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Chapter 1 INTRODUCTION

A. Overview

The phenomenon of corona discharge has been of interest to engineers and

scientists for many years. Seamen of old told tales of the glow they called 'St.

Elmo's fire' that appeared on the ships' mast when storms approached at night.

Pilots report the edges of their wings sometimes glow when flying through

thunderclouds [1]. These naturally occuring events have lead to a great deal of

research and testing in the area of corona discharge and its effects.

The field of high-voltage insulation for transmission lines is a well investigated and

studied area. Most utility companies use high-voltage towers and the air to insulate

their lines from ground objects. Oils, liquids, gases and other chemicals are also used

as insulating mediums.

As space travel becomes more commonplace, the techniques developed by these

utility companies to control corona discharge will be looked at for space power

applications. However, the vacuum of space and the constraints of spacecraft design

will not allow implementation of the insulation techniques used on earth. The issues

of weight, size, reliability, ind low gravitation.l fields become very important. The

weight and size of liquid or solid insulators must be limited since "excess" in weight

or size could not be supported for spaceflight. Low gravitational fields may cause

bubbling in liquid dielectrics. Reliability in insulation systems is needed due to the

prohibitive cost and difficulty of repairs in space.
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B. Statement of problem

As the requirements for space power systems increase, higher voltage levels and

higher operating frequencies will be required. These higher values, needed to

reduce the size and weight of equipment (transformers, capacitors, wiring, etc.),

will approach powers near megawatts and voltages up to hundreds of kilovolts [2].

At these high voltages, a proper understanding of corona discharge under low

pressure conditions becomes very important. The next generation of space craft will

operate at altitudes in the range from 24,000 to 46,000 meters, which corresponds to

a pressure range of about 20 to 1 Torr [3]. Corona discharge could be a serious

problem in their power systems and associated cabling. Deterioration and eventual

breakdov a of the dielectric can cause serious problems for space applications.

Research performed at Arizona State University has shown that the breakdown

voltage decreases with the d( :-easing separation distance between a wire and a

ground plate. This lower breakdown voltage will manifest itself as partial discharge

(PD) ikh the voids of the solid insulating material, electromagnetic disturbances,

reduced flashover voltage, and deterioration of the insulating material which may

eventually lead to breakdown. Due to the high altitude at which these space craft will

be operating, low pressure may result in severe corona discharge problems.

C. Objective

In order to avcd problems with corona discharge, a better understanding of the

actual phenomeron at low pressures is needed. As corona discharge is better

understood, special requirements for design and operation can be drafted for use in



3

making high altitude spacecraft operational. This thesis will investigate the frequency

spectrum of the discharge current and relate the change in the spectrum to other

discharge phenomena as a function of pressure. Three different areas will be

examined. First, a study of the physical appearance of corona discharge will be made

as a function of pressure. Second, a study of the pulse shape of the corona discharge

as a tunction of pressuie will be explored, Pnd third, by examining the frequency

components of the corona discharge current, a study of the change in the frequency

spectrum of the discharge current will be examined as a function of pressure. A

better understanding of the corona discharge will aid in the development of the

power systems for space craft of the future and help to avoid the problems associated

with low pro,sure (high altitude) discharge. A more complete understanding of

corona discharge will aid in the development and use of more precise detection

equipment.
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Chapter 2 BACKGROUND LITERATURE

A. Corona mechanism

The basic mechanism involved in the corona discharge occurs as a series of steps.

Free electrons are present in gas and act as the starting point of corona discharge.

When a sufficient overvoltage is applied to the test setup, the free electrons,

triggered by the resulting electric field are accelerated through the gas in which they

reside. Some of these electrons acquire enough energy so that when they collide with

other atoms, more electrons are released as a result. This produces an avalanche

effect as shown in Figure 1 below.

)A) INITIATION

ELECTRON-- 0RELEASED

NEUTRAL
'ATOM

PHOTONI STRIKES
CATHODE

B) FORMATION OF AN
ELECTRON PAIR

IMPACT OF ELECTRON WITH NEUTRAL ATOM
RELEASES ADDITIONAL ELECTRON AND
LEAVES POSITIVE ION BEHIND

C) MULTIPLICATION

e ELECTRONS SWEEP FORWARD IN
GAP CREATING POSITIVE IONS

-'& BEHIND AS THEY MULTIPLY

POSITIVE ELEC-
IONS TRONS

Figure 1. Electron avalanche. Copyright © 1987. Electric Power Research

Institute. EPRI EL-2500. Transmission Line Reference Book: 345 KV

and Above. Second Edition. Reprinted with permission.
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Many of the collisions that take place are elastic in that the electron loses very little

of its kinetic energy. When an electron has sufficient energy to strike an atom and

cause excitation, the atom jumps to a higher energy state. The electron(s) of the

atom shift to a higher state, and as they return to their former state emit energy in

the form of light (visible corona) and electromagnetic waves.

The 'corona avalanche' produces millions of positive and negative ions. The entire

process occurs in a microsecond time frame. Tests show [4] that the entire process

is probablistic in nature. The size of the collision volume, materials used and

pressure all play a very important role in the development of corona discharge. An

electron in a gas at a pressure of 1 Torr and 0 degrees centigrade makes only 10 to

100 collisions for each centimeter it travels. As the pressure increases, the number

of atoms per cubic centimeter increases, as does the probability of a collision.

Townsend developed a coefficient to describe the number of electrons that were

produced from a single electron traveling in a uniform electric field over a distance

of 1 cm. Known as Townsend's first ionization constant, the discharge current in the

avalanche of electrons can be described as

1=J0e a d

where alpha is Townsend's first ionization coefficient and d is the gap distance. I is

the gap current and Io is the initial current in the gap due to outside sources.

As an electric field stresses a gap in air, the free electrons migrate toward the

grounded wire and create a very minute current. As the field increases, secondary

processes which were also studied by Townsend come into play [5]. When the
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secondary processes are included, the equation above can be more accurately written

as

tad1=!o•

1-y(ed1)

where gamma, Townsend's second ionization coefficient, represents the secondary

processes that contribute to the discharge current. If the denominator approaches

zero, the current will become infinite. This is the case when

y(ead-1)=l

and according to the studies done by Townsend [6], this is the condition which

defines the onset of the corona discharge. The Townsend criterion expresses the

condition in which an avalanche, starting from a negative electrode, can be self-

sustaining. Meek and Craggs [7] examined the Townsend criterion and made the

following observations:

(a) when the value on the left of the equal sign above is less than 1, the discharge

current is not self-maintained. This means that if no initial current is in the gap due

to outside or external sources, the current ceases.

(b) when the value on the left is equal to 1, the discharge is self-sustaining and can

continue without the need of the external source.

(c) when the value on the left is greater than 1, the ionization produced by

successive avalanches is cumulative.
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In low pressure corona discharge, a large number of phenomena may occur. If we

look at the voltage-current characteristics of a parallel plate arrangement with dc

voltage source we have a curve of the type shown in Fig. 2. Each electron that

leaves the cathode moves toward the anode producing ionization on the way. The

positive ions produced drift toward the cathode, producing more electrons by

1 /  I I I I I

G

ETownsend Abnormal

Arc

I0001 O0 -  I0 -  10 10-? C0 -r 1 0

Current (amps)

Figure 2. Voltage-current characteristics of a dc discharge. Copyright a 1966.

Introduction to Electrical Discharges in Gases, S.C. Brown. Reprinted

by permission of John Wiley & Sons, Inc.

secondary emission when they hit the cathode. At very low voltages and currents, the

multiplication is insufficient to lead to a self-sustaining discharge and the current

occurs in random bursts. If a supply of electrons is provided by a photoelectric

source, the current is controlled by the intensity of the illumination. Breakdown

occurs at the beginning of what is called the Townsend discharge region, BC. As the
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current increases from C to E, the discharge begins to glow visibly and the potential

across the tube drops to a constant value. This is the region which has been called

"corona discharge" [8]. The region in which the potential difference is constant, EF,

is called the "normal glow". Here the discharge covers only a part of the cathode,

the area covered increasing with the current. The current density remains constant.

When the whole cathode is covered with glow, increasing the current further causes

the voltage to rise; this is the region FG called the abnormal glow. The high-current

operation of the discharge is termed the arc. Most of the early work in discharges

centered around the study of the visual behavior of the corona discharge, and led to

the classifications of the different regions that were visible.

EPRI [4] points out that the Townsend breakdown criterion, while being

conceptually useful, is not used because the discharge process is much more

complicated than the equation implies. For example, the effect of space charge is

not taken into account. Space charge will disrupt the uniformity of the electric field

in a parallel plate arrangement. The ions and electrons that are produced in the

discharge will move at different rates; the electrons move much faster than the ions.

In an arrangement with a cathode and anode, the ions will accumulate on the

cathode in a much higher concentration than the electrons on the anode. This

results in an ion concentration at the cathode that greatly exceeds the electron

concentration at the anode. As mentioned before, this space charge affects the

electric field, E, according to Poisson's equation [9] shown below.

aE
ax



9

Here rho is the net charge density and x is the separation distance between the two

electrodes. The general form of the distortion of the E-field can be seen as shown

in the Figure below.

