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FOREWORD

This NASA TechnicaHandbook is publishely the National Aeronautics and Space
Administration (NASA) as a guidance documemptovide engineering information; lessons
learned; possible options to address technical issues; clarification of similar terms, materials
processes; interpretive datgn and techniques; and any other type of guidance information that
may help the Government or its contractors in the design, construction, selection, management,
support, or operation of systems, products, processes, or services.

This NASA TechnicaHandbook is approved for use by NASA Headquarters and NASA
Centers and Facilities. It may also apply to the Jet Propulsion Laboratory and other contractors
only to the extent specified or referenced in applicable contracts.

This NASA TechnicaHandbookestablishesan overview of higkvoltage electrical/electronic
design techniqueassedto specify ando apply electrical insulation to spacecraft highlitage
parts, componentand systemfor spacecraft system designs the¢ required toneet stringent
fault-free operation for a period of days to years in space without maintenance.

Requests for informati on s https/stahdalienasmgdymi t t ed
Requests for changes to this NASA TachhHandbook should be submitted via MSFC Form
4657, Change Request for a NASA Engineering Standard.

Original Signed By 10/27/2016

Ralph R. Roe, Jr. Approval Date
NASA Chief Engineer
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SPACECRAFT HIGH -VOLTAGE PASCHEN
AND CORONA DESIGN HANDBOOK

1. SCOPE

This NASA Technical Handboogresents an overview of the current understanding of the
electrical design techniques that can mitigate deleterious effects (such as Paschen and corona
discharges) resulting from operation of a higitage system in space, references common
design practes that have been successful in mitigating these effects in the past, and
recommends standard practices to eliminate or mitigate such effects in the future.

1.1 Purpose

The purpose of thisSSASA Technical Handbools to present an overview of higloltage
electrical/electronic design techniques required to specify and apply electrical insulation to
spacecraft higlvoltage parts, componenend system<Of particular interest are spacecraft

system designs thateneededo meet stringent faultree operatia for a period of days to years

in space without maintenancihe first objective is to develop an understanding of electrical
insulation characteristics and the influence of agingecond objective is tocapture decades of
lessons learned and presemommendedlesign, analysis, and tesethodologies that have
beenapplied to the many successful space vehicle electronic programs during their development,
manufacture, final assembly, tesid flight.

1.2 Applicability

This NASA Technical Handbools appicableto all highvoltage power systems that operate in
spacelt is not intended to repladbe following low Earth orbibr geosynchronous Earth orbit
spacecrafthargingstandards ohandbooksNASA-STD-4005,Low Earth Orbit Spacecraft
Charging DesigrstandardNASA-HDBK-4006,Low Earth Orbit Spacecraft Charging Design
Handbook ISO-11221 Space SysterSpace Solar PanéSpacecraft Charging Induced
Electrostatic Discharge Test MethopdeadNASA HDBK 4002A, Mitigating In-Space Charging
Effect® A Guideline Rather, his NASA Technical Handboois to complement them to
providefor better interior spacecraft higioltage designthatwould prevenfaschen and/or
corona discharges, not to deal with plasma interactions that are the purview of otimeemtsc

This NASA Technical Handbools approved for use by NASA Headquarters and NASA

Centers, includingomponentfacilities andTechnical anderviceSupportCenterslt may also

apply to the Jet Propulsion Laboratory or to other contractors, grant recipients, or parties to
agreements only to the extent specified or referenced in their contracts, grants, or agreements.

This NASA Technical Handboglor portions therdpmay be referenced in contract, program,
and other Agency documents for guidand#enit contains procedural or process requirements,
they may be cited in contract, program, and other Agency documents.
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APPLI CABLE DOCUMENTS

General

The documents lied in this section are applicable to the guidance inNASA Technical
Handbook

2.1.1 The latest issuances of cited documethiallapply unlesspecific versions are
designated

2.1.2 Nonuse of specific versions as designated shall be approviee bgsponsible
Technical Authority.

The applicable documents are accessiblgtps://standards.nasa.govmay be obtained
directly from the Standards DevelopiBgdy or other document distributors.

2.2

23

24

Government Documents

Department of Defense

AFWAL-TR-88-4143 Design Guide: Designing and Buildikfigh Voltage
Power Supplies, Materials Laboratpkolumes | and II

NASA

NASA-HDBK-4006 Low Earth Orbit Spaagaft Charging Design Handbook

NASA-STD-4005 Low Earth Orbit Spacecraft Charging Design Standard

NASA-HDBK-4002A Mitigating In-Space Charging Effe@sA Guideline

Non-Government Documents
ASTM International

ASTM D257 Standard Test Methods for DC Resistance or Conducta
of InsulatingMaterials

Order of Precedence

ThisNASA Technical Handboogrovides guidance for higholtage electrical/electronic design
techniques but does netipersedeaor waive established Agenogquirementguidancgound in
otherdocumenation
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ACRONYMS DAENFD NI TI ONS

Acronyms and Abbreviations

ac
AFWAL
AM

Ar
ASTM

AWG
BEAR
°C

C
CEV
Clv
cm
C-SAM
dB
dc
DWV
EMI
ESL
ESR
°F

fd

ft
GHz
GSFC
h

H
HRS
Hz
HV
IEC
IEEE
ITO
K
kHz
km
kV
kW
Ibm
m

m3

alternatingcurrent

Air Force Wright Aeronautical Laboratories
airlock module

argon

ASTM International (formerlyAmerican Society for Testing

and Material3

Americanwire gauge

Beam Experiments AboaalRocket
degree<Lelsius

coulomb

corona extinction voltage

corona inceptiorfor initiation) voltage
centimeter

C-mode Scanning Acoustic Microscope
decitel

directcurrent

dielectricwithstanding voltage
electromagneticnterference
equivalentseriesinductance
equivalentseriesresistance

degrees Fahrenheit

operating fregency(f) times electrode separatioa) (
feet

gigahertz

Goddard SpacElight Center

hour

hydrogen

High Resolution Spectrograph

hertz

high voltage

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
indium tin oxide

kelvin

kilohertz

kilometer

kilovolt

kilowatt

poundmass

meter

cubic meter
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MDA
MHz
mil
min
Mm
MoO3
MSFC
MSIS
MW
N2
NASA
NEMA
NO>
NOAA
07}

Pa

pC

Pd

PE
PS/FAS/IU
psi
PWB
RF

RH
rms

S

SAE
SLAM
SPEAR
t(rr)

Torr

UHF
uv

V

Vdc
VSWR

NASA-HDBK-4007W/CHANGE 2

multiple-docking adapter

megahertz

a thousandth of an inch

minute

millimeter

molybdenum trioxide

Marshall Space Flight Center

Mass Spectrometer Incoherent Scatter
megawatt

nitrogen

National Aeronautics and Space Administration
National Electrical Manufacturers Association
nitrogen dioxide

National Oceanic and Atmospheric Administration
oxygen

Pascal

picocoulomb

partial discharge

polyethylene

payloadshroudfixed airlock shroud/instrument unit
pounds per square inch

printed wiring board

radio frequency

relative humidity

root mean square

second

Society of Automotive Engineers

scanning laseacoustic microscope

Space Power Experiments Aboard Rockets
reverse recovery time

Atraditional unit of p
a standard atmosphere. Thustorei s e x ac
Pascals (~133.3 Pa).

ultrahigh frequency

ultraviolet

volt

volts direct current

voltagestandingwaveratio
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3.2 Definitions

The following definitions are based &rWAL-TR-88-4143 Volumell, Design Guide:
Designing and Building High Voltage Power Supplies

Adsorption The adhesion of gas or liquid molecules to the surfaces of solids or liquic
with which theyare in contact.

Aging: The change in properties of a material with time under specific conditions.

Arc Resistancel he ability of a material to resist the action of a high voltage electrical
usually stated in terms of the time required to retiseematerial electrically conductive.

Breakdown VoltageThe voltage at which the insulation between two conductors fails

ConductanceThe reciprocal of resistance. The ratio of current passing through a ma
to the potential difference at ignds.

Conductivity The ratio of the current per unit area (current density) to the electric fiel
a material. Conductivity is expressed in units of siemens/meter.

Conductor A substance or body that allows a current of electricity to passnuously
along or through it.

ContaminantAn impurity or foreign substance present in a material that affects one ¢
more properties of the material.

Corona A nonselfsustaining discharge (sometimes visible) caused by ionization of t
gas sumunding a conductor around which exists a voltage gradient exceeding a certain cr
value for a gaseous medium.

CoronaResistanceThe time that insulation will withstand a specified level of field
intensified ionization that does not result in imnediateandcomplete breakdown of the
insulation.

Corrosion Chemical action that causes destruction of the surface of a metal by oxide
or otherchemical combination.

Creep The dimensional change with time of a material under load.

Creepae (electrical) Electrical leakage on a solid dielectric surface.

Critical Voltage(of gas): The voltage at which a gas ionizes and a corona occurs,
preliminary to dielectric breakdown of the gas.
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Delamination The separation of layers in a lamindismugh failure of the adhesive.

Dielectric A material that has very low or no conductivity. A dielectric material is able
sustain an electric field with little or no current flow.

Dielectric AbsorptionThe effect by which a capacitor that Heen charged for a long
time discharges only incompletely when briefly discharged.

Dielectric Constant (Relative Permittivityfhe property of a dielectric that determines i
electrostatic energy stored per unit volume for unit potential gradient.

Dielectric Loss The time rate at which electric enerqy is transformed into heat in a
dielectric when it is subjected to a changing electric field.

Dielectric Loss Angle (Dielectric Phase Differencehe difference between @@gand
the dielectric phse angle.

