covong onsct vaitnge foe paratie! plates, cound rody and
pointy spaced one-coentiineter apart,

the proncriion of beliunn in oxygen appene o Appendis L The percentage holiom

Cuvves showing the COV as o function of
(by vonome) in oxypon was weasured at constunt lemperature,

These vata show, Jor cxample, that corong car sppea: onthe bave clectrudes of
@ 200-vait {rnrsd Hne-te -iine puwer subsystem i the surrceunding gas contanes
nwee than 8G-pereent helivm by volunie,  Such o subsystesn wodld reguive corona
protection in the Tort of special ground plances and/or iasulation,

NITROGEN-OXYCOEN MINTURES

The cow'pment in the crew compartment of the X-20A had to operate successiully
in all aitrogen-oxygen mixteres and in all pressures ranging Lrom sea=-level atimog-
phere to the vacuum of space., Before cach flight, the erew compartment was

fitied with air at | atmesphere, During llight, air {eaking out was to be replaced
with a mixture of dry, filtered nitrogen and oxygen., IFailures in the pressure
walls or control valves would result in slow or rapid depressurization. Malfunc~
tions in pas supply apparatus could vary the mixture to either pure nitrog n or

pure oxygen,

The nitrogen and caygen mixtures were explored by measuring the corona onset
veltage between a pair of 6. 4-milimeter-diameter vods, Tarallel-plate electrodes
were tried, but lacrge random errors occurred when the paraliel plates were
closely spaced, Larger spacings were attempted, but with them CQV occurred

at gas pressure helow 1 tore, where the gas pressure could not be held within an

acceptable tolerance,

Twoe sets of curves were developed from the test data.  One set shows the COV

as a lunction of the proportion of nitrogen and oxygen, In these tests, tho elec—
trode spacing and total neoogare were held (6 owithin 10 percont of the values
shown on the surves,  Ia the second set of curves Figure 26, COV versus pressure
tmes spacing are ploited for three gas mixtures and for the pure gases, These
data show that the COV cannot be defermined for a gas mixture by lincar extra-
polation or interpolation from known mixtures, They also show that there are
pressures and spacings wheve the COV of some mixtures is less than that of

cither conponent pgas,

Theseddata show that corona will appear on the bare electrodes of a 200-volt {rms)
Hne-to-line power sehsyvstem i g gaseous maxture having more than 95-percent
nitrogen is critical, If a subsystem miust operate in such an envirouwment, then
corona protecton must he desipned into its components,
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G TEMPLERATT U
The X200 was desionod with some clecteie conduciu s located outside of environ-
menuily controtbsd comparitents, These condectors were ¢onosed to lempera-
tures over 1600 0 eadiadion {iclds, and peessires approaching € torr, Howas
necessary o costre that cocen and insulation fosses in these conductors would
Lo within 2ocepiable Hhmits, Theretore, the electrieal oheacteristics of both

bare and insulated parallel-wire cicenits woere mcasured in these extreme on-

viponmonts,

Powey wires in acrodpace vehieles arve usuaily twisted or cabled,  However, iix
very low resistance of avaifable insalating materiags at 10007 C made # necessary

to consider, for the X200 wires held in nlace by either coramis spacers or
¥ ¥ x . A

selid sheathed and swared ecrande insulation. To determine the effectiveness
af s approach, two sprced Noo 14 AWG nichrome-V wives were tested for COV
in the vacunm oven previvusly deseribed, The wires were heated before testing

to factiitate stralghtening the wires by apoliied tension and to form an oxide coating
on the conuuctors so all tests would boe with conducrors having the same physical
groperties, The wives were checked for spacing, tension, and wniformity after

cach heating cvele,

The 480-hertz corena-onsot voltage in aiv, between wires st fixed spacings of
8.2, O.4, and 25 mujiimeters, was mensured in the heated altitude chamber at
pressures from soa level to 0.2 torr, and at oven temperatures of 23, 250, 500,

\
700, G54, and 11007 C,  Data wece recorded for both decreasing and increasing
pressures,  The prossure was held constant before any corona reading was taken,

Figmre 27 shows the test regsuits plotted with COV as a yunction of pressure and
temgreratuee tor cach spacing, I will be noted that the minimum breakdown volt-
2 g Yower at the higher temperatures for cach spacing tested,  The temperature
variesi ainng the length of the tested wire.  For example, when the central portion
of & wice was at 50L°C, 1he end of the wire connected to the fixture outside the
overwas ar 1007 0 Thevefore, there fs an ambigmty in the experimuental results
with renpect wo the COV at kigh temperatures, At pressures below 1 atmosphere,
the towest COV corvesponds so the spacing and its related pressure and temper-

i

ature in the conteral or hotieot portion of the wire,

A secona inftuenc e was also observed: that of high-tewperature electron mobility.