ELECTRIC FIELD STRENGTH

E with space charge

E

E without -

ANODE DISTANCE CATHODE

Figure 3. Space charge distortion.

This is shown as a generalization only since the actual shape of the field intensity

depends on the variation of rho with x. The constant line in the figure indicates the

E-field for rho equal to 0. Vuhuu and Comsa [10] calculated the electric field, Es,

created by a space charge left from the occurrence of an avalanche. This is given by

E= eN

where N is the number of positive ions, and rD is the radius. Epsilon is the

permittivity of the vacuum and e is the charge of a positive ion (1.6 x 10-19 coulombs).
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Substitution of these constants permits this equation to be rewritten in a more

simplified form as

Es,,=1.5x10 -17 N
2

rD

where the units are volts per centimeter.

B. Previous and current investigations

Some of the earliest work in gaseous conduction was described by Gilben in his

'de Magnete' in 1600. Later studies made by Coulomb in 1785 [1]. With the

development of adequate vacuum capabilities, research in corona discharge made a

quantum leap forward with the work of Friedrich Paschen in 1889 [11]. The curves

which now bear his name, have become a cornerstone in corona studies. He found

that the voltage required for corona inception varied with pressure and distance. His

law states that at a given potential difference, the field being uniform, the product

of the pressure at which the discharge occurs and the distance between the electrodes

will be constant. Stated differently, as the product diminishes the discharge potential

decreases until, at a critical value, it becomes a minimum for a given gas. For still

smaller values of the product, the sparking potential increases rapidly.

The effect of high altitudes on aircraft insulation was discussed by Berberich et aL

[12] in 1944. His paper presents a large number of break down voltages versus

altitude or air density measurements and concludes that the breakdown strength of

rod gaps is lower than for uniform field conditions. However, the differences in

breakdown voltages around the Paschen curve minimum are negligible. The first
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publication on corona problems in aircraft was presented by Wilson [13] in 1944. He

described the problems and offered design methods to avoid corona. Pendeleton [14]

proposed applying semiconducting coatings on ceramic bushings to increase the

corona inception voltage. Under and Steele [15] showed that the corona inception

voltage decreases as the operating voltage frequency increases. For example, the

inception voltage at the Paschen minimum is 230 volts at 60 Hz, 160 volts at 299

Khz, and 50 volts at 1 GHz. In 1962, Starr [16] proposed design methods for

avoiding flashover in a space environment. He noted that a thin silicon rubber

coating would greatly increase the corona inception voltage. However, barriers

suspended between the electrodes proved to be even more effective than the silicon

coating. In 1971, Paul and Burrowbridge [17] presented methods for preventing

electrical breakdown in space. Their methods included the avoidance of high electric

fields and the avoidance of critical gas pressures. Selection of materials, scrupulous

cleanliness, good mechanical design, solid potting or complete venting, and frequent

testing were found to be the major requirements to success. In 1972, NASA [18]

collected all aerospace-related corona literature up to that time. Also, in 1984, the

Department of Energy [19] collected all data on electrical breakdown in gases. This

collection included experimental and theoretical data on sparking potentials,

breakdown voltages, corona inception voltages, critical fields, voltage-time

characteristics, dielectric strengths and breakdown probabilities.
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The phenomena of breakdown has been shown to be dependent on the strength

of the electric field. Peek worked to describe this relationship empirically. Gary et

aL [20] described Peek's law as

EjE,-(I +-)

where Ec is the critical field, or ionization threshold of the corona inception voltage

in kV per cm. Delta is the relative air density given as a ratio of the air pressure in

Torr and the air temperature in centigrade ( it is equal to 1 at 760 Torr and 25

degrees centigrade). R is the wire radius (cm), and K is a constant equal to 0.038.

Eo is also a constant with a value of 31 kV per cm.

Chong-hui and Zheng-xiang [21] proposed a modification to calculate the corona

inception voltage at high altitudes. They developed a modification of Peek's formula

for calculating the corona inception voltage at six different altitudes;

E =31.56Khx( 1 + 0.305)

where they used a constant of

Kh= 1+6.12x10"3(H- 11)

were R is the inner conductors radius (cm), delta is the relative air density at the six

different altitudes and H is the absolute humidity and Kh is the absolute humidity
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factor. They proposed including the absolute humidity into the equation as shown

above. Their work was focused on transmission lines and the six variations of height

over mountainous terrain compared to flat land.

A number of papers have been written on the effects of the frequency of the

voltage source has on corona discharge. He and Hall [22] studied the frequency and

pressure dependence of RF discharge excited CO2 waveguide lasers. They found that

the output of the laser is strongly dependent on the frequency of excitation. At the

optimum excitation frequency of 125 MHz, 30.6 W at 12 percent efficiency and 0.83

W/cm was achieved.

Suganomata et al [23] studied the variations of light emissions from a parallel plate

discharge at frequencies of 100 and 500 kHz. Their results suggest that the plasma

in the gap between the two electrodes becomes an electron source to sustain the

discharge by detaching electrons from negative ions. Sato and Haydon [24] studied

the onset and development of corona under RF conditions in a point-to-plane

arrangement in air and N2 from 80 Torr to 760 Torr at 10 MHZ. Using an image

intensifier system they were able to make time-resolved observations of the initiation

of corona as well as the intermittent and continuous breakdown phenomena. They

determined that the pressure and geometrical arrangement of the test setup can

greatly affect the appearance of the corona discharge.

Ishikawa et aL [251 built a planar diode system to produce a discharge in SF6 at a

pressure of 0.2 Torr with a driving frequency of 30 kHz to detect negative ions. They

examined the negative ion density on the order of 10' cm3.
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Damas and Robiscoe [26] worked on the development of detection methods of RF

signals emitted by an arc discharge. They analyzed the arc radiation signals detected

by a typical RF receiver operating at a set frequency and bandwidth. They

determined that the RF receivers respond to the derivative of the arc current rather

than the current itself. However, at low frequencies, suitable information can be

obtained because the size of the time constant of the current pulse can be correlated

with the strength of the receiver input signal. Mea:urements at high frequencies

require considerable correction for instrumental settings and do not provide direct

information regarding the arc. Seeboeck and Koehler [27] investigated the temporal

intensity modulation of spectral lines for a parallel plate arrangement in Argon gas.

By the use of a sapphire window and fiber optic cable they could examine the optical

spectrum of the discharge. They found that the spectral lines were very much

determined by the pressure and developed a simple model to correlate their

experimental findings with their theoretical results.

A few papers that examined very briefly the frequency characteristics of the

discharge itself have been published. In 1933, Ballantine [28] studied the effect of

fluctuation noise due to ions formed by collision in electronic amplifier tubes at

various pressures. While his work was not directly involved with corona discharge,

what he did find is rather interesting. At pressures of the order of 10-4 mm in

mercury vapor a decrease in the noise at the higher frequencies was observed.

However, in argon the noise was uniform throughout. With mercury vapor at higher
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pressures (4 x 10-3 Torr) the noise spectrum berame peaked with the frequencies of

the peaks depending on the electron current flowing in the amplifier tube.

In 1976, Ishikawa and Suganomata [29] studied the frequency shift of the voltage

oscillation of the positive column in a SF6 gas discharge. They used an external

voltage applied to the anode (80 volts peak to peak) and 2 kV applied to the

cathode of two parallel plate aluminum electrodes spaced 15 cm apart. By increasing

the external anode voltage once the corona discharge had begun, the frequency of

the discharge pulses would increase at specific points. The authors concluded the

phenomenon may be ascribed to the motion of negative ion clouds in the SF6 gas

discharge. In 1984 [30], they published another paper on the frequency of ionization

waves in SF6 gas. Again, they used aluminum plate electrodes, 2.2 cm in diameter

and spacei 60 cm apart. They studied the pressure range from 0.5 to 1.1 Torr and

the current range 0.1 to 0.3 mA. They determined that two modes of ionization

waves exist. Mode I waves showed that the frequency changes from 20 to 80 kHz

with an increase in the discharge current. The Mode II wave was a 1 kHz wave with

a group velocity less than 2 x 10-3 cm/s, which changed from a forward wave to a

backward wave with an increase in the discharge current. They concluded that the

Mode I wave was induced by positive ions and Mode II by heavy negative ions. A

later paper [31] discussed the existence of half-integer (subharmonics) in the

ionization waves in SF6 gas. The same set-up was used as before, and they

determined that the half-harmonic excitation depends on the applied frequency and

voltage.
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In 1984, Sato and Haydon [32] used a spectrometer to analyze the spectroscopic

information obtained from the corona discharge. They used a plane-to-toroidal gap

of 15 mm at pressures of 80, 200, 650 Torr. The intensities of the spectral line

emissions with relation to the gap length for both air and nitrogen were studied. They

looked at only the 100 ns period of a single period of RF voltage amplitude at 10

MHz, and noted the change in the spectral line emissions while varying the gas and

pressure. Using a point-to-plane arrangement, they found that there was a very

distinct polarity effect caused by the ac voltage. With negative polarity on the needle

electrode the luminosity in the gap was more extensive than for positive polarity.