Dielectric Loss Factor (Dielectric Loss IndeXhe product of dielectric constant and the
tangent of dielectric loss angle.

Dielectric Phase AnglelThe anqular difference in phase between the sinusoidal altern
potential differencepplied to a dielectric and the component of the resulting ac having the
period as the potential difference.

Dielectric StrengthThe maximum electrical potential gradient that an insulating mate
can withstand without rupture; expressed ins/pker meter of thickness in the Sl system.

Dissipation Factor (Loss Tangent; thr Power Factor)Synonymous terms defined
equivalently ashe ratio of the magnitude of the conduction current density to that of the
displacement current density inassy medium.the ratio of the imaginary part of the complex
dielectric constant to that of the real pantthe tangent of the loss angle of the insulating
material.

Electromagnetic FieldA field of force that consists of coupled electric and magriietids
moving together through space in time phase and space guadrature, generategdnyinmge
currents and accelerated charges, orthogonal to each other and their direction of motion, .
containing a definite amount of electromagnetic energy.

Flashover A disruptive electrical discharge around or over the surface of a solid or lic
insulator.

Glow DischargeA luminous neutral plasma of high charge density. A cathode will ha
surface glow at low pressure and higher fields, owing t@xicéation of the incoming positive
ions and neutralization at the surface.
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Gradient Rate of increase or decrease of a variable parameter.

Impulse A unidirectional surge generated by the release of electric energy into an
impedance network.

Insudation: Material having a high resistance to the flow of electric cumgatito prevent
leakage of current from a conductor.

Insulation Resistanc& he ratio of the applied voltage to the total current between two
electrodes in contact with a specifisulator.Also defined as the resistance between two
conductors, or between a conductor and earth, when they are separated only by insulatin
material.

Insulation SystemAll of the insulation materials used to insulate a particular electrica
electronic product.

Insulator A material of such low electrical conductivity that the flow of current throug!
can usually be neglected.

Partial Dscharge In electrical engineering, a localized dielectric breakdown of a smal
portion of a solid or fluid electrical insulation system under high voltage stress, which doe:
bridge the space between two conductNie: While a corona discharge is usuakvealed by
a relatively steady glow or brush discharge in air, partial discharges within solid insulation
system are not visible.

Partial Discharge Puls@ voltage or current pulse that occurs at some designated loc
in the test circuit as a reswulf a partial discharge.

Partial Discharge Pulggharge The quantity of charge supplied to the test specimen's
terminals from the applied voltage source after a partial discharge pulse has otnigethe
pulse charge is often referred to as thgaaent charge or terminal charge. The pulse charge
related to but not necessarily equal to the quantity of charge flowing in the localized disch

Partial Discharge Pulse Energvhe enerqgy dissipated during one individual partial
discharge.

Patial Discharge Pulse Regition Rate The number of partial discharge pulses of
specified magnitude per unit time.

Partial Discharge Pulséoltage The peak value of the voltage pulse, which, if inserted
the test circuit at a terminal of the test specimen, would produce a response in the circuit
equivalent to that resulting from a partial discharge pulse within the specimen. Also referre
asfthe terminal corona pulse voltage.
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Permittivity: The ratio of the flux density produced by an electric field in a given diele
to the flux density produced by that field in a vacuum

Petticoat InsulatorAn insulator made in the form of supesed inverted cups and used
for high voltage insulation

PlasmaA gaseous body of ions and electrons of sufficiently low density that conside
charge separation is possibiNote: Because of the mobility of charge, a plasma is normally
neutral and fee of electric field in its interior, just like a metallic conductor.

Polyamide A polymer in which the structural units are linked by amide or thioamide
groupings.

PolystyreneA thermoplastic material produced by the polymerization of styrenel (viny

benzene).

Potting A process similar to encapsulating, except that steps are taken to ensure co
penetration of all voids in the object before the resin polymerizes.

Power FactarThe ratio of the average (or active) power to the apparent gowsr
voltage times rms current) of an ac circuit. Also known as phase factor.

Pulse A wave that departs from a first nominal state, attains a second nominal state,
ultimately returns to the first nominal state.

Resin An organic substance of natural or synthetic origin characterized by being
polymeric in structure and predominantly amorphdiste: Most resins, though not all, are of
high molecular weight and consistalong chain or network molecular structure. by resins
are more soluble in their lower molecular weight forms.

ResistanceThe property of a conductor that determines the current produced by a gi
difference of potentiaNote: The ohm is thé&l derivedunit of resistance.

Resistivity The ability of a material to resist passage of electrical current either throu
bulk or on a surfacéNote: The unit of volume resistivity is the ohoentimeter

SemiconductorA solid substance whose electrical conductivity is intermediate batwe
that of insulators and conductors. The conductivity of a semiconductor is often tailored thr
the addition of impurities and is usually dependent on applied electric or magnetic fields o
temperature effects.

Seta, plural: setdievery small, §ff hair like structures that can form on the surfaces of
materials. If the surface is electrically charged, a seta results in very high electric field
concentration, sometimes leading to electrical breakdown.

APPROVED FOR PUBLIC RELEAS&E DISTRIBUTION IS UNLIMITED
Pagel9of 147



NASA-HDBK-4007W/CHANGE 2

Silicone Polymeric materials in which threcurring chemical group contains silicon anc
oxygen atoms as links in the main molecular chain.

Sparkover $park) A shortduration electric discharge caused by a sudden breakdowr
air or some other dielectric material separating two terminals, accompanied by a moment:
flash of light.Note: Also known as electric spadndspark discharge.

Streamer Dischardgea transient, filamentary electrical discharge that forms when an
insulating medium is exposed to large potential differences. It begins as an electron avala
which in turn causes additional electric field enhancement, which subsequently leads to
additional ionization. The ionized region grows quickly to produce a filigerischarge called
a streamer.

Superinsulation©riginally developed originally for thermal insulation of liquid hydroge
or liquid helium handling equipment, this refers to thailective, metallized plastic films
designed to virtually eliminate radiant heat transfer.

Surface Leakag€ he passage of current over the boundary surface of an insulator, a
distinquished from passage through its volume.

Surface ResistivityTheresistance to leakage current along the surface of a dielectric
material. Surface resistivity may be measured as the electrical resistance between two pa
electrodes in contact with the specimen surface and separated by a distance equal to the
length of the electrodes. The resistivity is therefore the quotient of the potential gradient, il
and the current per unit of electrode length, A/m. Since the four ends of the electrodes de
square, the lengths in the quotient cancel and surscsivities are most accurately reported
ohms, although it is common to see the more descriptive unit of ohms per square. Note: €
resistivity may vary widely with the conditions of measurement.

Surge A transient variation in the curreabhd/or potential at a point in the circuit.

ThermoplasticA plastic that can be readily softened and resoftened by heating withc
changing its inherent properties.

Tracking Scintillation of the surface of an insulator. May produce enough hésive a
degraded track of carbon.

Tracking Resistancé&ee Arc Resistance.

Transient That part of the change in a variable, such as voltage or current, which mg
initiated by a change in steadtate conditions or an outside influence, anddkahys and/or
disappears following its appearance.

Treeing: Anelectricalpre-breakdown phenomenon in solid insulation.
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Triple Point: The junction of a dielectric and a conducting material in the presence c
gaseous or liguid dielectric.

Urethane A synthetic resin formed by the reaction of an isocyanate resin (nitrogen,
carbon, and oxygen radical) with an alcohol.

Volume Resistivity (Specific Insulation ResistancE)e electrical resistance between
opposite faces of adm cube of amnsulating material, commonly expressed in ehm
centimetersNote: The recommended test is ASTM D257, Standard Test Methods for DC
Resistance or Conductance of Insulating Materials.

Yield Strength The lowest stress at which a material undergoes ptefiicmation.
Below this stress, the material is elastic; above it, the material is adesticc.

4. OVERVI EW

In general, a detailed knowledge of electrical insulation andvotfage design techniques is
essential if reliable higholtage systemare to be designed and manufactured for space
applications and other us@de trend is toward more advanced systems operating at higher
voltages in compact, economical packages that have been submitted to a batietyotsto

ensure a higiguality asembly. If materials are to be operated under much more demanding
specifications, better information is required on the limits of these materials and on their design
and manufacturing techniques.

Althoughsection 3.3jives definitions of many terms usedthisNASA Technical Handbogk
for better clarification, it ismportantto provide additionaéxplaration forthefollowing major
terms:

a. The tighvaltag®m thisNASA Technical Handboois defined as the voltage
above which electrical breakdowhgnomena are likely to occurhe absolute voltage for a
breakdown eventioweverjs dependent upon the electrical parameters (frequency and
magnitude) and structurajeometricand environmental constrainBreakdown voltages can
range fromers of vols in microwave systems to thousands of volts in utility systems.

b. El ectri cal i nsul ati ono or®gaseous,diquid,aridc t er m
solid materials exhibiting high electric resistivity that may be used to electrically isolate two or
more conducting surfaces.

c. fDielectriadrefers to an electrical insulator that can be polarized by an applied
electric field.

d. finsulatobis the generic expression for a solid material used to mechanically support
and electrically isolate one or more doigting elements.
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e. filnsulation systentsmay consist of one or more materials or classes of materials
used tcelectricallyisolate two or more conducting surfaces.

f. APartialdischarg@is an electrical dischargbhatdoes not bridge the electrodes, such
asinternal discharges in the cavities within the solid dielectric, surface discharges along the
surface of insulator, and corona discharges around a sharp edge (usually around the electrode
surface)Usually, the magnitude of such discharges is snpialiveve, theymaycause
progressive deterioration of the insulation and lead to ultimate failure.

g. A P u r eThecobmposition of air igariablewith respect to several of its
components (e.@cHs, COz, H20) so puré air has no precise meaning. The composition of the
major components dry air is relatively constanpércentoy volume given): nitrogen, 78.084;
oxygen, 20.946; argon, 0.934; carbon dioxide, 0.033; neon, 0.0018; helium, 0.000524; methane,
0.00016; krypton, 0.000114; hydrogen 0.00005; nitrous oxide, 0.00003; xenon, 0.0000087. The
concentrations afarbon dioxide, methane, nitrous oxide, the chlorofluorocarbons and some
other species of anthropogenic origin are increasing measurably with time. For purposes of this
document , Apure airo is assumed t omioantihati st of
could possibly alter its electrical or dielectric behavior.