Py
M 5

clieet caiias the COV to he Tower than expected for a given temperature,

The fnnceien coronm onbet voltape vasicd from 265 volts {(rmsy a, ¢, at room

fernporature dowa o D30 velte drims) s o 3 1TI00° 0, Sueh corong onget voltapes
« : 588

are pratably too fow fov veliahie aperation of 9 13157208-volt three-phase power

it Hnee wider spieis vcomducturs will not reduee carona and glow

voway Ly eliminate them i5 o use high-tem-
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Seests indiieoted that metad-shemdhed, solidecermic-iasulated wire was

o instrumentation mxd power wirve operating in temperalires above

Cestaoad Bocing (Heterenee 20) inadieated il

BN DB Y

iy e pante anstlation baw Hivited Hie in femperatioges over S500°C;

vonaie dnsulntors, other than covngeic, bepin to condduct at high tewperatures;

Ty jroot

oo o spaecd-beaded ingsulation within a soiid or braided sheath became
! ,

cloiowithoanides of the sheath and/or conductor ot bigh temperiatures, result-
i o short eireuils:
o sobid metad sheaths pretected the wire Trom ionived gases and foreign materials

and stectaeally eontaimed the ceramic faouladion.

CORONA MEASUREMENTS BETWELN MOLYBDRDENUM WIRES
whon subjected to high temperature, molybdenum and tungsten sensors, wiriag,
o other parts must be preotected from oxidation by either an inert atmosphere orp
cyitetaiaan {9 fess fnen 0,031 forr. Likewise, nonoxidizing conductors should not
s tocuted in the vieinity of unprotected molybdenum in a high-tetaperature atmos-
sho e containing oxygen because the molybdenum will oxidize, releasing molyhdenuin
cricille NI00ng by oVapdldtion.  This ualde may penetrate the wire sheathiyg ano
contiuinate the interelectroda spaces in the wires, thus inducing cerena and creat-

Ly radio noise.

B, Leon established that time, temperature, and oxygen pressure determine the
catint ity o molvbdenu trioxide formed (Reference 26). Below 500°C, a parabolic
onddation Tew is lollowved; Little ov no irioxide forms. Above 506°C, the MoQg Legins
o oviiporate: at 600°C, evaporation rate of MoO4 becomes significant. At 770°C,
fieorate of evaporation of MoOg equals the rate of formation, and evaporation hecomes

Paog
Pt

copidoci the temperature is increased.
phe din-heriz corona vaset voltage was measured between molybdenum-titanium
crpee, spaeed 6od-millimeters apart, at atmospheric pressure and at temperatures
cxevesding H00°C in air, The wires did not corrode at temperatures below H00°C,
it He o wives showed appreciable corrosion when heated above 500°C. AL 1100°C,
fesensresion fayer beeame thick and MoOy erystals forwed on the wires. The
roomerones MoOg molecules in the air between the wires carried conduction current
crens e voliape exceeding the corona onset voltage was applicd to the wires. Curves
cnceviae the corona oasel voltage at several temperatures between parallel wires
pade o molvbdenn wlloy fcontaining 0. G-percend titaniungy, as i function of
pacoamte, appesr in Figuree Is, Bxperimenis were alsoe conducted using No. 1¥
el hel chind copper wives and No. 14 AWG nichrome wvires in an oven con-
sooiate Duith wnolybdenum, Results of these expeviments are shown in Appendix

i
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Crystols of Moty Jormed at atmospherie pressure are yellowiste and appear an the
surinces of the wires, Crystals focmed atl low pressures arve fongs, flat, and elene,
These erystals nre feund on ol surlaees i the surrounding aren. Very fow ¢rys-
taly appeared on the parailel wires at Tow pressares, but the oven had erystals on
all surtaces of the hrickwork.  Formation of M'n().; erystals ot the end of an oven

is shown in Figure 18,

Honolvbdonum wiving must be used, i should be protected by keeping it al less
than S00°C o in o hayd vacoum (1677 forr or tess). Conductors should not be
placed in the viginity of unprotected molybdenum because the O will contam-

inate the area,

Molybdenum ean be cheomium plated to prevent oxidation, However, if the molybde-
nun memizer is stressed, the chromivm may crack and the moiybdenum will oxidize
reloosing hog by Bhodium and platinum can also be used as coatings {o prevent the
oxidization,

Tungsten, dike nolybdenum, oxidizes, and the resulting oxidg evaporates at temp-
cratures above 400°C,  Congeguently, tungsten should be treateo with the same

precaution as molybdenun,
INSULATED WIRES

The winimum COV of a wire sample is shown in Figure 29, Two facters are signi-
ficant. Tirst, ihe insulation around the wire has increased the corona onset voltage
above that for kare wires spaced 6.4 millimeters apart — {rom 265 to 320 volts
{rms) a.c.. This 320 volts (rins) is above the operating voltage of o 115/200-volt
electrie -power subsysteir, but slightly below the maximum ceiling veliage allowed
during transients. Second, twisting or clogely spacing the wires further increased
the minimum corona onset voltage by another 50 to 376 voli= (rms). The higher
COV of the twisted wire comes from the lifference in the length of air path between
the insulations.,