The luminosity around the needle point was less intense and broadened for the

negative polarity than for the positive polarity. They found that the appearance of

the luminosity of the corona discharge depends not only on the voltage and polarity

but also on the conditions in the gap such as electron and ion distributions produced

prior to the event. This observation supports the statement made above about the

effect of space charge.

Ogle and Woolsey [33] investigated point-to-plane corona discharges in SF6 for

currents up to 20 mA. They used a pressure range of 0.1 to 10 Torr. They found

that as the pressure increased, the appearance of the discharge changed from an

abnormal glow with a diffuse positive column to a normal glow with a constricted

positive column. Another interesting study of the corona discharge appearance and

its change with voltage and distance was that done by Vuhuu and Comsa [10]. Using

a point-to plane coafiguration, they used thick (greater than 1.6 mm) and thin (less
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than 1.6 mm) wires at various gap lengths and applied a voltage across the gap until

discharge started. The voltage was then increased and the changes were roted. As

an example, the discharge sequence for a thick wire is as shown below.

For short gaps ................................ burst pulses

glow

sparkover

For medium gaps ........................... burst pulses

burst pulses which may

or may not cause

sparkover

if the previous streamers

do not cause sparkover,

occurrence of glow

sparkover

For long gaps .................................. burst pulses

glow

sparkover

From this we see the appearance of the streamers depends not only on wire size but

also on gap distance. The gap distance was varied to a maximum of 20 cm. The

terms "short", "medium" and "long" relate to 20 cm.
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In 1988, Suganomata et aL [34] looked at the typical waveforms of the discharge

current in CF4, SF6 and N2 gases. They again used parallel plate aluminum

electrodes, and found that the waveforms varied depending on the gas medium used.

In SF6, a current pulse before the main discharge current was seen at about a quarter

of the period after the zero voltage phase. The current pulse is due to e ,eron

detachment from negative ions. In N2, there was no detachment current pulse, but

a pulsed current was observed just after the zero voltage level. They ascribed this

current pulse to electrons being accelerated in the afterglow plasma produced by the

discharge during the preceding half-period. The CF4 discharge current was much

more complicated than the other two. The electron current pulse appears just after

the zero voltage phase, and is accompanied by an oscillation of a few cycles with a

frequency of about 2 MHz. The oscillation is believed to be caused by a current-

driven instability due to the dissociative electron attachments in the gas. Beyer et aL

[35] investigated the possibilities of acoustic partial discharge detection on cast-epoxy

resin dry-type transformers. They measured the frequency spectrum of acoustic PD

signals to determine what range would be needed for sonic sensors. They did not

investigate the spectrum at different pressures or voltages.

The statistical properties of corona pulses have been studied previously using

pulse-height analysis (PHA) for discharges in SF6 and various mixtures of SF6 in N2

and water vapor [36-38]. PHA has also been used to study the discharge

characteristics inside insulating cavities and other equipment [39]. These studies

were all done at atmospheric pressure, however. AI-Arainy et aL [40] used a
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multichannel analyzer to study the variation of AC corona pulse amplitudes in a

point-to-plane configuration at atmospheric pressure. They found that for AC corona

near the corona inception voltage, in a point-to-plane arrangement, the pulse

amplitudes follow a Gaussian type of probability distribution. However, when the

applied voltage is progressively increased, the deviation from a Gaussian type of

probability distribution also increased.

Malik and AI-Arainy [41] studied the electromagnetic interference (EMI) caused

by corona and gap discharges on high-voltage transmission and distribution lines in

the desert of Saudi Arabia. They measured the EMI frequency spectrum at different

points on 33 kV transmission lines. These results, used in conjunction with

measurements of the lateral profile (EMI deviation vs. distance) and statistical

variations of the lines, were used to compare television interference of the desert

with more wet climates.

Cross [42] studied the current in a point-to-plane corona discharge using a fast

storage oscilloscope. He found that the current increased when a porous layer was

present on the plane during the discharge. This was due to an increase in the

frequency of the Trichel pulses at the cathode and very little (less than 0.1 %) can

be attributed to activity at the anode. It was proposed that the increase in the

Trichel pulse frequency is caused by neutralization of the negative ion space charge

by positive ions produced by discharges in the porous layer.
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Bandel [43] studied the point-to-plane corona in dry air for various pressures and

point sizes. He looked at the physical steps in the development of the discharge by

monitoring the voltage and pressure and noting when burst pulse, streamer and

steady corona onset occurred. He found that the process is heavily dependent on

pressure.

C. Summary and conclusions

An extensive literature search revealed that while much has been done to examine

corona discharge, no research has been done to examine the frequency spectrum of

the discharge current. While there has been a great deal of testing to examine the

effect of source frequency on corona discharge, there has been no investigation into

the frequency components of the corona discharge itself, and what changes occur

with a corresponding change in pressure. The current literature concludes that the

nature of the corona discharge depends on the pressure and operating frequency of

the voltage in use.

This thesis will examine how the frequency components of the ,orona discharge

current vary with pressure. The frequency spectra will be related to the shapes of

individual pulses (captured with a digital oscilloscope) and the physical appearance

of the corona discharge at different pressures.

Two parallel copper wires will be used. This arrangement was chosen for ease of

setup and less contamination of the sample. Wires were readily available and could

be changed out quickly and easily if they were damaged or considered too dirty or

oily. This ensured repeatable results when the tests were conducted.
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Charter 3 EXPERIMENTAL PROCEDURE

A. Test setup

Three different tests were run to collect data for this thesis. The three different

test setups will be shown. In the first test, the voltage, current, and charge of the

corona discharge were measured, and its physical appearance was recorded as the

pressure was varied. The test arrangement for this is shown in Figure 4 below.

10.3 F_ .7nFSAMPLE

120V O P

Figure 4. Schematic diagram of corona discharge test circuit for charge,

voltage and current data.

The samples consisted of bare copper wires arranged in a parallel configuration

inside a glass vacuum chamber specially designed and constructed for these tests. The

chamber consisted of an outgassing port and two ports for vacuum gauges used to
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monitor the pressure in the chamber. Care was taken to keep the chamber free from

dirt and oils by minimizing hand contact. A vacuum pump with a control valve was

used to control the pressure in the chamber. This pressure was monitored by two

different low pressure gauges, one digital and one analog to ensure accuracy. Room

air was used as the gas in the tube. The wires were carefully arranged inside the

chamber at various separation distances with care taken to ensure that the wires were

straight and free from nicks and abrasions that might interfere with the

measurements.

Most commercially available PD detectors are designed and rAllbrated for testing

either commercial high-voltage cable or machinery, or for evaluating of small samples

of insulating gases, liquids, and solid materials at AC frequencies from 50 Hz to 400

Hz, as well as DC. During testing, these detectors are usually directly coupled to the

test article by direct electrical connections. Modifications and specialized high-

voltage connections were required for operating in the vacuum chamber [44]. As

shown in Figure 4, a high-voltage transformer was connected to the system and

controlled by a 60 Hz variable transformer. The transformer was connected to a

high-voltage filter to remove any 60 Hz supply generated high-frequency noise and

increase the transformer high-frequency impedance. The high-voltage input was

connected to one of the wires in the vacuum chamber, while the other wire was

grounded. The measurements were taken through a coupling capacitor as shown in

Figure 4, rated at 1000 pF. This is one of many different methods which may be

used for corona detection. It is fast, and very reliable. The use of a coupling
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capacitor, which falls under the 'electronic pickup' category, facilitates measurement

of the high-frequency voltage and current impulses created by the corona discharges.

The relative signal sensitivity is excellent, and the sma!l size and simple design of the

apparatus make it an ideal method for corona discharge detection. Bilodeau et aL

[44] indicate that the coupling capacitor method exhibits an instantaneous signal

response time, and is sensitive to neither external light nor external pressure. The

signal is then taken from the coupling capacitor to the coupling quadripole. This

coupling quadripole is used as a transmission element between the detector and the

coupling capacitor. It splits the measurement signal into a partial discharge signal

and a voltage signal. Both of these signals are then fed into a Haefely 561 partial

discharge detector.

In the second test the frequency spectrum of the corona discharge current was

studied. The test arrangement is shown in Figure 5 below.

85H1.5 1OOOpF- -85mH 1.25H. - '

1O.3nF 5,.7nF _  SAMPLE

SHUN SPECTRUMT
RESISTOR AA~E

120V

Figure 5. Schematic diagram of corona discharge test circuit

for frequency spectrum data.
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A shunt resistor was used to catch the signal for a Hewlett Packard 3561A dynamic

signal analyzer. The high voltage filter and transformer setup remained unchanged.

This setup will record the frequency spectrum of the discharge when the discharge

occurs. In the third test, a fast digital storage oscilloscope was connected to the test

sample to capture the shape of the discharge pulse so its dependence on pressure

and voltage could be studied. The test arrangement is shown in Figure 6 below.