For early spacecraft missions, techniques were developed for the detection of partial discharges
in spacecraft electronic equipmebe of these techniques clearly showatthe reduction of

partial discharges enhanced equipment life, and thereafter testing incorporating such techniques
made mandatory to eliminate faulty insulation and flawed workmanship. Some examples of
representative instrumentation and test techniquels,dfathich have matured and improved

over time, are described later in tNASA Technical Handboaok

In the modern spacecraft electronics industry, dense packaging is required to make the
equipment fit within a restricted volumieikkewise, weight is resicted to economize on fuel and
maximizespace for the payloa@onsequently, high electrical field stresses, which enhance
partial discharge activity, are often pres&uch partial discharge activities can be a contributing
factor in insulation degradat.

Continuous partial discharge or corona activities are a serious problem usually associated with
insulation degradation, electromagnetic interference (EMI), and the upset of poorly protected
sensitive circuits without proper shielding aise suppressn. Insulated conductors may be

highly susceptible to continuous corona or partial discharges when operated at very low pressure
gaseous environments, because the corona, or breakdown initiation voltage, is a function of both
the density and content ofelgaseous environmeiffor example, helium has a much lower
breakdown voltage at low pressutkanair or nitrogenThe insulated and neinsulated

conductors, terminations, and other electrical/electronic parts may be susceptible to this
phenomenon in #hhigh field stresses caused by the dense population of parts within the system
design.Some insulation systems, however, can endure partial discharge or corona activities for
microseconds to milliseconds, for thousands of repetitive occurrences, agrsgefvith pulse

power applications.
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Electrical and electronic equipment used in space applicaifenddbe designed to operate

over a range of pressures and temperatures from sea level conditions to the space environment.
Most terrestrial lowvoltage guipment can be designed to meet theleeal requirement by

using conformal coatings on all parts and boardsgnasingproperly spaced parts and circuits.
However, at lowpressure or vacuum conditions, these techniques may not be apphtaie,
spacecraft equipment desigalouldconsider rarefied gas or air as an essential packaging design
criterion. Lightweight, small volume packaging dictates that circuitry operating in rarefied air
mayrequire special consideraticsuch as pressurization oroapsulationGasfilled packages

require conformal coatings to prevent corrosion, voltage breakdown, and flashover between
closely spaced electrodes when operatdtightervoltages Furthermore, many equipment

failures are caused by corroding circuitelatedto exposure to wide temperature ranges, humid
environments (manned spacecraft), contamination (collection and deposition of debris, oils, and
dirt), or a very dryhot environment (unmanned spacecraft) while operatidditionally,

delamination ofmsulating materials has also caused probl&kigen designing higiroltage

systems for space applications, these issueshtaddbe addressed.

4.1 Background

Electrical insulation research and development for electrical and electronic equipment is a
continuing process for applications in manned and unmanned spacEueaftitial studies and

test evaluations began following World War Il and continue for modern aerospace equipment.
All of the testing techniques and procedures for the data presemégal \were initiated in the
early1950s andhould continue well into the 2tentury.

Some of the better insulation compositions containing asbestos were deleted from use in space
programs in thd960sbut may be reinstated for very special applicatiartbe future Although

mica is a material with excellent electrical, temperatamnel chemical characteristics, it is

difficult to apply to longthin conductors at presetiherefore, most electrical insulating
materialsconsist oforganic, inorganic,ra glass fiber composite insulation systeArsong

these, most organic composite materials have an uppetifengmperature limit of less than

260°C. While this temperature range is adequate for some space applications (e.g. avionics), for
many othergheir use may be limitedhe electrical and electronics industries have been making
concerted efforts to reduce the weight and size of parts in their various systems, as time and
technology progres#long with this, the insulation on flat and round coattus has been

reduced to a minimurthat carprovide the necessary mechanical, chemical, thermal, and
electrical characteristics.

One other major concern with space power systems is the life of the insulation, because servicing
a highvoltage system inpgce would ba challenging task and systems insulattouldhave

life similarto the spacecraft itself.he true rating for an insulation system is the voltage at which

the insulation life becomes infinite on a voltagee curve as determined experirtadly. If an
excessively high voltage is applied to the insulation system repeatedly, the life will be shortened.
There is a much lower voltage at which the life becomes infifiiies. is the voltage at which the

curve becomes asymptotic to the lifetimeésaln some insulation systemsis often noted that
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the rated voltage, as determined by the lifetime curve, is also the corona inception (or initiation)
voltage(CIV). System operation above t#V seriously degrades the insulation lifdis
implies that teensure maximum life, them@ustbe no corona or partial discharges in the system.

For given applications shorteithanmaximum life may be aepgable However, other

important secondary factorslatedto corona and transients indiiradiated and conducted EMI,
production of ozone and other noxious gases, and power loss associated with the partial
discharge energyhis implies that a calculation of the corona inception voltage for a given
insulation system is a logical approachdatermining a maximum voltage ratifay a given
system.

4,2  Partial Discharges, Corona, and Other High Voltage Phenomena

By nature, any discharge or breakdown taking place in the bulk of the insulation without
bridging the electrodes is termed partiechargePotential sites of such discharges avils or
gaseous inclusions in the bulkswlid insulationor in bubbles idiquid dielectric materia(e.qg.
transformeoil), which could be distributed randomly eithercause ofatural defects or by wa
of manufacturingA partial discharge is the breakdownsoicha void between two surfaces with
a voltage difference between them.

When an electric field is applied in a ¢fdked region, no current flows, apdrom capacitive
current, unless thereafree electric charges presémhen the applied electric field strength is
low, the current flow is usuallyelatedto external sources and is not sufficient to cause any
partial dischargeddowever, at higher applied electric field strengths, thedhegged particles
can gain energies from the fielgsulting in ionization of the gaseous spedbigslastic or

inelastic collisionsIn gaseous environments and uniform fields, buildup of charge leads to an
unstablesituation in whichthe currenincreases very rapidly while the applied voltage
collapsesThis usually results in a discharge bridging the electrodeH@mpever, in a highly
nortuniform field, the charges can form a kind of electrostatic shield around the electrode where
the electridield strength is greater anitherefore causes quenching of the ssifstained
dischargeThe resulting discharge does not bridge the gap and usually is called the corona
dischargeFurther this dischargenay be either pulsating or continupasd the @erage current
may be relatively low (in the milliampere range).

In practice the termiicorona is often used interchangeably with the tdipartial discharge.
However, corona is local ionization of a gaseous medium caused by a high electric fisld stres
around a point or wire, whereas partial discharge occurs in arbigbblein the dielectric
material or insulation.
The voltage threshold for corona initiation is dependent upaltiple factors

a. Gas density

b. Sizeof the bubble ogap
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c. Shape of &ctrodes or void

d. Impedance of solid insulation

e. Nature of gas or gas mixture in thebble or gap
f. Thickness of insulatian

The voltage at which a partial discharge stdrtsveverdoes not depend on the type of the bulk
of the dielectric material but on the stress in the cavity (shape dependent) and the breakdown
strength of the cavity (type of the gas spediesisity dependentgince cavity shape and
characteristics of the gasside it cannot be predicted precisely, the partial discharge initiation
voltage predictions are relatively more difficult than corona initiation predictions.

s. ENVI RONMENTS
5.1 Introduction

Somespacecraft systemmcluding highvoltage componentsre contained in sealed pressure
vesselseffectively isolating the system from the external environmiarthis case, the

environment is part of the system design and accounts for high voltages present. Pressurization is
often considered impractical kmgcse it requires heavy, tight enclosures with specialdpgtity
sealsNevertheless, when this approach is talke® can assume that significant higsitage

interactions will not occur; therefarthis casas not considereturther in thisNASA Techncal

Handbook

I n general, a spacecraftds interaction with i
design and operatiohligh-voltage systems require special precautions because of the
everpresent possibility of gas discharge phenomé&ha.following are outlined in this section:

a. The ambient or natural environments that a spacecraft will encounter

b. Theinduced environment resulting from modifications that the vehicle makes to its
own environment

c. The electromagnetic effects resultimgrh sourcesnternal or external to the
spacecraft.

5.1.1 Ambient Environment

The dominant environment between 100 and 100@lkiaudeis the neutral atmospheie.this
essentially collisionless regime, the gases are in hydrostatic equilitBalow aboutLl00 km,
where the atmosphere is homogeneous, the composition is approximgbehe &6t nitrogen
(N2) and 18percent oxygendy) with traces ohitrogen dioxide NO>), argon Ar), and other
gasesAbove 100 kmatomic oxygenyhich ismade from the photdissociation of molecular
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oxygen(O2), comes to dominatédbove about 800 kithe atmosphere is largely atomic
hydrogen(H). At a 506km altitude, the number density of neutral species varies fédiéf 20

33 10°cm®, depending on the level of solar adijvand position in the orbiThe kinetic

temperaure of the gas is usually between 500 and 2000 K, and the ambient pressure is in the
range ofL0'°to 5 108 Torr.

