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Summary 

A geometrie enhancement of the electric field near an electrode can cause corona dis
charges, in which discharge activity starts near the electrode and extends into the gap 
between the electrodes, however without causing a complete breakdown. We have investi
gated corona discharges in a wire-cylinder geometry (diameters 1 mm and approximately 
250 mm), in air at near atmospheric pressure. With high-voltage pulses up to 140 kV, 
intense transient coronas are produced, characterized by a large number of streamers 
extending from the wire. The many streamers in parallel can carry large currents, up to 
1700 A peak per meter wire; since the current per streamer is low, no complete breakdown 
is observed. We observed this behavior, which is desirable for industrial applications, 
over a large range of operating parameters. 

The goal of the research, described in this thesis is to gain insight in ( 1) the physics behav
ior of the high-power pulsed corona discharge, and (2) its interaction with the electrical 
circuit. To create such an intense discharge we have built a special pulse source, which 
can deliver a large voltage pulse and enough current to feed the discharge. A vailable ex
pertise in the field of electromagnetic compatibility has been used to design diagnostics, 
which can operate in the severe EMC-environment of the pulse source. Finally it is our 
aim to use this knowledge and equipment to strive for utilization of the pulsed corona 
discharge in industry. Especially the high-power regime of the corona discharge is very 
interesting for the removal of contaminants in exhaust gases or waste water. 

A new experimental setup, consisting of a pulse source, a corona vessel and the diag
nostics has been designed and built. Electrical diagnostics have been developed, tested 
and mounted into the experiment, to measure the voltage pulse at the corona wire, the 
corona current and the electrical field at the cylinder electrode. An image intensified 
CCD camera is installed to investigate the spatial development of the corona discharge 
between the wire and the cylinder. With special timing techniques and the short shutter 
time of the camera (5 ns), we can present simultaneous electrical and optical measure
ments, which allow a study of the temporal and spatial behavior of the corona discharge. 
With both positive and negative voltage pulses, we observe similar discharge behavior. 

v 



At the start of the corona discharge, a streamer front moves from wire to cylinder, with 
a velocity up to 3.106 m/s. This results in rapidly varying E-fields at the cylinder elec
trode, which we measure as a displacement current by means of a special type of E-field 
sensor. After the transit of the ionization front, we detect a conduction.current at the 
cylinder. We can also use an ion sensor to measure the arrival of the ions at the cylinder 
during the drift phase of the corona discharge. 

The current is an important parameter of the discharge, because it couples the physics 
processes inside the discharge volume to the pulse source. We use the Ramo-Shockley 
theorem to describe the displacement and conductive current flow in the discharge. An 
alternative version of the Ramo-Shockley theorem bas been used to develop a simple 
one-dimensional model, which describes the combined behavior of the corona discharge 
and the pulse source. This pulsed corona model, although simple, can simulate most 
experimentally observed details. 

The energy dissipation in the discharge is calculated from the measured voltage pulse 
and current in the external circuit. It is an important parameter, when pulsed corona is 
used in an industrial environment. 

The expertise on pulsed corona discharges, pulse sources and the robust design of our 
diagnostics are essential for the development of the pulsed corona technique into an 

industrial application. Possible applications are: 

- Cleaning of exhaust gases of the following installations: 
- Combined heat and power (cogeneration). 
- Solid waste incineration. 

Cleaning and sterilization of liquids: 
- Cold pasteurization. 

Our group and the Company Intronplan cooperated in a one week experiment on 
NO"-removal from a large air flow by means of pulsed corona discharges. The pulsed 
corona discharge can considerably reduce the NO-content; conversion efficiencies of 65 

N02g/kWh have been obtained, resulting in a 90% reduction of the NO-content. 

Recently, a new energy efficient corona unit bas been developed. This unit can deliver 1 
kW average power to the discharge. This led toa better NO conversion efficiency of 95 
N02g/kWh, which is probably related to the higher intensity and repetition rate of the 
corona discharge. 
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Samenvatting 

Een geometrische versterking van het elektrisch veld dichtbij een elektrode kan leiden 
tot een coronaontlading, waarbij de ontlading zich ontwikkelt vanuit deze elektrode naar 
de andere elektrode, zonder dat er een volledige doorslag optreedt. We hebben de coro
naontlading onderzocht in een draad-cilinder geometrie (diameters 1 mm en ongeveer 
250 mm), in lucht bij ongeveer atmosferische druk. Met hoge puls-spanningen tot 140 
kV creëren we hoog-vermogen gepulste coronaontladingen. De ontlading ontwikkelt zich 
vanuit de draad via vele streamers die in zeer korte tijd oversteken naar de cilinder. De 
vele streamers voeren gezamenlijk een zeer hoge stroom tot maximaal 1700 A per meter 
draad. Echter, de stroom door de individuele streamer blijft laag, waardoor deze zich niet 
kan ontwikkelen tot een volledige doorslag. Dit maakt het gebruik van hoog-vermogen 
gepulste corona aantrekkelijk voor een groot aantal nieuwe toepassingsgebieden. 