Again, the high-voltage filter and transformer setup was utilized for this test.

lOO 5H I 0pF-

10,3nF -- 5.7 nf SAMPLE"

12V ESHUNT OSCILLOSCOPE
120V R ISO

Figure 6. Schematic diagram of corona discharge test circuit

for pulse capture.

With the same test configuration and samples, consistency of testing and

comparison of the test data is possible.
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B. Procedure

Even though three different tests were run, the test procedures were essentially the

same. The test sample was placed in the vacuum chamber and the pressure was

reduced. An hour was allowed for outgassing before a 60 Hz AC voltage was

applied. The pressure was set and held constant as the voltage was slowly increased

until corona discharge was detected by either a visual appearance of the corona

discharge or an indication by the PD detector. The voltage was then recorded and

subsequently was reduced to zero. At least 30 minutes elapsed before the next

measurement was taken to allow time for any space charge that might have

developed to dissipate. The pressure was then set again and the process was

repeated. These procedures were repeated several times over many days to insure

reliable data.

The prescribed procedure required a great deal of skill and patience. Great care

had to be taken to ensure that the corona discharge was taking place on the test

sample and not on the cornections or in the circuitry of the filter. As mentioned

previously, cleanliness of the chamber and the wires was very important. Any

contamination could drastically effect the results of the measurements. Great pains

were taken to make each measurement under the same conditiops. Outgassing has

proven itself to be a concern in these tests. Different gases can enter a vacuum

chamber through a number of different ways; backstreaming from the pump,

permeation through the walls of the chamber, diffusion from the chamber, desorption
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and vaporization from the chamber walls, leaks in the seals or penetrations through

the chamber and from the sample or high-voltage putty of the sample in the

chamber. Tests have shown that for low pressures, using clean materials in a

chamber with negligible leaks, diffusion of gas out of the sample materials dominates

from a few hours to a number of years [2]. With this in mind, I decided to outgas

for 1 hour for each test, after making sure that each sample was degreased and clean

before starting the test. This provided the continuity needed to obtain consistently

reliable results.

C. Limitations and assumptions

A few variables were beyond my control in conducting these tests. As mentioned

before, the gas used in the chamber was simply room air. No tests were made to

determine the composition or humidity of the air as the tests were taken. Some of

the tests were performed in the morning, some in the afternoon, and some very late

in the evening. However, the temperature of the room air was recorded and the

variation was slight between succeeding tests. The highest temperature under which

tests were conducted was 22.2 degrees centigrade. The lowest temperature was 21.7

degrees centigrade. It is assumed that this variation does not critically affect the

results of these tests. It is further assumed that the room air was constant in its

composition over the many days that these tests were taken.

It was also assumed that the wires were completely straight and parallel with each

other, and no nicks or cuts caused a localized high field region to affect the corona

inception voltage.
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While it appears that outgassing is a constant problem in low pressure or vacuum

testing, I have assumed that outgassing for 1 hour is sufficient to allow a consistent

and reliable, repeatable test.
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Chapter 4 EXPERIMEhNTAL RESULTS

A. Physical appearance

Table 1. Corona discharge variations with pressure.

# Torr V I pC APPEARANCE

0.06 667 0.14 2 Diffuse, light purple glow inside

1 Torr V mA pC the entire glass chamber.

0.2 310 0.23 0.8 Diffuse, purple glow with a thin

2 Torr V mA pC pink layer concentrated around

the wires.

0.5 315 0.75 2.7 Deeper purple glow concentrated

3 Torr V mA pC around wires, dark space between

1 333 2.98 6.2 Two distinct layers around each

4 Torr V mA pC wire, dark space larger, deeper

purple with thin pink layer.

3 605 42.0 12 Only one concentrated light

5 Torr V mA pC purple layer around each wire.

5 708 153 36 Violet around each wire with red

6 Torr V mA pC streamers between.
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For the Table above, the results of three different tests were examined. The first test

consisted of looking at the physical appearance of the discharge as a function of the

pressure while measuring the voltage and current as well as the charge in

picoCoulombs. Two wires were placed in a parallel arrangement with a separation

distance of 4.8 cm. The test sequence was repeated four different times over a three

day period to ensure reliable results. A few items conclusions may be drawn from

these tests. The same discharge mechanisms of the parallel wires hold for the

parallel plate arrangements. That is, the Crookes dark spot is independe jf the

arrangement. As described by Loeb [45], the Crookes dark space in the parallel wire

arrangement extends outward as the pressure decreases. However, in this case, we

see that the dark space becomes more pronounced as the pressure increases. The

pink thin layer around the wire is characteristic of the tests run by Brown [8]. He

called this the 'first cathode layer' and described it as a pink layer when it occurred

in air.

The results show that the intensity of the pC charge is proportional to the voltage.

This follows from the equation for the relationship between voltage and charge,

q=CxV

where V is the voltage, q is the charge in picoCoulombs and C is the capacitance of

the parallel wire arrangement. We must make an assumption on the equation.
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We assure that for the parallel wire arrangement the capacitance is constant. The

change in the charge with pressure is shown in Figure 7 below.

VOLTAGE AND CHARGE
VARIATION WITH PRESSURE

VOLTAGE (IN VOLTS) CHARGE (IN pC)
800 40

.200 - ..... ........................................ S.. o140O 20

2O* 10

0 J- J, a I0 1 2 8 4 a 6

PRESSURE

VOLTAGE CHARGE

Series I -,- Series 2

Figure 7. Change in voltage an-] c'l.mrge with pressure.

Here we see a correlation between the voltage and the charge of the corona

discharge. The current increases nearly linearly with pressure. The six points from

Table 1 were plotted on the graph and a curve fitting program was used to connect

the points in a 'best fit' curve.

B. Pulse capture results

The shape of the corona discharge pulse as a function of pressure was also

examined. A digital storage oscilloscope was connected to the system shown in
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Figure 6 to capture the corona discharge. The results of these tests, which were

recoicd with an HP plotter, are included below.

In Figure 8, we see the results of the corona discharge at 6.1 Torr and 478 Volts.

Figure 8. Discharge at 6.1 Torr, 478 Volts.

The 60 Hz sinusoidal wave is from the voltage source and has been greatly magnified

to show its relation to the corona discharge pulses. We see from the plot that the

discharge is occuring once every 2 periods. In Figure 9, the pressure is still o.1 Torr,

but the voltage has been increased to 526 Volts. In this case we see that the

discharge is occuring once every period.
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C I I I

Figure 9. Discharge at 6.1 Torr, 526 Volts.

In other tests, we were able to vary the voltage and get discharges from once every

foirth period, every third period and then as shown, every second or every period.

Once the voltage has been increased beyond the CIV, discharge occurs with greater

frequency.

The plot shown in Figure 10, shows the discharge at 7.0 Torr and 355 Volts. Here

we see that just at the CIV, we have a discharge every half period.
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CHlgnd

Figure 10. Discharge at 7 Torr, 355 Volts.

From these plots we see that the repetition of the discharge seems to be dependant

on both the voltage and the pressure. EPRI [4] has done work in this area, and

these results are in substantial agreement with theirs. In Figure 11 below, we see the

possible corona modes that can exist with an AC voltage. Space charge may have

a very dramatic effect on the type and intensity of the corona discharge. The space

charge produced during one half cycle may alter the corona produced on the next

half cycle.
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BREAKDOWN "j
STREAMER ONSET POSITIVE

STREAMER ONSET CYCLE

t 4 4-4 56 VOLTAGE

CORONA CURRENTS 125

TRICHEL- 7N
PULSE ONSET HALF
NEGATIVE " C
GLOW ONSET J
NEGATIVE T) VOLTAGE

STREAMER ONSET

1. Trichel pulses 4. Onset pulses
2. Negative glow 5. Glow
3. Negative streamers 6. Positive streamer

Figure 11. Discharge modes in AC voltage.

The shape of an individual discharge pulse was examined using the same test

arrangement as was used for Figures 8, 9, and 10. The fast storage oscilliscope was

set to capture a single pulse of the corona discharge current right at the corona

inception voltage. As shown in Figure 12, the pulse occured at a pressure of 4.6 Torr

and 504 volts. With the time scale set at 1 microsecond per division, the rise time

is shown to be about 0.7 microseconds. In Figure 13, the pressure was increased to

6 Torr, and the pulse was captured when the voltage was increased to 545 volts. The

time scale for this figure is now 500 nanoseconds per division. From this we see that

the rise time is about 550 nanoseconds. This and other tests indicate that the rise

time of the pulse is dependent on the pressure at which the corona discharge occurs.
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At low pressures, the rise time was longer than at higher pressures. This indicates

that at higher pressures, a fast rise time shows that higher frequency components are

present in the discharge.

lI

C4
F 4 Volts.4--

1 - ~I/

_ _ _ _ _ _ /

Fiue1.Crn icag us t46Tr,54Vls



36

CI

L

Figure 13. Corona discharge pulse at 6 Torr, 545 Volts.

C. Spectrum results

Finally, a frequency spectrum analyzer was used to display and record the frequency

components of the corona discharge as a function of the pressure. The results will

be examined in two parts. First, the frequency spectrum will be examined as a

function of pressure; and second, the frequency taectrum will be examined as a

function of voltage.