The neutral gas environment has been well explored and quartfrgarical modeldased on

in situ neutral composition and satellite drag measurements have evolved over the years into
reliable predictors of the average composition and thermal structure of the thermoBipéere.
most rotableof these models are the Mass Spectrometer Breoih ScattefMSIS) model

(Goddard Space Flight Center$6C) based on isitu satellite observations of neutral
concentrations, the 8shall Space Flight Center @#Q version of the Jacchia model derived
from satellite drag measuremerdaadthe United States J.S) Standard Atmosphere @tlonal
Oceanic and Atmospheric Administration@®XA)). These models provide good estimates of the
thermosphere environment as functions of altitude, longitude, latitude, local time, magnetic
activity, and solar activit and are continually updated as new informabenomes availabl®©f
partiaular interest is AIAA standar@uide to Reference and Standard Atmosphere Models,
which provides guidelines for selected reference and standard atmospheric models including
consiceration of their content, uncertainties, and limitations.

5.2 Contamination-Induced Environment

A spacecraft never operates in a clean environmdet environment in which a spacecraft
operates is a combination of the ambient and various gaseous comuoiggmating from
outgassing and other contamination sources from the vehicle @s#fassing fromhte

spacecraft structure and its subsystems Isggimapidly increasom the momenof launch,

while the ambient pressure quickly decreases fromesehatmospheric pressuf@s0 Tor) to

that of orbit ambient pressufess than 18 Torr). This external pressure change takes only a
few minutes, whereas the pressure next to the spacecraft surface and the spacecraft interior
pressure will remain at adher pressure throughout the life of the spacedraftause othe
outgassing of electrical, structurahd purging systems aboard the spacecratft.

5.2.1 Implications of Spacecraft Internal Pressure

Vacuum is normally considered an excellent insuldtofad, the theoretical dielectric strength

of dry air at a pressure of 2 orr is greater than®a.0° V/cm, a value 16 times the dielectric

strength of air at sea levdlhis is because there are few charge carrerd the mean free path

of electrons exceadhe gap length between closely spaced electrédesnternal volumes of a
spacecraft and even for external adjacent spaces, such vacuum conditions are seldom achieved.
The designeshouldassumethereforethat the environment is characterized byva-fwressure

gaseous environment.

In a typical case, a system can be described as a vented enclosure within which sources of gas
production will reach equilibrium with ventingources includée following:
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a. Leakage from pressure vessels and onbparpellant tanks

b. Periodic operation of purge systems

c. Continuous outgassing of materials, cabling, insula@owl electronic equipment.

It has been observed in the past that these sources are capable of maintaining a spacecraft
pressure of about QLOTorr for several minutes to hours even though the external pressure is less

than 16 Torr. Figurel, Spacecraft Internal Pressusiows data for particular spacecraft
(SutbnandStern 1975.
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Figure 10 Spacecraft Internal Pressure

One aspect atlectronic design that is easily overlooked is the provision for partial discharges
and voltage breakdown at low gas pressuteslosed electronic equipment with restricted
venting which delays outgassingay be a cause of faults within higbltageequipment.

5.2.2 Estimating Internal Gas Pressure

Duringtheboost phase, most of the gas escapes rapidly from the spacecraft interior for the first
30km into space, while continuum flow exisBuring this interval, the interior pressure of the
spacecraft is raly the same as the external pressfisethe spacecraft continues on its projected
course, its internal pressure will be greater than the external preBsisresbecause o$low

outgassing and venting through small orifices, tuaed cracks for gases entrapped in electrical
and thermal insulation and structural materials.

There are several ways to calculate the internal gas pressure and flow rates through the openings,
cracks, or orifices for a spacecrddepending on the gasmigty, these calculations can be in the
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molecular flow region, viscous flow region, or transition redionshmanandLafferty, 19635.

For a spacecraft wittmallamounts obutgassing products and opémgtin a low-pressure
environment, the flow can béaracterized as molecular flow because the mean free path of the
molecules is much larger than the dimensions of the orifice or the opefinegsthe gas flow

can be calculated by the Clausimuation(DushmanandLafferty, 1965)

T
0O oo — (Eq.1)

where

C is the flow conductance of the orifices int#m

Ais the total area of the orifices en?

T is the internal temperature i

M is the molecular weight of the gas in g/mole

K is a dimensionless function of orifice (tube) length over dianaetdris tabulated ifDushman
andLafferty, 1965.

In this simplified form of the Clausing equatiohetparameter 3638 has the units

cm3-1(gm/ (Taole))1/2

and accounts for the Botzmaoonstant, the conversion from mass to molecular weight, and
absorbs several dimensionless integéhnss equation can be used for estimating the flow of gas
from chamber to chamber in a multiple chamber vacuum system.

Scialdong1974) calculated and measured spacecraft compartment and equipment outgassing
rates.He showed that the depressurization time conste¥/C, wheret is the time for the
pressure to decrease to[@rcentof its initial pressurey is the volume in cubic cémeters, and
Cis theflow conductancéor the orifices in cubic centimeters per secayiden by

5 -0pQ (Eq.2)

where

T .
o yY— A IO (molecular flow speed)

Ak is the area of the k orifices in square centimeters
m = mass of the gas moleculegrams
kis the Boltzmann constant

Air and nitrogen have a time constant of approximately 0.4 s when bled through’afening
in a steel sphergscialdone, 1969NASA experiencgSutionand Stern, 1979)as shown that a
0.1 time constargnsures ade@uie outgassing around higbltage circuits.

These equations work well with known vent port sizes, spacecraft ammeaoroutgassing
parts.Most spacecrafhoweverhave thermally insulating coatings, fibrous insulation,
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electrically insulated partsemishielded boxes, and boxes within modulesaddition,
compressed gases for orbit adjustment are carried and relé4tethese complexities, it is

more appropriate to qualify the design by testing the completely assembled spaCieisratin

be dne in a thermal vacuum chamber to measure the real internal and external spacecraft
pressures and the outgassing rate, instead of relying on calculated outgassing values for the
system integrity.

5.2.3 OutgassingThrough Multilayer Insulation

Multilayer thernal insulation may be necessary withiggacecraft designn this case, caution

should be taken, because the outgassing rates for multilayer insulation are diibenghe

outgassing (or venting) through orifices. This can be seen in an experimentgelusing 100

layers of super insulation across the center of a vacuum chamber. The chamber was pumped only
from the side labeled Volume A in figuBeEffects of Thermal Insulation on Outgassing Rate
(Dunbar, 1988), while Volume B was isolated by thestad insulation. During the initial

pumpdown, gs exhibited bulk flow through interstitial spaces in the insulation. As a result,

during the first 15 min of pumpdown, the pressure in the chamber dropped fréevelea

pressure to 0.1 Torr, with the gaugethe thermally insulated side of the chamber following

pump pressure within 5 percent. As the pump pressure dropped further, entering the high vacuum
regime, the pressure on the insulated side of the chamber decreased very slowly as gas was
released intéhe chamber by purging and outgassing from the many layers of insulldtien
experiment shows clearly that designers who specify such insulation to control radiative transfer
need to be aware of the lengthy time required to eliminate both trappedsambeatigas. Should

high voltage be present in the affected part of the system, such gas might pose a breakdown
threat during the purging process.
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Figure 20 Effects of Thermal Insulation on Outgassing Rate

104

In the Apollotelescopaemount of the Skylab spacraft, thearea of theutgassing ports was
approximatelyl sg.cm per liter volume, the value recommended for adequate spacecraft
outgassing for higivoltage experiments and equipment onboard Skillab.resulting pressures
are summarized ifigure 3, Gas Pressure Inside the Apollo Telescope M@Donhbar,1973)

The Apollo elescopenount volume included several hundred feet of Téflorsulated
instrumentation and low power wiringlus the telescopes and ancillary electronic equipment.
Wiring requires significant time fopurgingsince the entrappeaghshas totravelup tohalf the

length of the wire to escape from each éldmping can further restrict tlyasflow within the
electrical strands.

APPROVED FOR PUBLIC RELEAS&E DISTRIBUTION IS UNLIMITED
Page30of 147



NASA-HDBK-4007W/CHANGE 2

103 —
Events:
AM/MDA 1. AM/MDA compartment
compartment vents closed

2. First sublimator flow cyle begins

102 | — 3. Sublimator valve closes for
minimum usage case
4. Payload shroud jettison
5. Sublimator valve closes for
maximum usage case
1
10 PS/FAS/IU
compartment
~ 100 |—
-
g
=
]
]
&~ 101 |—
) 7/~ Maximum
Maximum pressure 7 5 )/ pressure case
102 —

|

[

case for no e i
sublimator flow — |
I

Minimum
. r—
Ambient pressure

/
decays to 1.07x10-8 PIESSUTE case
103 — Torr at 600 s I

Minimum pressure

case for no i

sublimator flow —

104 | | | | | |
0 200 400 600 800 1000 1200
Elapsed time (s)

Figure 30 Gas Pressure Insidehe Apollo Telescope Mount

The Skylab space vehicle had several separate modules, including the airlock (AbYule
multiple-docking adaptefMDA), and the payloadhroudfixed airlock shroud/instrument unit
(PS/FAS/IU. During launchthe vent valvesvere purposely left open to allow modules to
outgas freelyThe module internal pressure was allowed to outgas to a minimum pressure of
25 Torr. At that time the multiple docking adapter vent was closed; the remaining vent valves
remained open as shownfigure3. As the Skylab proceeded toward space, at time &0s

lift -off, the external (space) pressure was 3107 Torr, but the internal pressures remained
above 1€ Torr for 20 min.The module internal pressure as a function of time is shotiguire