All tests have indicated that the minimum corona onset voitage of a twisted puir is
always greater than that of a spaced pair, and that the difference in minimum 20V
between a twisiad pair and a spaced pair depends on the dieleetric constant of the
insulation, thickness of insulation, wire size, and voltage stress,

Tihe wires desceribed in Table 6 were tested for corona onset voltage., The COV at
the minimum of the Paschen law curve tor theso wires is shown in Figure 30, In
eleetric-subsystem design it is important that the minimun COV of the wire be
greater than the maximum voltage allowed on the subsystem,

COMPONENTS

fn measuring the corona onset voltage of ¢iectric components, it is gaportant that
the minimum COV ol the connectling wire is equal 1o or groater than that of the

component being tosted,
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Temperature  23°C
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Figure 30: MINIMUM CORONA ONSFET VOLTAGE OF SEVERAL WIRE
TYPES AND SIZES




DESCRIPTION OF WIRE THST SAMPLES

o2
.

Takle 6:

SAMPLE WIRE
NUMBER GAGE

Outer Thicimess

Primary Barrier Jacket _{in.y
1 16 PVC Glass Nylon 0,025
10 Braid 0,026
2 20 Asbestos Glass Tes'on 0. 042
16 Breid and 0.045
12 ¥iherglass 0,052
3 22 Teflon 0, 022
20 (TFE) 0,025
16 0,035
4 20 Teflon Teflon Teflon 0, 030
(TFE) and (TFE) 0. 032
8 Fiberglass 0.040

Four corona onset voltage tests were made on a 55~pin mated connec’ r. 'The
connector shell was grounded and the connecting wires and unwired p us were
encapsulated with 13 millimeters or more of silicone rubber.

In the first test, & pair of No. 22 AWG teflon-insulated wires, spaced 6.4 milli-
meters apart, were connected to adjacent connectoyr ping and then fed th vough the
chamber wall to the voltage sourge. The second test was the same as the first
excem that the connecting wires were twisted., In the third test, one wire was
disconneeted {vom ils pin and then reconnected to the same pin circuil on the
mating half of the connector. The fourth test was made with the wires in the same
rhysical pesition, but the connector was removed and its space was filled with sili-
cone rubber. This was to demonstrate thai the connector, rather than the wires,
was responsible for the observed minimum COV.

The test results (Figure 31) show that the trae COV of the connector was obtained
in the third test, The curves feeom the lirst and second tests correspond to spaced
and twisted wires as shown in Figure 29, Results of the fourth test were the same
as for conductors spaced b centimeters apart —- the minimum gpacing measured
bopween conduciors inside the altitude chamber. If insulation voids had existed
bhetween adjacent connector ping, the COV would have been winit of bare pins in the
encapsulated pas.
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V. RECOMMENDED FUTURE RESFARCH

The contract regquires that the final report include recommended aveas of investi-
gation necessary to increase the minimuin corona onsel voltage., It is reccin-
mended that further investigation be conducted on ground plancs, hermetic sealing,
and foam and selid insulation.

Two other recommended studies, which are not directly associated with increas-
ing the corona onsef voitage, are corona onset in neon-oxygen mixtures, and
high-temperature corona.

GROUND PILANES

Tests conducted during X~20A development show that twisted wires have a higher
corona onset voltage than spaced wires.

The clectrostatic field between a single wire and a ground plane is the same ag
that beiween one wire of a twisted pair and the half-plane of the iwisted wires.
The only difference is that the twisted wires are about as close to each other as
possiblie. In general, placing insulated electric wire or electrical components
close to the ground plare will increase the corona onset voltage.

The closeness of ground planes and the resulting corona onset voltage can be
improved by wrapping the electric components or cabling with conducting shields
and using conducting fillers such as carbon-black impregnated plastics to fill voids
between insulated wires and groi nd planes.

It is predicted that with the installation of the ground planes and the encapsulation
of wiriny with conducting fillers the critical corona onset voltage of twisted wires
in air can tve raised from 340 volts rms {o about 500 volts rms.

The required research involves investigations into how much conductivity is
required in shields and conducting fillers determining how shields and conducting
fillers can be prepared and applied in practice, and testing wire, shields, and
conducting fillers to verify improvement in covona onset voltage.

HERMETICALLY SEALED COMPONENTS

space flight experience has demonstrated thul he ymetic seals tend o leak. #ven
if no cracks or flawe develop during assembly, test, and boost, the leakage will
oceur, although it may take several months before it is significant. As the gas
ed compariment leaks out, tho pressure deolines, ulti-

-
LR S

in the hermeticully se
mately reaching 2 value corrvesvonding 1o the mininoum in the Paschen law curve
where covona cun ocewr,  The leakage becomes very stow at low progsures, hence

operation nedr fhe Paschen law minimum can persist for a long time,
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Hermetic sealing is a ugetul method of avoiding corona in eritical spacecralt com-
ponents, particularly those that must operate during the changing pressure thai
gecurs as the vehicle is boosited from Earth. There are several approaches to
overcoming the leakage problem. One is to use a pressurizing gas having large
molecules that will not escape readily.