These results were obtained using the setup shown in Figure 5. It consisted of two

No. 16 gauge solid copper wires with a separation distance of 4.8 cm. As explained

in the procedures, the test chamber was evacuated and the pre isure was set. The

voltage was then increased until the onset of corona discharge.
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In the figure below, the frequency spectrum of the corona discharge at the corona

inception voltage of 647 V is shown. The pressure was .075 Torr. A small

component in the area of 17 kIz is visible.

"K.

N

f(kHz)
A A.

0 25

Figure 14. Frequency spectrum at 0.75 Torr, 647 Volts.

The horizontal axis shows the frequency from 0 to 25 kHz and the vertical axis is the

relative magnitude of the corona discharge voltage (and current since measurements

are taken through a resistor).

In Figure 15 below, the spectrum for a pressure of 0.3 Torr at 506 V is displayed.
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Figure 15. Frequency spectrum at 0.3 Torr, 506 Volts.

Here again, the frequency spectrum of the discharge is centered around 17 kHz, but

a broader band of frequencies is included.

In the next figure, the pressure was increased to 1 Torr and corona inception

occurred at 317 V. We now see components appearing at very low frequencies and
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f(kHz)

0 25

Figure 16. Frequency spectrum at 1 Torr, 317 Volts.

more components from about 11 kHz up to the upper limit of the spectrum analyzer,

25 kHz.

With the pressure increased to 2 Torr, the CIV occurred at 349 V. The spectrum

appeared as shown in Figure 17 below. Here a small component appears below

about 5 kHz and components exist at almost all frequencies above about 11 kHz.

Most frequency components are still nominally centered around 17 kHz.



40

A

Af', f(klz)

-A AIAAr A M \.>
0 25Figure 17. Frequency spectrum at 2 Tor, 349 Volts.

The pressure was next set at 5.4 Torr and discharge occurred at 319 V. In this case

a major change in the frequency spectrum was observed. The magnitude of the

A

f(kHz)

0 Figure 18. Frequency spectrum at 5.4 Tor, 319 Volts. 25
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discharge has increased drastically. There are still two divisions in the signal. Lower

frequency components below 5 kHz and those above about 8 kHz. In addition, there

is activity beyond the upper limit of the spectrum analyzer (25 kHz).

When the pressure was increased to 8.5 Torr, the CIV occurred at 346 V. As

shown below, the corresponding spectrum is now almost continuous with frequency

components across the entire frequency band.

A

f (kHz)

25

Figure 19. Frequency spectrum at 8.5 Tort, 346 Volts.

There continues to be activity beyond the 25 kI-z limit, and based on these data, one

could assume a great deal is occuring.

Finally, the pressure was increased to 10 Tort and corona discharge occurred at

390 Volts. As shown below, the magnitude of the frequency %.omponents have



42

A

f(kHz)

0 Figure 20. Frequency spectrum at 10 Tor, 390 Volts. 25

increased at nearly all frequencies of the spectrum.

In order to show the relative change of the frequency spectrum, the spectra for

.075, 2 and 10 Torr may be overlaid as shown in Figure 21.

A

,4.

\,.

.

f(kHz)

0 Figure 21. Frequency spectrums of 0.075, 2 and 5.4 Toff. 25
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The dramatic change in the spectrum as a function of pressure is clearly visible. The

magnitude and spread of the frequency components are directly related to the

pressure in the vacuum chamber.

Since a great deal of activity takes place beyond 25 kHz, it is necessary to study

a broader frequency band. A Tektronix 2710 spectrum analyzer was used to examine

the spectrum from 10 kHz to 1800 MHz. The components near 17 kHz that

appeared in the previous tests, could be displayed as well as those at much higher

frequencies.

The setup shown in Figure 5 was used. However, a sample consisting of No. 12

gauge parallel bare copper wires were used. These wires were separated by a

distance of 7.5 cm. The test was conducted to determine the frequency components

of the corona discharge in a range from 10 kHz to 1800 kHz. The pressure was set

at 0.22 Torr, and the voltage was increased. At 300 V, the spectrum consisted of

only a signal centered around 17 kHz. There were no other frequency component

signals present at higher frequencies. In the photograph below (Figure 22), the range

was changed to cover the frequencies from 10 kHz to 100 kHz. The bottom trace

is the noise reference level and superimposed on top of that is the corona discharge

signal. Other than the components near 17 kHz, no other frequencies were dctei.
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Figure 22. Photograph of corora discharge from 10-100 kHz.

The photo below shows the same setup, pressure and voltage for the range from 10

kHz to 30 kHz.

Figure 23. Photograph of corona discharge frequency spectrum from 10-30 kHz.
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The bottom trace is again the noise reference level and the uppex trace is the corona

discharge signal. Here again, only components centered around 17 kHz are seen.

For the remainder of the tests, a Hewlett-Packard 3561A dynamic signal analyzer

was used. This equipment has a frequency range of 0 to 100 kHz. Based on the

information obtained from the Tektro -.ix analyzer, this machine is adequate for the

measurements I had to perform, i.e., majority of the signals fell below 100 kHz.

The technical data on the H-P 3561A is included in Appendix A. This equipment

was able to quantify the magnitudes of the corona discharge. The values could be

measured in dBV or mVrms. Both display modes were used. The first results are

presented next.

The setup consisted of the arrangement as shown in Figure 5 with a sample

arrangement of two parallel bare copper wires (No. 12 gauge) with a separation

distance of 7.5 cm. A plotter was connected to the Hewlett-Packard Interface Bus

(HP-IB) to obtain a hard copy of the display. A sample of this output is given below.

<f .. .' . . .................... . .. ...... ..

! .... ',  .....i .... .i.. ....... i . .... .... .... .. ......... .... .

.... ..... .. . .. . . . . .

.... ...... ... ... ... .... ., ... . ..

-" - S.O

Figure 24. Frequency spectrum at 0.07 Torr, 635 Volts.
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Here we see the results of the corona discharge spectrum from 0 to 100 kHz at a

pressure of 0.07 Torr just at the CIV of 635 V. We see a peak at 17.25 kHz with a

value of -65.7 dBV. The cutoff is at 55.5 kHz with a value of -107 dBV. Tti.:

measurement range for the 3561A is +27 to -120 dBV noise floor (22.4 Vrms to 1

microV noise floor). The greater sensitivity of this apparatus explains the high

frequency "tail" in Figure 24 that was not apparent on the previous figures.

In second part of this analysis, the frequency spectrum of the corona discharge is

examined when the pressure is left constant. The voltage is increased past the

corona inception voltage until complete breakdown occurs.

For this series of tests, the setup of Fig. 5 was used with two parallel No. 12 gauge

bare copper wires spaced 7.5 cm apart. The pressure was set at 5.8 Torr and CIV

occurred at 481 V. The voltage was then increased to 755 Volts (pressure kept at

5.8 Torr) and the spectrum was taken. Finally, the voltage was increased to 927

Volts and the spectrum was taken. The results of these three tests are superimposed

in Figure 25 below.

The data show that even though the magnitude of the discharge current increases,

the frequency spectrum of the corona discharge does not change. This means, there

are no new frequency components which appear in the discharge. Even though we

saw the repetition of the discharges increase with the voltage in the section on pulse

capture, we see that the frequency spectrum of the corona discharge does not

increase with an increase in the voltage.
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Figure 25. Frequency spectrum with pressure held constant.

Finally, the variation in the magnitude of the 17 kHz component and how it varies

with pressure was examined. At a pressure range of 0.06 Torr to 3.7 Torr, the peak

17 kHz signal varied from 16.75 kHz to 17.5 kHz. The plot of this is shown in Figure

26 below.
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Figure 26. Magnitude of 17 kHz component in corona discharge.

The magnitude of the 17 kHz component of the corona discharge frequeiicy spectrum

resembles to some extent the Paschen curve, which corresponds very well to the

change in the charge of the corona discharge shown in Figure 7. Fluctuations below

1 Torr, are believed to be due to the difficulty of making the readings at these

pressures. The fact that the peak shifted slightly indicates to me that the discharge

is probabalistic in nature.
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Chapter 5 DATA ANALYSIS AND INTERPRETATION

A. Physical appearance

Two items became apparent as a result of these tests. First, we see that a change

in the pressure causes a change in the physical appearance in the corona discharge.

As shown in the Figure 27 below, we see that for low pressures we have a very even

(a)

(b)

(c)

Figure 27. Changes in the physical appearance of corona discharge with a change in

pressure. (a) 668 V, 0.06 Torr (b) 350 V, 1 Torr (c) 453 V, 3.3 Torr
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glow in the entire chamber. This glow is very light purple and diffuse. Figure 27

shows a cross section of the vacuum chamber with the two wires side-by-side. As the

pressure is increased, the glow becomes less diffuse, and more concentrated around

the wires. A pink layer is found immediately around the wire, with a larger purple

ring surrounding it. If the pressure is increased even further, only one very tight ring

is seen around the wire, which has become very defined and concentrated. It is still

purple in color, but white hot spots form along the wires, and red streamers form

between the two wires.