4, Pressure in Airlock Module Truss Compartmé@iite sublimator pressure pulses shown in
figure4 had a flow rate of 0.01196m/s for 300 s per pulse.
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Figure 40 Pressure in Airlock Module Truss Compartment

Foams can be used in electrical atettronic equipment as dielectric material or supporting
(cushioning) materiallhese foams are very porol®wever,and contain large volumes of
captured gasSince aitgassing is very slow and beconaaonstantontamination source in
vacuum,use of tlese foam materiashould beavoided in higkvoltage systemd he equation to
calculate the diffusiocoefficient O) for a foam can be found in work by Cuddihy and
Moacanin(1965 when neededlhey also found that the calculated values for outgassingimates
polyurethane foam used for electrical/electronic insulation were within a factor of 2 of
experimentally measured valuguddihyandMoacanin, 196p Furthermore, Scannapieco
(1970) givesthe outgassing rates of spacecraft materials as a functiempérature and effects
of outgassing on voltage breakdawn

The super insulation, Apollielescopanount and polyurethane foam testiscussed above

show that the spacecraft internal pressueg besignificantly greater than the external pressure

for several days after orhitinsertion.Furthermore, outgassing products within a higitage

module may keep the pressumear the minimum breakdown potential regionsafe, reliable

operation 6high-voltage circuits, making it advisable to delay their tomiLikewise, the

outgassing products of the spacecraft and reaction control propellants increase the pressure in the
vicinity of the spacecraft as shownfigurel.
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5.2.4 Suborbital Flights

Sulorbital spacecraft have all the shtimhe outgassing problems of orbital space¢ceaftept

thatthe electronickaveto operate fronEar t h 6 s s ur fasdbacktdd ot RO geler f a
For examplethe X-33 experimental spacecraft was designeaftlight profile commencing at

Eart hds surface, pr ogoféx,000 ftatituteand eturmgtxBarthu m a p o ¢
Maximum external pressure of the vehialeuld be as great as 760 TorratlaunEa(r t h6s s e a
level average pressurdjinimum external airframe pressuveuld be that of maximum apogee

or less than 0.01 Torr.

A very good example of the outgassing rates for several modules aboBehtheExperiments
Aboarda Rocket BEAR) spacecratft is reportdry Nunz(1990. An example of outgassing is
shown for the BEAR space orbiter electronics compartmefigume 5, Payload Pressure for a
Vented Payload During Launchhe curve designated as regiom2igure5 wasfor an
electronic component facing space with the sidd® spacecraft open to spatel10 min time
the pressure remained at 0.05 Tdrat is BEAR had a large outgassing area compared to the
total surface aredhe curve designating the diagnostic region, containing wiring and many
components inside arse-enclosed compartment, is shown to haadpressure greater than
0.5Torr for the full10 min flight time. In addition, there were no purge gases supporting the
pressurization of BEARSome suborbital vehicles will have purge gaBesed on the BEAR
pressure profile and continuous outgassing, it is estimated that the pressure around all
components and wiring within the confines of the air frame will have pressure greater than
0.1 Torr for a suborbital flight duratiorkigure5 can be found in Naneviand Hilbers (19783

104
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Figure 50 Payload Pressure for a Vented Payload During Launch

Similar dataexistsfor the Space Power Experiments Aboard Rockets (SPEAfes of
experimentsThe SPEAR Program (completed in 1994) included 3 tests finishing with a high
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voltage rocket launch (SPEAR 3). The setested a variety of very high voltage methods for
using the vacuum as an insulatSee Rustin et al (1993) and Coletral (1995.

5.2.5 Gas Purges, Leakageand Contamination

Outgassing products come from many soursash antrapped air, pressurizing gases in the
compartments that escape by laminar gas flow, continuous leakage of hydrogen or helium
through tank walls, nitrogen purgestbe electronics baynd theoutgassing of parts and
components.

Beforelaunch, purges with dry nitrogen are often conducted to remove residual air, moisture,
and external debriglelium has also been used as a purgelgasever, compared to other

gass, it has a very low breakdown voltage when depressurized and exacerbates the corona
problem.When helium gas is chosen as the purge gas, a significant amount of residual helium
will be trapped in the porous insulation, such as fiberglass, and insideskmtrenic

components and parts, such as transformers and power conversion equdpnrenthe first

flight. Subsequent flights will commence with a higher helzontent in the aihelium gas

mixture. This canresult in continual corona inside or beemecomponents following initiation

for the duration of the flight.

A nitrogen purge is preferred to a helium pungérogen is plentifulandcost effective and has a
breakdown voltage similar to that of air, which is higher than the helium breakdotage/él
small amount of air mixed with nitrogen (less thgpebcentair) gives the mixture
approximately the same breakdown and corona inception charac@&sighiat of pure aitt is
impossible thereforeto completely void the airframe with a singigrogen purgeFrom a
voltage breakdown cClV initiation characteristic, a purge with nitrogen is recommended
voltage breakdown characteristics of air, helium, hydrpged nitrogen are shown fablel,
Paschen Law Breakdown Voltages at the CaltPressur&pacing Dimension foBelectGases
atdcand 400 Hz

Table 160 Pascher® kaw Breakdown Voltagesat the Critical Pressure
Spacing Dimensiorfor SelectGases at dc and 400 Hz

GAS BREAKDOWN
VOLTAGE
dc (V) ac (V)
Air 327 230
Helium 189 132
Hydrogen 292 205
Nitrogen 265 187
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5.2.6 Outgassing of HighVoltage Circuits

High-voltage circuits used in testing usually heat up during operatiben heated, local
pressure will increase by outgassing of conformal coatings frequently used in such circuits,
potentiallyresulting in partial discharge&s an example, it was observed in a sensitive
photomultiplier circuit that a mere increase in terappgre from o 15°C raised the ambient gas
pressure to the extent that the partial discharge conoresased from 10 to 1000 times normal
(Dunbar,1973) This is shown irfigure 6, Partial Discharge Counts Measured in a Sensitive
PhotomultiplierCircuit (Dunbar, 1978 where corongulse count increases withmperature.
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Figure 60 Partial Discharge Counts Measured in a Sensitive Photomultiplier Circuit

Neglecting these partial dischargesrisk to design.All circuits shoulde tested abperating
temperatures and pressures with sensitive instrumafisn signals from higholtage circuits
show unexplained or unpredicted noise, especially if the noise is temperature dependent, the
engineer should carefully invegtite possible partial disarge activities within the circuitry.

Such partial discharge will initially produce only noise, but in time, the conformal coating may
crack ordebond exposing a bare electrottet would then provida supply of free electrons
resulting in system failure.

Cracks, voids, and improperly bonded surfaces account for most failures within totally
encapsulated circuitdin example of an improperly bonded surface on a capacitor is shown in
figure7, Delaminated HigfVoltage Capacitor@Dunbar, 1983)Applying high voltage to the
capacitor will ionize the gas in the crack, heating the gas and the insulation sarfafegher
increagng the outgassing rat&as escaping from the cracks alters the pressaeing

dimension, generatgncircuit noiseContinuous partial discharges eventually overheat the
insulation, enlarge cracks, and ultimateinproduce voltage breakdown.
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Fillers are sometimes added to an encapsulant to enhamctenstl strengthi-or example, if the

filled encapsulant is poured over a coil winding or over the end of a stranded wire, voids will be
createdusually either between windings or between the windings and metal core where partial
dischargeganoccu. Figure8, Insulation Deterioration on the Coil Windifghows the resulting
deterioratd insulation on the coil windingl'he figure shows a cut away view of an encapsulated
coil at three different magnifications. The clear region around the coils indicates that the potting
compound merely covered the wires without penetrating the regions between them, creating a
void chambem which the charged conductors can interact through Paschen disditegriter
surface of the insulation is only slightly pervious to the products of internal outgassing and will
allow the internal pressure to rise toward the Paschen minimum forati@gnvolved.

Initially, most voids are betweel 103cm (0.4 mil) and 5102 cm (20 mil).The pressure at the
Paschen minimum for theseids is between 20 and 750 Torr. This pressure can be sustained

with continuous outgassing through infinitesimalgassing ports.
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Figure 80 Insulation Deterioration on the Coil Winding

A development testhould be made to provieatthe encapsulation procelsas successfully
precluded voids, cracks, and improperly bonded reglemstransparent encapsulantssit
recommended that sample discs of the potting material be p@raaks, voids, and
delaminations are easily detected through a polarizing Teasslucent and opaque materials
require either a destructive examination or a very sensitive measurerpantialfdischarges.

5.3  Electromagnetic Environment

While the chief concern for the designer is usually the contaminti@results in a system
induced environment, there is another concern ihabany casewill be more importantlt is
generally aasmed that circuit and surface potentials present throughout the system at all times
are known in advance because of design. Electromagnetic effects on systems and spacecraft
surfaces can dramatically alter these potentials, leading to achievement ofd\baequent
breakdown. In this section, we review electromagnetic effects on systems and spacecraft
surfaces.
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5.3.1 Triboelectric Charging

Triboelectric charging occurs whenever two dissimilar materials come in contact with each other
and then separat®ne material pulls charges (mainly electrons) from the plssring the first

one (the one with the excess electrons) with a positive charge and the second with a negative
charge An example of this occurs when a space vehicle flies through moistussrtogtice
crystals.The ice crystals lose electrons to the spacedafa result, the spacecraft ends up with

a large negative potentibécause athe accumulation of this negatiebarge(Tannerand

Naneviz, 1961) As more ice particles impinge uptime surface fothe spacecraft, charge will
accumulate untilhe corona threshold is exceed&ten corona may initiatewith the corona
discharge current equaling the charging currgm.a good approximation to regard triboelectric
charging as a corett current source.