Gases such as carbon dioxide, sulfur hexafiuoride, and vapors of chlovoeiluoro-
hydrocarbons have the required large molecules. However, they need to be evalu-
ated with respect to other characteristics, such as {ormation of corrosive pro-
ducts when heated by arcs at electrical contacts.

Another possibility is the use of sponge-stored fluorinated hydrocarbons, which
also have satisfactorily large molecules. 1t may be possible to retain in a sponge
liquid Freon that evaporates and replaces the gas thai leaks out. Again, the
characteristics of such pressurizing gases must he carefully evaluated for com-
patibility with electric sparks, insulation, hermetic-seal materials, and dis-
sociation preducts.

FOAM~-S0LID INSULATION

Because foams are light in weight, they are desirable insulating and potting ma-
terials for spacecraft. Unfortunately, foamed packages have failed as the foam
outgassed in space. These failures tend to occur between 1 hour and 20 days
after launch., Repeated failures of this type have resulted in hegitancy to use
foams for spacecraft.

A foam is analogous to a matrix of capacitors compesed of gas, having a dielectric
constant of around 1.0, and webe of plastic having a different dielectric constant.
As the entrapped gas leaks ou. of the bubbles constituting the foam, the Paschen
law minimum conditions are obtained in different bubbles at different times.

Those bubbles near sharp conducting edges would be most susceptible to corona.

It is possible that foam can be used as a spacecraft insulation if sharp edges of
conductors, which cause high dielectric stress, are first coated with solid plastic.
However, the dielectric and corona characteristics of foam insulations must be
understood before design guides for foam- and solid-insulation agsemblies can be
developed. A necessary step in acquiring this understanding is the development
of a mathemaiical model for the dielectric characteristics of foam and solid in-
sulation. The foam will have a variety of bubble sizes; hence, the modei will be
so complex that it can best be handled with a computer,

The {inal design eritevia developed from the mathematical raodel will have to be

checked with tests in vacuum, with corona formation being one of the more impor-
tant measurements.

4




OXYGEN-INKRT GAS MIXTURENS

The corvnmt onset voltage in exygen-inert gas mixtures becomes tmpor fant becausc
Helium, krypton,

such mixtures are proposed for pressuvizing manned spacecrall,
Coronay data

neon, nitropen, and xepon dre being considered as diluents for oxygen,
tor nivogen-oxygen and helium-oxygen mistures are reported in this document.

All diluent gases proposed for space cabin almospheres form many tiny bubbles

in human fat tissue and the circulating blood uvpon decompression. Studies re-
ported by Roth (References 18, 20, and 22) indicate that decompression sickness
(dysbarism) ocours about 1/4 as often when helium is used as a diluent in vlace

of nitrogen, and 1/6 as often when neon is used. Neon has bheen use? for diluting
oxygen by the Royal Navy (Reference 20) and was found to decrease lung damage

in explosive decompression. Use of helium also decreases the nazord of cbhullism,
the formation of water vapor and gas bubbles at aititudes about 70, 6060 fee.

Some gas mixtures (for example ammonia~-nitrogen, hydrogen-nitrogen, and ncon-
argon mixtures) have a minimum corona onset voltage that is less than that of
either of the two componert gases. The corona onset voltage at the critical pres-
sure-spacing in some gas mixtures is less than 20 percent of the corona onset
voltage in the lower of the two gases. Thus, some oxygen-neon mixtures, for
example, could have corona onset voltages below 115 volts rms a.c. at the eritical

pressure-spacing reiationship.

The gas mixture may be fixed during normal vehicle eperation. However, com-
partment leaks, inert gas or oxygen supply malfunction, and opening locks to space
may change the gas pressure and/or composition. Slow leaks in the vicinity of
bulkhead connectors may pressurize continuously the connector terminals on the
space side of the bulkhead at a pressure corresponding to the minimum corona
onset voltage, thus creating electromagnetic interference. it is recommended

that the experimental work with helium-oxygen mixtures be duplicated using neon-
oxygen mixtures.

HIGE-TEMPERATURE CORONA

The testing during the X-20A program indicated that contamination of the atmos-
phere from the release of absorbed gases and from the oxidation of nearby space-
craft structures significantly reduced the corona onset voltage at temperatures
over 500°C. This work also indicated that there were three additional mechanisms
that stiraulated corona foirmation: (1) thermal eleetron emission from metallic
and other surfaces; {2) magnetic fields from current-carvrying conductors; and

(8) electron and ion emission from arcs.