If the pressure is left constant and the voltage is reduced, a similar effect is

noticed. Two different tests will examine the effects. In the first, the pressure is set

at 5.8 Torr. At 342 Volts, corona discharge occurs in the form of a light purple haze

in the entire chamber. As the voltage increases, the glow became brighter and

distinct layers appear on the wires. At 676 Iv ,its, a purple glow is visible around the

wires, with a thin pink layer adjacent to the wires. At 836 Volts, sparking occurs

between the wires and at 1000 Volts, a continuous discharge in the form of arcing

across the wires begins. The voltage is then decreased and the corona discharge was

extinguishes at 302 Volts. In the second test the pressure is set at 7.8 Torr. When

the voltage is increased to 624 Volts, corona discharge appears suddenly. At this

pressure there is no glow in the chamber, but rather, a bright purple glow which is

very limited to the region adjacent to the wires. Hot spots, or white specks jump

along both wires and red steamers connect the two wires. The voltage drops to 540

Volts as soon as the discharge occurrs, and the pressure in the chamber increases to
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8.2 Torr shortly after the discharge begins. As the voltage is increased, the glowing

region around the wires increases in diameter and the streamers and hot spots

disappeare. At 591 Volts, stationary white spots form on the wires. At 750 Volts

arcing between the wires is observed. At 800 Volts, streamers from both wires start

to appear simultaneously. As the voltage is further increased, these two streamers

grow toward each other until they join. When this occurred, the fuse in the circuit

blew. At this point, the pressure in the chamber had increased to 10.5 Torr.

Giao and Jordan [461 found that corona discharges at the threshold level appear

in the form of streamers or burst pulses. Their work was done on HV transmission

lines at atmospheric pressure. They found for corona discharge to exist for parallel

conductors the relationship

T

where tau is the conductor radius and alpha is the distance between the conductors

must be satisfied. Giao and Jordan found that as the separation distance between

the wires was increased, only the normal glow (shown in Figure 2) would occur.

They attributed this phenomenon to the space charge that was developed near the

wires. They also mention that the wandering of the hot spots is the result of

degassing and deactivating effects of ion bombardment. As they mentioned in their

work and I saw in my tests, the streamers formed on the edge of the existing glow
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were not related to some disturbance or nonuniformity on the wire surface, and can

exist simultaneously with glow discharge.

The tests showed that streamers and burst pulses do not occur simultaneously at

low pressure. Rather, steady glow was the first occurrence of corona discharge,

bypassing the other two forms that occur at higher pressures. At higher pressures

and at CIV, the appearance of the corona discharge would change as the pressure

changed. At low pressures the diffuse purple glow was observed, and at higher

pressures, the glow would become more concentrated around the wires until,

eventually, arcing across the wires caused a short circuit. Also, with the pressure left

constant and the voltage increased, the same sort of effect as if the pressure was

changing was seen. Corona discharge first appears as a faint purple haze, which

would become more constricted and pronounced as the pressure was increased.

Streamers did form in this case and eventually flashover and total breakdown occurs.

As was mentioned in Chapter 2, corona discharge occurs when electrons pass

through a medium (in this case air) and, as a consequence of their collisions with the

molecules or atoms in the medium, cause the emission of photons with wavelengths

in the visible spectrum. It should also be noted that the audible corona is the result

of the movement ot electrons in sufficient number to momentarily displace the air

molecules. This displacement results in a mini-vacuum, the collapse of which creates

a miniature thunderclap. The movement of the electrons in sufficient quantities

constitutes a micro-arc which creates the hertzian waves we can detect as RI [46].

Since the processes here depend on the flow of electrons in the electric field, if we



53

vary that number by changing the pressure, then we will affect the appearance of the

discharge.

The physical change in the appearance of the corona discharge is an outward

manifestation of other changes that are taking place in the discharge mechanism. As

we have seen, the shape of the pulse and the frequency spectrum, seem to be

interrelated in determining the final outcome of the corona discharge.

B. Pulse capture

We saw that as the voltage was increased beyond the CIV (pressure being held

constant), the number of bursts per cycle increased. Also, we saw that the number

of discharges per cycle at the CIV, increased as the pressure increased. This

indicates that the "activity" of the discharge becomes greater as the pressure

increases. A similar effect was also seen in the pC versus pressure curve in Chapter

4. The magnitude of the discharge would increase as the pressure increased.

We saw that AC voltage can produce different modes of corona discharge. The

particula. ,,. of qkoonp ppzar:auc- !epends upon the polarity, overstressing, and

divergence of the distorted region and the space charge. It can also be influenced

by the surface properties of the wire and geometrical arrangement. The shape of the

corona discharge pulse also changes with a change in pressure. At low pressures, the

rise time was much longer than the rise times at higher pressures. This recalls the

fact that the faster the rise time, the more high-frequency components must be

present. This fact is substantiated by the results of the frequency spectrum tests.
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C. Frequency spectrum

The results of these tests were both interesting and unexpected. One of the

biggest questions I worked with was, "What is the significance of the 17 kHz

component that is so prominent at low pressures?" The first thing investigated was

the high-voltage filter designed to take measurements shown in Figure 4. Using the

frequency analysis program built into MicroCap I, the frequency response of the

filter is shown in Figure 28 below.
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Figure 28. Frequency response of the corona test circuit.

At 17 kHz, the gain is about -70 dB, and the slope is approximately -64 dB/decade

for frequencies greater than 17 kHz. The absence of any unusual behavior of the

frequency response shown in Figure 28 suggests that the 17 kHz signal is not a
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product of the circuit. After examining the circuit component by component, it is

concluded that the 17 kHz signal was something inherent in the corona discharge

itself and not with the set-up or detection circuit. It may be possible that the

frequency is more a function of the arrangement rather than other factors. Giao and

Jordan [46] make reference to the repetition rates of the Trichel pulses. They used

the term "critical frequencies" to describe this repetition rate, and found that it varied

with the electrode geometry, related pulse amplitudes and surface conditions of the

conductors.

In order to understand how the frequency changes with pressure and voltage, we

need to consider a number of different things.

First, we will look at a test series run on 2 parallel copper wires (No. 12) spaced

7.8 cm apart. In the figure below, we see the voltage-pressure curve generated by

this arrangement.
VOLTAGE

700

600 -_ _

500.

400-

3 00 -

200_

l0-

0 1 2 3 4
PRESSURE (Torr)

Figure 29. Paschen curve of CIV for parallel wires.
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A Paschen minimum occurs at about 350 Volts at 0.4 Torr. While more data for the

range from 1 to 3 Torr would be helpful, the data shown suffices for this example.

The points were put into a graphics software program and connected with a curve

fitting program to show the overall trend. The resulting curve is similar in shape to

the classical Paschen curve for parallel plane electrodes.

To examine how the frequency changes with pressure we will examine a typical

sample of the spectrum as shown in Figure 30 below. As shown in this figure, we

will first take data through the 17 kHz signal as shown by "A" in the figure. This will

look to see how the magnitude of this 17 kHz signal changes with the pressure. Then

we will look at 3 different dBV levels of the frequency spectrum and see how it

changes with pressure at various levels.

............... . .................. ................... ......... ... . . . . .

........ ........... ........... ..... ......... ......... ......... . .......... ......... .........

......................

........ .... ... . . . . ...-. d V ....... ..#. ..............................:.. .......i.. .......i.. .... .............-80 dBV. .

-90 dBV-, "I

.-. .' . - . ....

-1 0 5 ...... ... .......................
, i .f(kHz)

ii 3 yi

Figure 30. Typical frequency spectrum response.
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In Figure 31 below, we see how the magnitude of the 17 kHz signal varies with

dBV
0-

- 2 0 .......... .

-6 0 .......... .- --- - ... .... . .... . . ... . ..... ... . . .. ..... . ...... . . . . .

-100

0 1 2 3 4

PRESSURE (Torr)

Figure 31. Variation of 17 kHz signal with pressure.

the pressure. Each of these points was taken at the CIV. The trend indicates that

the amplitude of the 17 kHz signal also follows a "Paschen-type" curve. There is

some error in the region between 0.3 and 1 Torr, but we see good correlation below

and above this area. At these pressures, constraints imposed by the available

equipment made accurate, quick measurements difficult to obtain. Nevertheless, the

results show a similarity to the voltage-pressure curve of Figure 29.

In Figure 32 below, we see the effects of the different dBV levels on the frequency

spectrum.
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FREQUENCY (kHz)
120
100

80-

60

0 4- -

0 1 2 3 4

PRESSURE (Torr)

Figure 32. Frequency ranges with pressure for -105 dBV.

Here we see the frequency ranges at the -105 dBV level for the CIV at the various

pressures. The frequency-axis shows the high and low frequencies that were present

at the -105 dBV level. At this level, we again see a "Paschen-type" response of the

frequency spectrum. Notice that in the area of 0.3 Torr (which is close to the

minimum of Figure 29) we have a very narrow band of frequencies. This pressure

also corresponds to the minimum magnitude of the 17 kHz signal that was shown in

Fig. 31.