Vehicle charging resulting from triboelectrification can be detrimental when the vehicle skin is
composed of dielectric or dielectrimated sections, in contrast to a metal skin. Charge
accumulated on a dielectric material cannotlgdisiw away from the point of deposition.

Charge thus accumulates on the surface until the electric field along the surface is large enough
to support a streamer discharge over the dielectric surface to a nearby metal stfubaire.
dielectric strengtlof the insulator is exceeded before the streamer odoomgver then the

charge may be relieved by a spark discharge that punctures the dielectric and travels to an
underlying conductoiStreamer discharges, like spark discharges, seek the lowest impeda

path to the vehicle structu@uring the course of its operational life, a spacecraft may encounter
a number of sources of triboelectric charging. Natural sources inchsteic dusand
micrometeoroidsvhile manmade sources arise fromaterials spadld by cosmic dust impacts

with spacecraft surfacesutgassing productand small particles arising from various orbital
debris interactions.

Since windshields and windwafdcing windows are made of insulating matetriaisiilar
effects occur with them as with other dielectric materaiseamer discharges from windshields
and windows are a sourcerafdio frequencyRF) noise(Rupke, 2002)

5.3.2 Rocket Motor and Jet Engine Charging

Exhaust from the rocket motors and jegiies may not be considered a detrimental effect.
Before any conclusive measurements on rockets were made, it was assumed that the rocket
engine could have one of three effects on the electrostatic potential of the spacecraft

Case a0 If the engines wereapable of charging the vehicle to the potentials above the vehicle
threshold potential, then corona dischargesExdwould accompany each laungfhis is the
worstcase scenarip

Case bd When the conductivity of the exhaust is sufficient to limitvbhicle to some value
below the corona threshold potential, then there will be no corona discharges or asEddiated
relatedto engine chargingdther charging sources, however, still could cause corona discharge.
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Case o If the rocket engine exhaust svao effective a discharger that the vehicle would be

held below the corona threshold even when other charging sources were present, then the rocket
engine would tend to alleviate, rather than aggravate, the vehicle charging pidiisns a

positive efect)

From measurements made on Titan Il C rocketsyever it was found that rocket engine

exhaust is an excellent dischargéage cNaneviczand Hilbers,1973. Similarly on Voyager

(and many other spacecraft) it was reported thatrocket exhausto ul d b sth@VW&Ear d o
antenna experiment due to a global discharge of the spacecraft wieegitnes werdéred.

Jet engine exhaust, being at a lower temperature, corresponds to the second pdSasaliby. (

Nonetheless, discharges in the exhaust occurring as a series of discrete impulses of short duration
and rapid rise time related to turbulence are able to produce RF noise over a broad spectrum.

This interference may disable radio receiving systems asonim@ cases, may induce spurious

pulses in the electronic systems controlling stage sequencing and vehicle guidance.

5.3.3 DischargesCaused by Improper Grounding

One other place where the effect of vehicle charging can be damaging is where the conducting
sectons of the vehicle are not properly connected togefiuerexample, when a rocket vehicle

is charged triboelectrically on the forward surfaaeddischarged from the skirt atelaft end

and the forward section is not electrically connected to the @fosethen charge acquired on

the forward section cannot flow to the aft section fre€hus the vehicle is differentially

charged, unless the potential difference between the sections becomes large enough for a spark
discharge to occuilhis electricaisolation occurs as a result of improper electrical connection at
the interface of two sectiong/hen a spark or arc discharge event takes place between
differentially charged sections, it may be destructileending on the magnitude of the

discharge.

These spark discharges can be quite energetic, since the capacitance between the sections may be
several thousanpicofarads and the sparkover voltage may be several kilovaitthermore, the
spark discharges will seek the easiest electrical path bethwesectionsif there is some

electrical wiring routed across this gap, it is possible that the spark will travel through a shorter
gap from the front section to the wiring and then through another short gap to the aft section.
This, of course, would pat tremendous noise pulse on any data &0, there is the

possibility that these spark discharges could fire elestposive devices when they are onboard
and in the vicinity of the sparkover sita.the past, electrexplosive devices on rocketave
occasionally been initiated by corona or streamer discliBeyaett, 1968)The development of

the current NASA Standard Initiator (Ng) included prevention of such initiation as a priority
design goa(Roberts Research Laboratpdyine 1988)Thiseffort was successful as more than

20 years of experience with this NSI has shown no problems with electrostatic discharge
initiation. For other electrexplosive devices,ischarges between unbonded sectiesecially
present a real dangeherefore, ppper connection between sections of the spacecredsential
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5.3.4 Staging Effects

It had been conjectured that electrostdiszharges could occur between stages as they are
separatedn fact, it was shown that the separation of two dissimilar obgeetkl cause

substantial voltage difference between the boftiedfner, 1966) Experiments byNanevicz and
Vance(1966 have shownhoweverthat the two parts of the staging vehicle will be electrically
connected through the conductive exhglisineas bng as the motor plums in contact with

the expended stagk.does not seem conceivable that significant differences in poteghtais

more than a few tens of volisan be developed between separating sections during a staging

event in which the upstage motor is ignited at or before the time of stage sep&atiannch
vehicledesigns where tens of seconds can pass between stage separation and upper stage ignitio
(e.g, Saturn 5), engineers must be aware of the electrostatic risk.

5.3.5 Coating Insulators and Windshields

It has been found that a higlsistance conductive coating over the dielectric surface is quite
effective in eliminatingstreamers anthe noisethey causeThe conductive coating drains away
the charge as rapidly as it arrives gmelvents the electrostatic potential buildup, which can
produce streamer discharg&he coatinggSchmitt, 1972)used for nontransparent dielectrics
are usually opaque drhave a surface conductivifhe inverse of surface resitivitgh the order
of a 1 MW1. Most windshields are made of either glass or acrylic plastics. Glass has a lower
surface resistity (13 10'2W) than the acrylic$13 10'® W). This is attributed to the open silica
network in glass that allows hydration. It has been shown that a stesity of 13 10 Wis
sufficient to bleed off accumulating char@hmitt, 1972)

The principal coatingurrentlyused for glass outer pals isindium tin oxide (ITO). ITOcan be
fused into the glass exterior surface to sufficient depthetioagion should nateriously reduce
the conductivity of the external surface coating during the life of the windshield.

5.3.6 Antenna PlacementWith Respetto Dischargers

The proper choice of antennae and their placement can provide significant suppression of
coronagenerated noisén one case involving a loop antenna on an airdtaftas shown that
correct placement reduced the noise factor by 2blédBnerand Nanevicz, 1961)t was further
shown that at least 2B of noise suppression can be obtained with dipole antentvas aff
them are correctly placed and balanced.
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6. | NTERACTI ONS

6.1 Introduction

In the previousection,we reviewed the basic environments that are important to the dedigner.
this section we will characterize the interactions that result when-kgtage systems are
exposed to these environmeritsthe following sectionsve will review electromagnetic fields
within materials, breaklown phenomenon in gaseous and solid mexdid cover interacti@of
high-voltage systems with a plasma environment typic&8asth orbis.

6.2  Electric Field Configurations

Selection of Ectrical @mponents antheir mounting configurations are critical to a high

density, highpower packaging desighor highvoltage equipmentdditionalemphasishould

be placed orlectromagneti@ield stress and material selection and applicafiéw following
section give an overview of electromagnetic field calculations for common geometry in electric
power system construction.

6.2.1 Field Stress Calculations

To select and design insulation for electrical equipment properly, it is often essential to make
plots ofthe field distributionAs technology advances, the structuresdme more and more
complicatedand analytical methods to calculate the electric field lines and potential gradients
become less effectiv@herefore numerical methods are being developedalzulate field lines
and potential gradient€urrently, there are many computer packpggrams to simulate
electromagnetic fields for a given structufbese programs operate based on either finite
element or finitedifference technique#lso reseathers have developed-iouse computer
programs to meet specific applications.

These fieldplotting techniques are used to determine the maximum stress value in the
configuration for both operating and test voltagesm the breakdowfield (Es) for an
insulating medium, the breakdown voltgiye) can be approximately calculated from the
relationship(Ryan, 1967andRyan and Walley, 197

@ A7'0Q (Eq.3)

where
g is the electrode separation
h is the utilization factor, defined as the ratio of average to maximum gradient in the gap.

In practice, for the breakdown voltage calculatioms numerically equal to the required voltage
derating, because it is equal to the ratio of the field stresgslea parallel plates and the
maximum field at the smaller electrode of a umiform configuration with identical spacing.
For the breakdown voltage calculati@s,is usually taken as the breakdown fieldhe uniform
field case.
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For simpleapplications for most frequently used configurations, plots of the utilization factors as
a function of electrode spacing are showfigure9, Utilization Factor for \arious Electrode
ConfigurationgDunbar, 1988)for several electrode geometries.
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Figure 99 Utilization Factor for Various Electrode Configurations

The utilization factor, which provides a way to estingueckly the maximum field stress of a
configuration, can also be used to estimate the minimum electrode radius for a given spacing
when the electrical stress capability of the dielectric is kndWe.utilization factor is

numerically equal to the required voltagerdéing of a configurationin equation form, it is

h — p (Eq.4)
where

E is the local electric field strengtietween two electrodes spacédame distancapart(for
examplejn kV/mm)

Em is themaximumelectric field strength within the space between t@nductos spaced &
some distancepart(for examplejn kV/mm).