The No. 2 mechanism may have been responsible for reported failures of power
switchover relays, where are-generated eleetions could have reduced corona on-
set voltage to the 12 to 50 velt level,  Thearaticai analysis and experimental work
woubl be required fo evaluate the etfects ol these additional Lictors on coron nscl

voltape,
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V1. CONCLUSTONS

The corena research accoreplished in the X~20A prograst, supplemented by
analyses and tests oonducted ou Controed AF3IGEL5;-3020, leads to the following
conclus ions:

¢ Coreps w ondesirabie in acrosnace vehicles hecause it comsumes power,
Creatis eiemtmmamphﬂ irteriererca, detariorates msulauion, and, under

N «/v‘i‘)ulb Dbl [UIE e L,mm\,"w-‘rr‘ faults

Savtad cond

® There ars clearly defined corditions of iemperaiure, pregsure, gas composi-
ticvn, and electrode configuration in whick corona will occur at a given voltage
stress. There is a gra dangity and electrode gpacing at which the corona
onsel veliaga will be a winimum. Higher ox lowsr dengities and different
electrode spacings will regalt in inereased corona onset veltage., To some
extent, elecirode spacing an electrode configuracion lose their significance
at the minimum ¢crons onsel conditions.,

® It is possible fc design a corona-free, 115/20¢ -volt, 400-Hz electric-power
subystem for a spacecraft with 2 low-oressur. air atmosphers, provided that
no part of the subsystem s exposed to temperatures above 360°C. Particular
care must be taken i pradicting the eflects of abnormsl pressure and/or
pressurizing gas composition securring duving preesurization malfunctions.

® Design of 2 high-temperature cerona-fres ¢leciric-power subsystem would
be a risky venture 2t this time. Xt is known, for example, that the corona
onget voltage of conductors near molybdenwn in sir can be reduced to virtually
zero by the release of niclybdenuin teioride guw. All the corona hazards
may not yet have been identified.

¥  Spacecraft atmospheres composed of raixiures of either helium and oxygen
or nitrogen and oxygen will nave higher corona unset voltages than would be
obtained in low-pressure air, provided the wixiu e contains at least 25 per- % !
cent oxygen by volume. :

i A T T A ™ RS S el v

® Important work remaing to be done ir. fnvastigation of ground piunes, hermsfic
scaling, use of foam and solid insulativn, corona onset in neon-oxygen mix-
tures. and high-temparature covona,
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Appendix |
PO'NTS RODS, AND PLATES IN VARIOUS GASES

The corona onset vsltase ia air, abunonin, carbon dioxide, nitrogen, oxygoen,
heliump~oxygen nix ures and nitrogen-oxygen mixtures, between points, round
rods, and parallel »lates at room temperature appear in this appendix. The test
data were obtained with the equipment and test procedure discussed in Section II.
Each data point actnally represents a group of laboratory readings. :oe altn are
plotted in Paschen law type curves with pressure-spacing vatlues as the independent

variable.

At miederate pressures, the corona ongsct voltage will become lower as gas pres-—
sure is reduced because the long:r mean-{ree-path between electrodes permits
electrons to be acclerated more readily to ionizing potential, Reduction of the
gas pressure below the Paschen aw minimum normally results in a higher corena
onset voltage because the intereleetrode gap no longer contains enough gas mole-
cules to sustain ion’'zing collisions. However, with uninsulated electrodes the
interelectrode gap includes the distaacce between the electrode shafts. Thus the
minimum corona onset voliage can be expected to be a bread plateau extending
from the pressure :t which collisions cense to occur between the closest spaced
clectrode areas to tie pressure where electrons traveiing between the widest-
spaced electrode surfaces cease having collisions. This phenomena is evident

in all curves and is best illustrated in Figuves I-1 through I-6, where the parallel-
plate electrode spacing is varied from 0,5 millimetler to 20 millimeters.

Experimental coroni onset voltage test data in amnonia, carbon dioxide, nitrogen,
oxvgen, helium-oxygren mixtures, and nitrogen-oxygen mixtures are shown in
Figures I-7 through I-29. The helium used was supplied by the United States
Government Bureau of Mines, and was Grade A, The distributor was Air Reduc -
tion Pacific Compary, Seattle. Washingion. The helium had a purity of 99. 995
and a dew point of -70°C (less than 3,53 parts per million water).
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Appendix i i
HIGH-TEMPERATURE AND CONTAMINATION TESTS

Two sets of reluted test data are shown in this agpendix:
1}  The corona onset voitage between parallel wires in a high-temperaiure oven;

2) The corona onset voltage between parallel wires in a high-temperaiure molvb~
denum-~contaminated oven,

The high-temperature corona onset voltage was " neasured with parallel, spaced
round, bare nichrome wires; teflon-insulated wires: and ceramic-insulated wives
in air. The "wire spacing' was the minimu: distance between the wires. These
data are shown in Figures [I-1 through II-7. '

The test data from the molybdenuim-trioxide cotaminated oven are plotted with

COV as a function of temperature anid pressurs and with the change in insulation
impedance &8 a function of temperature and pr ssure. The insulation was a high-
temperzture asbestos-insulated braided sheath which formed a coaxial cable.