As the pressure increases, a wider band of frequencies occurs. Again, at 1 Torr, the

narrow frequency band in Figure 32 is attributed to measurement error. For the
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values above 3 Torr, these points all run from 7.5 kHz to 100 kHz. These values are

the limits of the spectrum analyzer in use. Somewhere between 1 and 3 Torr, the

frequency band would increase to the maximum of 100 kHz. Also, with a more

sensitive machine, we would be able to go past the 100 kHz limit and see how the

spectrum is further affected by yet higher pressures.

If we look at the -90 dBV level of the same test points, we have the results shown

in Figure 33 below.

FREQUENCY (kHz)
120-

100 -....-

8 0 -. . . .... . . .. . .... ,

60 -

40 --- . . . . .. . -. .

20 V i

0-
0 12 3 4

PRESSURE (Torr)

Figure 33. Frequency ranges with pressure at -90 dBV.
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Here, the same results are seen; a "Paschen-like" curve that the frequency spectrum

follows with a change in the pressure. If we examine one more, this time at -80 dBV,

the results shown below.

120

1 0 0 -. ... . .. .. . .

80

20 -- TT

0

01 2 3 4

Figure 34. Frequency ranges with pressure for -80 dBV.

Here, a number of the points did not have a magnitude sufficient to show up in this

plot. A strong 17 kHz signal was present, but it, and the rest of the spectrum were

all below the -80 dBV level needed to show up in this figure.
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These tests demonstrated a variation of the classical-Paschen curve in their results.

Except for the physical appearance of the corona discharge, which did not

demonstrate a k milar trait, all other test showed a narrowing or minimum at or very

near the Paschen minimum. Other tests showed that the wire size and separation

distance did not effect the frequency spectrum that was produced by the corona

discharge.
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

This thesis concludes that all corona is not created equally. The magnitude of the

corona discharge is not constant. It, like the voltage, follows a Paschen-type curve

with a change in pressure. It reaches a minimum at the point where the voltage

reaches a minimum, and increases on both sides of that point. The physical

appearance of the corona discharge was also shown to change with pressure. At low

pressures, it existed as a light purple glow inside the entire chamber. As the pressure

increased, the glow became more concentrated and narrowed around the wires. At

still higher pressures, the glow was very tigh around the wires, hot spots occurred,

streamers formed, and eventually, flashover would occur. The fact that the corona

discharge changed appearance, indicated that the physical mechanism of the corona

discharge was changing. This change in the appearence may be due in part to the

changing frequency spectrum of the discharge current. However, it is more likely due

to changes in the mean free path as the voltages alters the electric field between the

wires.

The pulses of the corona discharge, superimposed on the 60 Hz source voltage

were next examined. As the pressure was increased, the frequency of the discharges

also increased. A study of the corona discharge pulse shape shows that the low

pressure corona discharge has lower frequency components than the higher pressure

pulses. Using the spectrum analyzer, we looked at the frequency spectrum of the

corona discharge. A direct correlation between this and the pulse capture studies
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can be seen. At low pressures, the frequency spectrum is different than the

frequency spectrum produced at high pressures. The low pressure spectrum

produced a very strong 17 kHz signal that became predominate in the lower pressure

ranges. The peak magnitude of this 17 kHz signal follows a Paschen-type curve as

shown in Chapter 5. Looking at the frequency spread at different levels, we see that

the range of frequencies narrows at the Paschen minimum, and grows again as the

pressure increases. This phenomenon becomes very important in the area of corona

discharge detection. As shown in Figure 35 below, we see the three different band

settings of the partial discharge detector that was used in this research.

AA

Band 1
70 - 80 kHz

Band 2
135 - 165 kHz

Band 3
4J0 - 4O0 kHz

F

40 60 80 125 175 400 kHz

Figure 35. Detection bands for partial discharge detector.
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This shows that the lowest frequency signal this detector will pick up is 40 kHz. If

the corona discharge is at such a low pressure so that all the frequency components

fall below 40 kHz, there will be no detection of the corona discharge. Proper

detection requires that the mochine be able to function at all pressures, and with a

greater frequency band.

B. Recommendations

This section includes recommendations for additional work that needs to be done

in this area to further understand the corona discharge process. Most of these

recommendations include areas that were not covered, either because of a lack of

money, or a lack of time. However, these items would be very useful for continued

research to increase the knowledge base of this area.

In the paper by Karady et aL [3], results of CIV with and without insulation were

presented. These tests were done with bare wires, and it would be beneficial to see

the effect that insulation has on the frequency spectrum characteristics of the corona

discharge. Based on the literature review, one would assume that the CIV would be

higher, but the spectrum would need to be studies for changes.

Giao and Jordan [46] found some very interesting results with respect to the

"critical frequency" of the discharge. They found that geometry played an important

role in this area. It would be useful to study the effect on the frequency spectrum

using different arrangements. For example, does a strong 17 kHz signal manifest

itself in the corona discharge of parallel plates, two spheres, or perhaps a point to



65

plane arrangement? This would lend to a better understanding of the significance

of the 17 kHz component.

The tests used bare copper wires only. The results of aluminum, steel and gold

conductors would also be helpful in understanding this phenomenon. Since these

tests were conducted in room air only, the variations caused by different gases in the

vacuum chamber would also be of interest for testing.

The change in the pressure in the tests to examine the physical appearance need

to be examined further. This could be done by monitoring the heat generated by the

corona discharge at different pressures and/or voltages. Since the charge (pC) level

of the corona discharge was not constant, it would be useful to study the affect of

aging on the conductors at low pressure. This would be of great worth to designers

of high altitude aircraft.

The pulse capture tests need to be repeated to better understand this phenomenon.

These tests need to be carried out from the low pressure range, up to and including

atmospheric pressure. My tests were limited to pressures below 10 Torr, and further

tests need to be done at 760 Torr, and possibly higher.

The literature on corona discharge often refers to discharge lasers. It would be

useful to see if the frequency of the discharge of the lasers is affected by pressure.
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APPENDIX A

HP 3561A

TECHNICAL DATA



71

Specifications describe the instrument's
warranted performance. Supplemental
characteristics give typical, but non-
warranted, performance specifications.
Supplemental characteristics are
denoted as 'typical,' 'nominal,' or
'approximately.'

Measurement Modes: Amplitude: Phase:
Narrowband: 125 iHz to 100,000 Hz Input Range: The calibrated input Phase Marker Resolution: 0.1 degree
frequency range. range is 27 dBV (+22.4 V) to -51 dBV Phase Accuracy: ±2* from dc to
Phase: Phase spectrum is available (3 mV) maximum input level (single 10 kHz; ±10

° from 10 kHz to 100 kHz
with or without triggering. When tone RMS). Range is adjustable in 1 dB (signals no more than 40 dB below full
triggered, phase can be referenced to (10%) increments, range).
the trigger. (See AMPLITUDE and Autorange: The optimum input range is Input:
INPUT.) automatically selected prior to Input Impedance: I M2 l±5% shunted
1/3 Octave processing. This feature can be by 95 pF maximum. Floating ground
Full Octave deactivated, to case capacitance: <0.25 giF
Time Capture: Time record can be Amplitude Overload/Underload: DC Isolation: Innut low may be
extended from 1 k to 40k samples of Overload occurs when the input level connected to chL. sis ground or floated
continuous input data. Up to 40x zoom exceeds input range by nominally up to 30 volts RMS (42 Vpk).
expansion factor can be applied to this 1.0 dB or 10%. Overload measurements Input Coupling: Ac or dc coupled.
data with variable center frequency. can be automatically rejected during Low frequency 3 dB roll off< 1.0 Hz
External Sampling: Input sample rate averaging. The HALF range indicator for ac.
can be externally controlled up to lights when input signal is within 6 dB Anti-Alias Filter Roll-Off: Nominally
256 kHz. TTL compatible sample rate of full scale. 130 dB/octave; cut-off frequency at
input on rear panel. (Note: Some specs Dynamic Range: Distortion, spurious 105 kHz nominally.
may be degraded in external sample and alias products 80 dB below input A-Weight Filter: The hardware
mode), range A-weight input filter conforms to ANSI
Accuracy: DC Response: (With Auto-Cal on) Standard Si.4-1971.(RI 976)
Frequency Accuracy: rO.003% of +27 dBV to -35 dBV: ICP Current: Nominal 4 mA current
frequency reading >30 dB below input range source provided on input BNC
Resolution: -36 dBV to -51 dBV: connector. Compatible wi*h integrated
Frequency Resolution: Spar/400 >20 dB below input range circuit piezoelectric accelerometers.
Spans: Amplitude Marker Resolution: Open circuit voltage is 24 volts

Zoom Baseband Log: 0.01 dB nominal.
# spans available 43 52 Linear: 4 digits
min span 0.25 Hz 0.01 Hz
max span 100 kHz 100 kHz Amplitude Accuracy:
time record length 400/;pan 400/span Full Scale Accuracy at calculated
resolution spar,/400 span/400 frequency points. Overall accuracy is

the sum of absolute accuracy, window
Measurement Windows: flatness and noise level.
Window Types: Flat Top, Hanning, Absolute Accuracy:
Uniform, Exponential ±0.15 dB ±0.015% of input range:
Window Parameters: +27 dBV to -40 dBV