A treatise on electric field theory can be found in most texts on electricity and magnetism or
fields and waves. Von Hipp€l954) Greenfield(1972) and Schwaiger and Sorengé®32)

have written texts on dielectrics that explain the basic principlesfiesd theory A small

sample of the many relevamixtsdescribing field plotting and analysis dah®seby Moore
(1927aand 1921) Bewley(1948) Smythe(1968) Stratton(1941) and Webef1950)
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6.2.2 Configurations

For electrodes of any given shape, theateon in potential as a function of the distance from

one electrode to the other electrode can be calculated by solving the differential equations for the
electrostatic field. For simple geometries, such as parallel plates, concentric spheres, ahd coaxia
cylinders, the equations for the field strenfflchwaiger and Sorensen, 19329 given below:

a. Parallelplates
0o - (Eq. 5)

where
Ex is the voltage gradient at a distance x between the electrodes in V/cm

Vis potential at the electrodes in volts
sis the spacig between the electrodes in cm

b. Concentricspheres
O - — (Eq. 6)
where

r1is the inner sphere radius
r2 is theouter sphere radius both in cm

The maximum field gradierin is at the surface of the inner (smaller) sphere.

c. Coaxialcylinders

(Eq.7)

where

r1is the inner cylinder radius
r2 is the outer cylinder radius both in cm
Emis the maximum field gradient at tirener conductor surface in V/cm
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d. Spheregap

0O - — (Eq.8)
where
r is the radius of the sphergsn)

X is the distance between théom)
This is the case where two spheres are located side by side with a gap between them.

e. Parallelcylinders

o - 7 (Eq.9)

where

r is the radius of the cylinders
sis thedistance between them

6.2.3 Empirical Field Equations

An empirical field equation or formula is the shortened, simplified form of a complex equation.
Complex equations, manageable with computese traditionally been viewed dgficult and

time consuming to use in everyday design wedpecially if the dsign has to be assembled
piecewiseThis is changing with the availability of considerable computing power even in

mobile devices suitable for field work.is still sometimesadvantageous to use empirical
equationdor first-order estimationg-urthermeoe, maximum stress is often the only value

needed in a design, and the plotting of the complete field using a complicated equation is not
necessary. Empirical equations for the maximum field stresses at the smaller electrode spacing
for several electrodeoafigurations are given itable2, Maximum Field Strength (&) with a

Potential Difference (V) Btween the Electrode Configuratiai@owers and Cath, 194.1)
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Table 26 Maximum Field Strength (Em) With a Potential
Difference (V) Between the ElectrodeConfigurations

CONFIGURATION FORMULA FOR
Em
Two parallel plane plates |ﬂ;4‘ v
a
Two concentric spheres 2r V . +a
p ® Lo
Sphere and plane plate zp®ﬁ+ 0'90\/5 4 :a
i 2 YA
Two spheres at a distance from each other, 2r_®7®— r 0'9% o +ra/2
Two coaxial cylinders aﬁ Y,
2 (&) 2.3r In#
Cylinder parallel to plane plate ﬁ 096V
2r “ 23rn’ 2
' r
Two parallelcylinders . V2
P g Qﬁé%” 090 ——7i%
2r— 23rin ;
Two perpendicular cylinders Q_@/_zf 0.9¢ V/falz
2r— “ rin’
.
Hemisphere on one of two parallel plane M . whera>
plates 2r—4/a a
Semicylinder on one of two parallel plane zrﬁiﬁﬂ A hereas ¥
plates f a
Two dielectrics between plane plates i) Ve
[ a) “I"(IZ"I a1e2 + azel
Point and plane, wheré/g) = 160 ﬁ;:—& 0.605/
2a 4‘ LY a

Electricalstresses calculated with these equations are within 10 percent of values obtained from
analytical solutionsEmpirical equations for sparkover gradients in air and sulfur hexafluoride
arepublishedoy Mattingley and Ryan (1973)r the configurations showin figure9. As an

example, the sparkover electric field for parallel cylinders, at atmospheric pressure in air, was
found to be equal to
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8
Cqoyp —= (Eq. 10)
where
r is the radius of the cylinders (same for both cylinders) and is @.0984.64 mm

6.2.4 Voltage Distribution in Gas Surrounding Solid Dielectrics

In solids, as in gases, the start of repetitive ionization is the beginning of dielectric breakdown.
Since solid insulation generally has much greater dielectric strength than gasetatsn,

corona is expected to occur first in the gas surrounding a homogeneous solid dielectric
supporting the electrodeBhe CIV in gases can be determined by using established breakdown
curves for various gap distances and electrode configuratemagibe the measurements in the
literature show that the breakdown voltage of a gasumiform field is the same as ti&dV for

that gasHowever, an electrical system is composed of gaps or voids, dielectric material
supporting the electrodes, and eled material, forming various shapes and electric field
distribution within.Then the problem is establishing the applied voltage distribution between the
gas and solid portions of the dielectric to predict breakdown threshold voltdgesomplex
strudure can be modeled in terms of capacitors in series with different dielectric constants to
evaluate the overall systésndielectric strengthlable2 shows the potential of two dielectrics
between parallel plate$he potential of capacitors in series tendeterminedsing this

information

The voltage applied to two insulated wires is divided into three components as the voltage across
each wireds insulation and the vThiswltagee acr oss
distribution is unlike tat encountered in series capacitors where the voltage across the air

capacitor is proportional to the voltage across the sodidlation capacitor for all applied

voltages With parallel wires, the thickness of the insulation is constant around thebwiirthe

thickness of the gap between wires varies from a minimum in the space between the wires to a
maximum from the far side of one conductor to the far side of the other condurgsoresults in

a nonlinear electric field as showmfigure 10, Typicd Field Plot of Conductors Showing

Curvilinear Squareom Intersecting Equipential and Field Line$MSFCSTD-531)

E-field Equipotential |
| lines - — _-.\llnes—\\ |

Ground plane

Figure 108 Typical Field Plot of Conductors Showing Curvilinear Squares~rom
Intersecting Equipotential and Field Lines
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6.2.5 Wire Configurations

Round solid-insulated conductors have a unique field stress, which depends upon the insulated
conductor6s construction and intthe capeawbheretthere n  wi t
is an air spacing between two seiiigulatedround conductors, the electric field configuration is
more complicated, especially as the gas density decreases to a value where the Paschen
minimum is reached-or example, for an insulated wire next to a ground plane, the minimum
spacing will be the thimess of the insulation to the ground plaioe a twisted pair

configuration the minimum spacing will be twice the thickness of the insulab@pending on

the operating pressure, the possible breakdown paths, which correspond to the Paschen
minimum, ae shownm figure 11, CrossSectional View of TwistedPair Wire and Wirdo-

Ground Configurations Showing Possible Corona Sites at High Pressure (shorter path) and Low
Pressure (longer patiyISFC-STD-531,High Voltage Criteria

(b)

Figure 110 Cross Sectional View of (a) TwistedPair Wire and (b) Wire-to-Ground
Configurations Showing Possible Corona Sites at High Pressure
(Shorter Path) and Low Pressure [Longer Path)

6.3 Breakdown of Gases

Electrical breakdown of gases occurs as a result asicols between electrons and gas

molecules in the presence of an electric figlter the primary collisions produce new electrons

and ions, these charged particles will gain energy from the field. If the field exceeds some
thresholdpotential, a fully deeloped discharge will be established within the electrodes as

electrons multiplythrough collisions with the molecular gasdditional electrons are produced

from charged particles colliding with the electrode surfaces. The result wifiutlg developel
gaseous discharge. The initiation of this dis
breakdowno or Agaseous breakdown. 0

6.31 Paschenods Law

P a s ¢ hLawstates that the breakdowmltage of a gas in a uniform field is constant if the
product(pd) (wherep is the gas pressure, adds the distance between spaced parallel plate
electrode} is held constanPaschen, 1889; Meek and Craggs, 19%28%chen's Law dictates

that for all gases, the function V = f (pldlas a typical form with a distinct minimum. Gas
breakdown voltage has been shown to also be affected by electrode material and configuration,
andby operating temperatur®. a s ¢ h.awisivalid over a wide pressure regiercept

pressures beyond 2 tcaim and pressures below 10orr (Von Hippel, 1954)Note for highest
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accuracy, at aabsolute temperatufie(in K) differing from room temperaturd = 293 K), the
breakdown voltagsehouldbe read at the abscissa valuepmh (To/T) (Kind and Karner1985)

As gas pressure is increased from standard temperature and pressure, the breakdown voltage is
increased because at higher gas densities the molecules ar¢ogjeiesr and a higher electric

field is required to accelerate the electrons to iogieinergies within the mean free pathe
breakdown voltage decreases as gas density is decreased from standard temperature and pressure
because the longer mean free path permits the electrons to gain morebef@regy collision.