When tested at temperatures below 400°C, the mpedance was approximately the
capacitive reactance of the insulation; however, the insulation resistance dropped
ranidly as oven temperature was further increased. At 500°C a new effect hecame
prominent — the subliming molybdenum-trioxide, which penetrated the insulation and
lowered its resistance to nearly zero. These data are shown in Figures 1i-$ through
I-13.

The oven-temperature time profile for a two-cycle test ig shown in Figure H-§.

The oven was allowed to cool for four hours between cycles to allow time for measure -

ment of the resistance of the coid cable insulation. Molybdenum-~trioxide at
temperatures below 400°C is crystailine and its resistance was so high that its

congductivity coutd not be detected by ohimic measurements.
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Appendix H
INSULATED WIRE TESTS

The corona onset voltage between conductors was measured with twisted and
spaced insulated wires, coaxial lines, and cables. The tests were limited to
teflon-insulated wires and cables for low-current applications, such as instrumen-
tation, and glass-ashestos-teflon wires for power conductors. The gases used
were air, dry nitrogen, and helium-oxygen mixtures. Air was chosen because

all X-20A compartments were filled with air prior to flight; nitrogen was chosen
beoause the X-20A electronics compurtment was to be pressurized with nitrogen
during flight; and helium-oxygen mixtures were chosen hecause these mixtures

are proposed for future manned space vehicles. Witrogen-oxygen mixtures were
not tested because their corona onset voltages were between or above those of

air and nitrogen.

o NEGREE R TR EIELINSTS. IR 0 SR P 0 A NI

Organic insulations such as the silicones, cpoxies, and iefion are limited to ser-
vice temperatures below 300°C; they have = short life at higher temperatures.

In temperatures above 300°C, it is necessury to use thermally stable inorganic
insulations even though their insulating properties may degrade at very high
temperatures,

&

Teflon conduc:.ors spaced 6.64 centimeter apart were tested for corona onset
voltage at room temperature and at 260°C. They were also tested when twisted
together at one turn every 7.5 centimeters. The voitage applied to the 0.64-
centimeter-spaced conductors was limited to 1230 velts (rms) to prevent over -
stressing the teflon insulation.

One set of power wires was tested for corona at 7¢0°C to find out what happens
to the power subaystem during prolonged faults, It was found that the corona on-
set voltage for a given pressure-times-gpacing was much lower when the teflon
wits ablating al 700°C than at lower temperatures. Experimental corona onset
swoltage test data for parailel insulaled wires are shown in this appendix.

ANALYSIS OF TWO-DIMENSIONAL FIBLD

A praphical meeithod of obtairing the bwo-dlmengional (eld for an insulated wire
and greund plane is shown in the texd. A machewatical definition of the field lines :
ralstion thickness, and conductor-to- |

an o function of dieleet vie coastant, iy
the following parsagraphs,

contral-plane ditance i derived in




In the sketch under the point x,, y, represents the interface between the solid ;
insulation and gaseous medium. Two circles intersect at that point —— one
representing the field line emanating normal to the conductor, the other in the ;

aous medium.
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be the equation for the circle representing the outside diameter of the insulation —
the interface between the solid and gas media, The equation for the field line in-
side the solid medjum passing through the interface (x5, yo) with center at {0, &)is

2 2

Xg ¥, - 2@y =l (IT-1)
and the field line through the gas medium passing through the interface (xo, yo) ;
with center av (0, 8) Js *
2 2 2 i
Xo B y@ - ")“’B‘YO = a (IH“A) :
i
The angles between the direction lines and the targets to the boundaries of the E

field are

tap 91 €2 3
T L e s A (OX-3) '

¢+ A C
Letting Xo * R Yo © g (II-5A
& 5B)
5] =
then A=2a" 1, ® ’\f*:ab + 3
! 2
B o2 o1 (UI-7)
. N
Cooo s NroO 3 (L1 -3y
Do (1L -4
“rom o the thustiation
il;! {)1 Y (I~ 1 .
g);j 6. - w (-1 h j
Yherclore |
'\’l\
ST - (o1

v tin i .




~Ze (IE-13)

tan §, = B (LI -7 4)

Solving the equations for the direction lines at the interface, the following can he

obtained
e tan &, + tan w tan 6 + tan w
. T 1I-15
e 1 - tan 61 fan w 1 - tan 81 tan w (L-15)
oF -0 -x +OX O+ X v -B-xy +Bx +x
Yo @Yo “o oo L S0 %57 0 Y
S R0 ; ; (1-16)
X - - . . - - 4
o % y ey, o "% Yo BY,
collecting terms
y oo+ &\‘\0 -1 Yo B(xo -1
CJS’ x| - A By -x (I1-17)
Y 0 o
abbreviated
c D £ 1
: v % 5 Ffe —_—
«& D tgc D (HH-18)
B B D B
QY
Cooe .
aC - D - B (111-19)
a Expanding
BC(C raby - (D By (C v abd) - A - D B S eC - [0 B (11 -20)
o A - [ooosh ooy e an
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~A{Q + Py + P Qaz 1 ap)

= HI-21
Bipra) v+ A{~-1 + L) (
where
D = NP (HI1-22)

By knowing B in terms of a and A, the length of the fieid line in the gaseous
medium can be found. Then the ratio of the portion of the field line in the scolid
can be ccmpared to that portion in the gas io obtain the voliage drop across the
solid.