Flat Hann Uniform +0.25 dB ±0.025% of input range:
Noise Equiv. 0.955 0.375 0.25
BW % of span) -41 dBV to -51 dBV
3dB BW 0.90 C.37 0.25 Window flatness:
(% of span) Flat top: +0, -0.01 dB
Shape factor 2.6 51 711. Hanning: +0, -1.5 dB
160dB BW/3dB
BW) Uniform: +0, -4.0 dB

Noise Level: Flat top filter, 500l source

Typical Real-Time Bandwidth: impedance, 20 Hz to 1 kHz (1 kHz span)
Operating Real-tim Spectra/sec <-131 dBV(-141 dBV/ /Hz)
mode bandwidth 2 kHz to 100 kHz (100 kHz span)
HP-IB transfer 650 Hz 1.6 < -I20 dBV (-150 dBV/ Hz)
Singe display 3 kHz 7.5
Fast averaging 7.5 kHz 20
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HP 3561A Specifications

O . nal•si Attenuation:
(nominal 1.5 dB steps) max attenuation

The measurement is made in synthe, ized Trigger Modes: pseudo-random, random 40.5dB
1/3 or full (1/1) octave bands. Filter Free Run, external, internal, input, impulse 30 dB
bandwidth, center frequency and source. HP-1B
bandshape meet specifications of ANSI TriggerArm:
SI .11-1 966(R1 976). MIL-STD-740-2 is Auto arm, manual arm
also met provided at least six averages are Trigger Level: Description:
used. 0 to 110% of full range. Positive and Magnitude, Phase, Time and Math traces

negative levels and slopes. may be selected.
#Bands # Band TriggerDelay: Horizontal units: Hz, seconds, RPM. andAvailable Displayed Pre-Trigger: The measurement can be orders with linear or logarithmicV/3 51 33

1/1 17 11 based on input data fron.' 9,1 0 ? spacing.
time records before trigger conditions Vertical units: volts, volts2 , dBV, dBm

1/3 and 1/I Octave Analysis have been met, with resolution of (selectable R), and user-defined units.
Parameters: 1/1024 of a recmJ. Time capture mode Ma,,itude:

Band Center Data Band 1's can be u-.ed for pre-ti {'er delays of up Log: 0.5 to 40 dB/division. Units of dBV,
Frequency Collecion Displayed to 40 records. dB relative, dBm (user-defined

1/3 Range Time Post-Trigger: The measurement is impedance) and dBEU are provided.

Octave 50 Hz to 80 kHz 0.4 sec 17 to 49 initiated frum 1/1024 to 1023 time Li,-ar: Constant volts/division,
25 Hz to 40 kHz 0.8 sec 14 to 46 records after trigger conditions have milliwatts/division, or user-defined units/
12.5 Hz to 20 kHz 1.6 sec 11 to 43 been met. Resolution is 1/1024 of a division.
6.3 Hz to 10 kHz 3.2 sec 8 to 40
3.15 Hz to 5 kHz 6.4 sec 5 to 37 record. Frequency:
1.6 Hzto 2.2 kHz 12.8 sec 2to34 Display Range: 115 kHz (accuracy above
0.8 Hz to 1.25 kHz 25.6 sec -1 to 31 | . ' I..etv 100 kHz not specified).I/l

Octave 63 Hz to 63 kHz 0.4 sec 18 to 48 Phase:
31.5 Hz to 31.5 kHz 0.8 sec 15 to 45 AveragingTypes: Resolution: 0.2 degree with marker
16 Hz to 16 kHz 1.6 sec 12 to 42 RMS, peak hold, RMS exponential Display Range: ±240 degrees about user-
8 Hz to 8 kHz 3.2 sec 9 to 39 weighting, time definable center reference. (±320
4 Hzto4kHz 6.4 sec 61o36 Number ofAverages: I to 16,383. degrees)
2Hzlo2 kHz 12.8 sec 31o33
1 Hz to 1 kHz 25.6 sec 0 to 30 AverageControl: Time:

Start, pause/continue, overload reject, Resolution = Record Length (sec)/400
Computation Time: 1/3 octave and fast display, normal display, repeat Display Range: ±11 (% of inpit range.
1/1 octave computation is made in less display Math-
than 0.80 seconds. Arithmetic operations can be performed

on new and recalled spectra. Addition,
subtraction, multiplication, division,

Description: single ard double integration,
Band limited, band translated pseudo different tion and user-definable
random, random, impulse or TTL "sync" constants are provided. 1/BW is
signals are available on the rear panel. provided for PSD computations.
Impulse produces nominal 2 V peak into pormat:
50 f2, with no attenuation. Single, front-back, upper-lower, map
Impedance: Scale:
50 ±5 ohms. Linear or log magnitude scales; user-
Level and Accuracy definable full scale, dB/div, and degrees/
Baseband All spans' 0.7 V rms ±10% div; center scale definable in time or
Zoom All spans 0.5 V rms ±15% phase traces; auto-scale.

'Random Source in 0- 100 kHz span has
level accuracy of ±20%.
Flatness:

Periodic Random-
Baseband 0-50 kHz ±0.7dB ±0.7dB

0-100kHz ±A.8dB ±1.6dB
zoom all spans ±2.0 dB ±2.0 dB

-Random Source flatness approaches
these specs as number of RMS averages
increases.
Note: All zoom flatness specs are valid if
center frequency >0. 7 x span
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Intenalemuy- _HP-IB:

Implementation of IEEE Std 488-1978
Traces,+ States Time Buffer SH1 AHI T5 TEO L4 LEO SRi RLl
(non-volatile) (volatile)

Standard 2 traces + 6 states 40 time records PPO DC1 DT1 CO
Option 001 traces +. states+ 40 time records Accessories Included: Front (bail)

(1 + 2 x time capture handle, pouch, front cover, operating
records) =127 and service manuals.

__________________________ Ordering Informatiot..
HP 3561A Dynamic Signal Analyzer

Single: Opt. 001: Extended Non-volatile
X and Y axis, MKR - Peak, MKR - Memory
Center Frequency, MKR - Full Scale, Field upgrode for opt. 001

Peaktrak, elatve arkrs.03561 -68742
Peak-trac, elaiemres Opt. 910: Extra Op. and Svc. Manuals
Baro .e Accessories:

Up to 20 harmonics, total harmonic Transit case for 3561A:

distortion (THD). HP #9211-6445
Sideband: Rack Adapter for HP 3561A:

Up to 10 modulation sidebands. HP # 10491 B
Carrier frequency is user definable. Accelerometers:
The ratio of sideband to carrer power HP35200A:
s disolayed. ICP accelerometer for general
Marker Resolution: vibration measurements

log: 0.01 dB3 HP352O1A:
linear: 4 digits ICP accelerometer for machinery

pha~: 0. degeesvibration measurements
phae: .1 egresMi trophones and accessories:

__________________________ HP3522OA:

1/2" free field, standard sensitivity

Controls I 11-GL compatible digital microphone
plotters and raster graphics printers HP32IA
directly. Replicates display contents. 1/2" free field, high sensitivity
"MARKER rlot" allows marker microphone
position arid amplitude to be annotated l-P35222A:
on plots at user-definabl'- locations. 1,12" pressure, standard sensitivity

microphone
_________________________ HP35223A:

1/2" pressure, high sensitivity

Specifica tions apply when, microphone
Warm-up nine: None with AUTO-CAL HP35224A:

enabled, or 30 minutes without AUTO- Microphone pre-amplifier

CAL enabled. HP342928A:
Within 5' C and 2 hrs of last internal Power supply. (Supports 2 pre-amps.)
calibraticn. HP34229A:
Amb rot tei-speroture: 0' to 55' C. Microphone calibrator
Relatie Hut tidity: < 95% at 40' C.
Altitude. <4Ul0m (15,000 ft.)

Storage:
Ternperature: -40* to +75' C.
Altitude: c15,240m (50,030 ft.)
Power:
100'120 VAC +6/, -14 1, 48-440 Hz
220/240 VAC +5%~ -1 0%.,48-66 Hz
150 VA maxi.Tum
Weight:
15 kg (33 Ibs) net
21.5kg (47.5 lbs( shipping
Dimensions: Without hlandle:-

I0,m 78,high

335mm (1 3.2") wide
595rmm (23.4") derp



PL-TR--91-1043

DISTRIBUTION

WL/SUL/HO, KMFB, NM
AFCSA/SAMI, Washington, DC
AUL/LSE, Maxwell AFB, AL
DTIC/FDAC, Alexandria, VA
Arizona State University, Tempe, AZ
Hellenic Aerospace Industries, Westlake Village, CA
HV Insulation Packaging, Bellevue, WA
McDonnell Aircraft, St Louis, MO
NASA Lewis Research Center, Cleveland, OH
Reynolds Industries Inc, Los Angeles, CA
Unisys Corporation, Salt Lake City, UT
WRDC/POOC, Wright-Patterson AFB, OH
Official Record Copy

PL/WSBOF, KAFB, NM 87117-6008

74