As density is furtherecreased, the voltage decreases unglaches aninimumvalue When

the density is further decreased, the breakdown voltage starts to increase because the density of
the gas is not sufficient to sustain a chain reaction of any ionization at thatglokendlly, the
pressure (therefore, the density) becomes so lowrtbstelectrors travel from one electrode to

the other without colliding with a moleculéxamples of Paschen curves for several gases are
shown infigure 12, Breakdown Voltage of Sevdr@ases as a Function pfl at Room
TemperaturéDunbar, 1988)
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8000 Temperature: 300 K (23 °C)
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Figure 120 Breakdown Voltage of Several Gases as a Function jpdl at Room Temperature

In somecasesthere will be a gasther than pure asurrounding the wire, cables, padsd
componentsPure air has a relatively higblV characteristic for either coated or insulated
conductors that allows transients of 320 to 85peak to exist in a cororfaee region

depending on insulation thickness and dielectric prope@®r pue gases such as helium,
hydrogenand nitrogen or mixtures of one or more of these gases with air during a purge may
result in a lower breakdown voltage characteristic, since the breakdown characteristic is also a
function of the gas composition as wedltaepd values.The breakdown voltage of helium as a
function of the produqgbdis shown in figure 13, Paschen Curve of Helium as a Functiopaht
Room Temperaturéd mixture of 10percenthydrogen in air will have a breakdown voltage of
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0.91 timeghat of pure airas shown irfigure 14, Breakdown Voltage of Hydrogefir Mixture
as a Function of Hydrogen Percentage in Air
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Figure 130 Paschen Curve of Helium as a Function gid at Room Temperature
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Figure 148 Breakdown Voltage of HydrogenrAir Mix ture as a Function of Hydrogen
Percentage in Air

The Paschen minimum voltage for air, which is 327 Vdc, occurpétanension of 0.7 orr-

cm at room temperature (28). Wires and parts may have spacing from less thamflo a

few centimeters, depéing upon the construction, application, location, and shielding
requirementsThis implies that some parts within the electrical system may be subjected to either
voltage breakdown, corona, partial discharges, or glow discharges when the space vehicle is at
altitudes greatethanapproximately 12.19 kr(40,000 ft)during launch andpproximately 9.15

km (30,000 ft)during reentry. The reason for the lower altitude during reentry is the highe
temperature and inhibited #iaw into the compartments duringemry.

Where possible, it is advisable to design high voltage systems sbdlsstparation between
high voltage surfaces is smaller than the electron mean free path for a colleqoressure
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corresponding to minimum CIV depends on the spacing of the electFamtesl-cm spacing in
air at room temperaturéhis pressure oces between 0.5 and 1.0 ToA.representative

minimum CIV for air is 3Z Vdc. In comparison, the CIV for the same contact configuration at
760 Torr (1 atm)s 31.2 kV.

In general, for each electrode spacing there is a unique pressure at which minimaoc @b/

as shown ifdigure 15, Corona Onset Voltageetween Parallel Plates at Several Spacings

(Dunbar, 1966)Thus, the minimum CIV will occur over a wide range of altitudes in the

electrical system on a space vehicle having many components with a variety of spacing between
conductors, contacts, and terminations. The minimpdmiimension is constant for a wide

pressure variation and for many spaatigside a space vehicl8ince the CIV and breakdown

voltage of a gas are functieaof gas density and spacingdj, the corona or breakdown can start
when the pressure between clossaced (2 milsr 5.1x10° cm) electrodes is as high as 125

Torr and continues through to the longest distance between an energized electrode and a ground
plane, until a pressure of less than 0.02 Torr (spac@cm) is obtainedDunbar,1966.

Initially this appears extreme until thesigner can visually observe the length of the breakdown
path between an electrode on a card and the furthest metal ground plane.
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Figure 150 Corona Onset VoltageBetween Parallel Plates at Several Spacings

It should be noted that the pressure between electrodes is differarthe external pressure and
would be greatly reduced through ventilation as the vehidtavelingbetweerkarth and space.
In some instanceghe time lag can exist until well aftdre vehicle reaches orbit altitudecause
of outgassing of insulation and containers within the vehicle.
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6.3.1.1 External Radiation Effects

Corona, under normal conditions, has no wiellined starting voltage because its initiation may
depend on an externsburce of ionization as wellhere is generally a time delay between the
application of voltage and cororiEhis time delay varies statistically and is a function of the
difference between the applied voltage and the critical voltdigraviolet UV) andhigh-energy
radiations reduce the time delay considerably.

Below the critical voltage, there is a poten{Mt)) where pulses of corona start but are not self
sustaining, hence are extinguish&te region from\/g to the critical voltage is called the
Geger-counter regiméLoeb, 1965) The frequency of the pulses in this region generally
depends on the intensity of the external ionizing agents present.

When radioactive cobaB0 or a gamma emitter is used as an ionizaffects corona in three
ways.First, it lowers the CIV of the gaseous environment 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 either more or less cororsans Irradiated polyethylene is an
example of a materiglhatis changed by radiation to be more corona residtanncreased

corona resistance after irradiation results from an increase in ability to shrink and bond to itself
to form a structure whtfewer voids(Von Hippel,1954) Radiation effects on dielectric materials
are investigated b$tojadinovic et al. (2001 Mackersie et al. (20Q1Amjadi (2000; Krieg et

al. (2000);Givenet al. (2000, and Lee et al2000)

6.3.1.2 Temperature Effects

In the space environmerhe ambient temperature variation can be |&eEause ofolar

heating effectsThe onboard instrumentation and power systems are designed to operate in this
wide ambient temperature range, typically from negativest® positivel55 C for vehicles in

low Earth orbit In addition to this ambient temperature variation, the instruments can see local
temperature changeslatedto dielectric losses, partial discharges, corona discharges, electrical
breakdown, or fully developed arc glow dischargesThis section discusses testing needed to
ensure that high voltage systems can operate under conditions of significant temperature
excursion. Failure to do so is potentially catastrophic since the physical effects discussed with
respectad test will also occur in operations.

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

L 0 — (Eq. 11)

where

To is room temperature ik (293K)

Tt is operating temperature of the equipmerKifmaximum temperature of the equipment
Po is nominal operating pressure in Torr

P is testchamber pressure in Torr
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Also, the breakdown voltage may be relatetetoperature and altitude by usimgt.S.

Standard AtmosphedePressure chanyhich gives the akdensity factor as a function of
altitude.Thus, for corona test purposes, it is possible to simulate any altitude and temperature in
a roomtemperature chamber containing gas at an approjpriessureHowever, this simulated

test environment ignores higharer effects from chemical and thermal dielectric deterioration,
which would occur at a temperature other than room temperature.

The CIV andcoronaextinction voltage (CEV) arkey paranetersused tadeterminethe

likelihood of corona, glow discharge, or electrical breakdofumy sustained discharge will heat
the gas locally (around conductors) as well as in enclosed spaces (Vbals3sulting
temperature rise will change thgtinction voltage, thus giving inconsistent resultsis effect
has less impact in the vicinity of the Paschen minimReadings ahigherpd values will be
influenced by temperature rise during the téghen testing for partial discharges in voids of
solid dielectrics, internal temperature ridgecause o$ustained dischargesfectingCIV and
CEV. When the walls of the void are heat®ddielectric losses, the insulation outgases,
changing the gas pressure and possibly the gas mixture inside th€hisidffects the voltage
difference between th@lV andCEV across a simple void in a solid dielectric, resulting in test
resultsthat are not representative of operational conditidftsen testingor pd or coronatest
engineers must keep in mind thesting itself can temporarily alter the samplautn should
be taken to obtain valid data.

For example, th€IV data as a function of gas pressure and temperature for round nichrome wires
having two different fixed spacings are showifigure 16, Corana Between Nichrome Wires in

Heated ChambdDunbar, 1988)andfigure 17, Corona Initiation Voltage as a Function of
Temperature and Pressure for Parallel Wires in a Heated Chébnimbar,1989. The test data
indicate a small variation in the minimu@iV at temperatures between 5@@d 1100C but little

or no change from 2® 500°C.
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Figure 160 Corona Between Nichrome Wires in Heated Chamber
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Figure 170 Corona Initiation Voltage as a Function of Temperature and Pressure for
Parallel Wires in aHeated Chamber

When subject to high temperature, molybdenum and tungsten sensors, conductors, arel parts
to be protected from oxidation by either an inert gas or vacuum environimewldition, when
molybdenum materials are located in an oxidizimgaspherehey should bésolated to prevent
molybdenum trioxid€éMoOs) formation from evaporating and depositing on cooler pats.

CIV data, as a function of temperature and pressure, obtained betwddn®y@ontaminated
titanium wires spaced in a degsurized aifilled chamber is shown ifigure 18, Corona Onset
Voltage of Nidkel-Clad Wires in a Molybdenur@ontaminated Overhe wires did not corrode
or show signs of evaporation at temperature less thahG@0s thetemperature was increased
MoOQOs evaporated andeposited on the cooled vacuum chamber wahs. multitudeof MoOs
molecules between the conductors cartiextonduction current when a voltage exceeding the
CIV was applied to the wirgslarwood, 1958)
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Figure 183 Corona OnsetVoltage of NicketClad Wires in a
Molybdenum-Contaminated Oven

6.3.2 Corona Frequency Spectrum of Air Between Parallel Wires

As discusseth section 5.2.6partial discharges or corona usually generate-tigfuency noise

that can interfere with the operatiof other equipmentn one study, when the frequency
spectrum of the noise generated by discharges between parallel wires was measured at three
pressurespacing fd) dimensions, the following results were obtaifednbar, 1983)

a. The corona frequency sptrum for one atmosphere air is sufficient to gendeie
from 60 Hz to over 1 GHz.

b. As pressure is decreased to 30 Torr, the higher frequencies are attenuated
significantly as shown ifigure 19, Frequency Spectrum at Corona Pres¢Dtsbar, 1983)

c. Two situations exist for the loywressure regiort-or glow discharge inceptipthe
frequency range is from 15 to 30 kHz as showhigare 20, Frequencyspectrum at 0.75orr,
647 Volts for #16 AWG Solid Copper Wires Spaced 4.8Dombar, 1983)The datavere
taken between parallel wires using EMI test requirements and equiptogvever, if the
voltage is raised to include streamers (sparking) within the glow discharge region, which is an
overvoltage of at least 3U-peak above glow discharge initiatiadhe frequency spectrum
increases to the values showrfigure21, Frequency Spectrum at Glow Discharge Pressure
(Dunbar, 1983)
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