The solution indicates that for the line through the gas medium «t 8 >> 1 (radius
outside diameter ingulation = 1), the ratio of the line section threugh the gas is
so great that the total voltage drop would be across the gas. Consequantly, the
corona onset voltage of either twisted or spaced conductor should be equai to that
of closely spaced bare electrodes. This fact did not occur experimentally, as is
readily shown in the preceding curves. The solution does not itake into ac~ount
second-order effects such as irregularities along the boundary, conductivity at
the boundary, and the fact that the breakdown voltage for very long paths, in
excess of 20 centimeters, is increased. Obviously these second-order conditions
are more significant than originally assumed.
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Table I-1: RELATION OF COV ACROSS INSULATED WIRES
AND BARE ELECTRCDES

Bare Electrode insulated Wire Difference

Gas _LOV (Voltsy COV_(Volts) _{Volts) ‘

Helium 132 2435 113

75% Helium ‘

25% Oxygen 285 395 110 ;

A

50'7 Helium ,

507 Oxygen 295 405 110 !
Air 232 340 108




PREVIOUS PAGK WaS BLANK, THEREFORE MOT FIIMED

Appendix 1V
COMPONENT TESTS

The X-20A components were installed on a basenlate with terminals wired, In
many cases it was discovered that the wire connection and installation established
the corona onset voltage of the asserably. The special connector test, described
in the text, shows the influence of wiring on the coroana onset voltage of an installed
connector,

The curves on the f{igures in this appendix are self-expisnatory: they indicate the
type of wiring and potting used. The wires for each test unit were closely bound
to the ground planes of the component and to the vacuum -system basepiate.
Furthermore, the spaced portions of the wire near the terminations and the
terminations themselves were potted to limit corona in these areas. By wiring
the components in this manner the corona onset voltage of the wiring was kept
above 34¢ volts {(rms); any lower corona onset voltages could be attribured to the
somponent,
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LIST OF FIGUREE — APPENDIX IV

Circuit Breaker in Air at 24°C

Power {onnector 7-ing

Conneactor - 10-Pins in Alr at 24°C

Conpector - 26-Pins in Alr at 24°C

Connectoy — 26-Pins in Nitrogen at 24°C -

Congector -~ 55~-Ping in Alr at 24°C Terminals Not Potted
Connector Test — 55-Pins in Alr at 24°C Terminals Potted

Comnector — 10~-Pins in Helinm-Oxygen Mixtures at 24°C
Terminals Unpotted, Igolated Wiring

Connector -~ 10-Pinsg in Helliwm~-Oxvgen Mixtures at 24°C
Terminals Potted, Insulated Wiring

Connector — 10-Ping in Helium-Oxyrzen Mixtures st 24°C
Terminals Potted, Normal Wiring

Connector — L0~Ping in 56-50 Percent Hellum~Oxygen Mixture

at 24°C

Connector System in Helium-Oxygen Mixtures at 24°C
Experimental Feedthrough —73-Ping Air at 24°C
Single Fuse Holder in Air at 24°C -—No Fuses

Fuse Panel — 9-Fuse Holders in Air at 24°C
Terminal Strip in Air at 24°C

Toggle Switch in Air at 24°C

Wire Splices in Air 8t 24°C
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Appendix V
U. S. STANDARD ATMOSPHERE

Part of the U. S, Standard Atmosphere for 1962 (Eef. 8) is given in this appendix,
The parameters used most in corona work are presented; altitude in feet and
meters, pressure in torr, and temperature in degrees Celsius.
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Table V-1: ATMOSPHERE ALTITUDE TEMPERATURE PRESSURE b
Altitude Temperature Pressure
(feet) (meters) — o . ftorr)
0 0 15,000 7690, 0000
2, 000 609, 6 11.038 706. 6575
4, 000 1,219.2 7.077 656. 4012
6, 000 1,828.8 3.116 609, 0861
a 8, 000 2,438.4 -0, 844 564, 5802
% 16, 000 3,048, 0 -4, 803 522.7516
12, 000 3,657.6 -8, 761 483.4756 :
14, 000 4,267.2 ~12.718 446,6330 !
16, 000 4,876.8 -16.675 412,1017
18, 000 5,488.4 -20. 631 379.7727
20, 000 8, 096. 0 ~24.586 349.5340
22, 000 6,705,6 -28.540 321.2791
24, 000 7,315,2 -32.494 294,9088
26, 000 7,924, 8 -36.447 270,3217
28, 000 8,534.4 -40, 399 247.4277 g
30, 000 9,144.0 -44,351 226.1331
32, 000 9,753.6 -45,301 206, 3508 )
34, 000 10, 353.2 -52,251 187.9873 :
36, 000 10,9.2.8 -56.200 170.9918
38, 000 11,582.4 -56., 500 155,3739
40, 009 12,192.0 ~56. 500 141,1842
42, 090 12, 801. 6 -56. 500 128.2929
44, 000 13, 411.2 ~56, 500 116.5808
46, 000 14, 020.8 56, 500 105.9357
48, 000 14,630.4 ~56. 500 96,2717
50, 000 15,240,90 ~56. 500 87.4876
52, 000 15,849.86 ~56., 500 74,5067
54, 600 16, 459,2 ~H6. H0Y 72,2548
56, 000 17, 068. 8 ~56. 500 65. 6658
58, 000 17,678.4 ~-56, 560 59,6787
§0, 000 18, 288, 8 ~&B6, 300 54,2383
62, 600 18,897.6 ~2G. 300 48,2950
54, D00 19, 667,02 B8, 500 Gak ., BOJE
66, 000 20,116.8 =36, 447 44,7210
08, 000 20,726, 4 ~oh, B4] 20174
T4, GOU 21,336,0 -5, 33,8603
72, GO0 21, W45, 6 D4, 604 SO, 8181
744, 000 23, 805,2 5, (25 iy
TE, G ORI I T
TH, (i A U 0% SR | SRR R




_ Altitude

ifeet) {meters)
80, 000 24,384.0
52,000 24,993.6
34, 000 25,603.2
86, 600 26,212.8
88, 0GU 26,822.4
90, 000 27,432.0
92, 600 28,041.6
94, 000 28,631.2
96, 000 25,260.8
$8, 000 29,870.4
106, 600 39, 480.0
110,000 33, 528, 0
120, 000 36,576.0
130, 000 39,624.0
140,000 42,672.0
150, 000 45,720.0
160, 000 48,768.0
170, 006 51, 816.0
180,000 54, 864.0
190, 000 497, 212, 0
200, 000 60, 960, 0
210,000 64, 008, 0
220, 600 67, 056.0
230, 000 70,104.0
240, 600 73,152.0
250, 000 76, 200. 0
260, 000 79,248.0
270, 000 82, 296.0

280, 000
200, 000
300, 000
310, 000
320, 000
430, 000
3406, 000
350, 000
360, 000
370, 000
SRO, 600
S0, 000

85, 344, 0
88, 392, 0
91, 440.0
94, 488,90
97, 536.0
100, 584, 0
103, 632.0
106, BB, 0
104, TUR. 0
112, 776, 0
116, 824, 0
118, 872, 0

Table V-1: (Continued)

Temperature

B o)

-52.209
-51,604
~51.000
-50.595
~49, 790
~-49,186
-48,582
-47,977
-47.373
~-46.769
-46.165
-40,714
~-32,273
-23, 84C
-15.415
- 6,998
- 2,509
- 2,50
- 7.28)
-13.178
-19.262
-29,979
-41,924
-53. 857
-65, 779
~77.69
-89.59
-92.50
~ 92 5y
~-02.50
~BE,20
-79.1H
~T79,22
~4), 3
~45.71
~31..41
~17.39
.96
34,24

.
LRI 4

Pressure
_Atorn}

21,3133
14,1594
17,4374
15,8911
14,4858
13,2083
12. 0466
10,9901
10,0288
9.1540
8,3577
5.3285
3.4481
2.2659
1.5106
1.0206
6.9740
4, 7754
3.2622
2.2104
1,4848

x 1071

9,8528x 10~

€.4082
4. 0756
2.0285
1.5256
8,9222
5.0017
2.9040
1, 857
5.4015
5. HBHG
3.3464
2.0592
1.3049
H, 5196
5,7102
d.0502
2, 8364

S S

n
x 1079

x 1074

X 1070

R DA R AT B it i o




Altitude

(feet)

4690, 000
410, 000
420, 000
430, 000
440, 000
459, 000
460, 000
470, 000
480, 000
490, 000
500, 000
600, 600
700, 000
800, 000
300, 000
1, 000, 000
1,500, 000
2, 000, 000

121, 920.0
134,968, 8
128, 016, 0
131, 064.0
134,112,.0
137,160.0
140,208.0
143,256,0
146, 304,0
149, 352,0
152, 400.0
162, 880,0
213,360.0
243, 840,.0
274,320.0
304, 800.0
457,720, 0
609,600,0

Table V-1:

{Continued) ’
Temperature Pressure v
ke L ltery)

112,19 1.6014

188,861 1.26%7

224.50 1.0334

279,98 8.6182 x 1078

335.13 7.3200

390. §5 6.3108

444, 81 5. 5090

499.41 4,8598

553, 87 4,3284

608,13 3. 8816

651,01 3. 5050

897.32 1.5030
1002, 06 7.4221 x 10~7
1073.52 3.9520
1122, 99 2.2193
1162.53 1.3027 .
1216.20 1.4029 x 10~8
1232.69 2.8292 x 1079 .
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