Het doel van het onderzoek beschreven in dit proefschrift is enerzijds het verkrijgen van 
inzicht in het fysische gedrag van de hoog-vermogen gepulste coronaontlading, anderzijds 
zijn we geïnteresseerd in de interactie tussen de ontlading en het externe elektrische cir
cuit. Om zo'n intense ontlading te maken hebben we een speciale pulsbron gebouwd, die 
een hoge pulsspanning afgeeft, maar tevens voldoende stroom kan leveren om de ontla
ding te doen branden. Kennis op het gebied van de elektromagnetische compatibiliteit is 
toegepast om meetapparatuur te ontwikkelen die immuun is voor de elektromagnetische 
storingen van de pulsbron. Uiteindelijk is het ons doel om deze kennis te gebruiken voor 
de industriële toepassing van gepulste coronaontladingen. Met name de hoog-vermogen 
gepulste coronaontlading is zeer interessant voor de verwijdering van schadelijke bestand
delen in bijvoorbeeld rookgas en afvalwater. 

Een nieuwe experimentele opstelling, bestaande uit een pulsbron, coronavat en meetap
paratuur is ontworpen en gebouwd. We hebben elektrische sensoren ontwikkeld, getest 
en ingebouwd in de coronaopstelling, om de spanningspuls, de coronastroom en het elek
trische veld dichtbij de cilinderelektrode te meten. Een CCD camera met beeldversterker 
wordt gebruikt om de ruimtelijke ontwikkeling van de coronaontlading tussen de draad 
en de cilinder te onderzoeken. Met speciale timing technieken en de korte sluitertijd 
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van de camera (5 ns), zijn we in staat om simultaan elektrische en optische metingen 
uit te voeren. Deze metingen geven een gedetailleerd beeld van de tijdsafhankelijke en 
ruimtelijke ontwikkeling van de coronaontlading. Bij zowel positieve als negatieve span
ningspulsen zien we een vergelijkbaar gedrag van de coronaontlading. Aan het begin 
van de coronaontlading zien we een ontwikkeling van streamers bij de draad, die daarna 
met een zeer hoge snelheid (3·106 m/s) naar de cilinder bewegen. Dit resulteert in zeer 
snel veranderende elektrische velden op de cilinder, die we meten met een speciaal type 
sensor. Na de oversteek van deze streamers, meten we een geleidingsstroom ter plaatse 
van de cilinder. Na de streamerfase van de coronaontlading bewegen de geproduceerde 
ionen naar de elektrodes. Met een ionensensor meten we de aankomst van deze ionen op 
de cilinderelektrode. 

Stroom is een belangrijke parameter in onze corona.opstelling, omdat de stroom de kop
peling tot stand brengt tussen de fysische processen in de corona.ontlading en het elek
trische circuit van de pulsbron. We gebruiken het Ramo-Shockley theorema om de 
verschuiving&- en geleidingsstromen in de coronaontlading te beschrijven. Een alter
natieve versie van het Ramo-Shockley theorema is gebruikt voor de ontwikkeling van 
een eenvoudig één-dimensionaal model. Dit model beschrijft het gedrag van zowel de 
coronaontlading als de pulsbron. De resultaten van de simulaties en de metingen stem
men goed overeen. 

De energiedissipatie in de coronaontlading wordt berekend met behulp van de geme
ten puls-spanning en de stroom door het externe circuit. Voor het gebruik van de 
hoog-vermogen gepulste coronaontlading in een industriële toepassing is een efficiënte 
energieoverdracht belangrijk. 

De kennis van coronaontladingen en pulsbronnen en het storingvrije karakter van de 
meetapparatuur zijn zeer belangrijk voor de ontwikkeling van industriële toepassingen 
van hoog-vermogen gepulste corona. Mogelijke toepassingen zijn: 

- Reiniging van rookgassen afkomstig van: 
- warmte-kracht installaties. 
- verbrandingsovens. 

- Reiniging en sterilisatie van vloeistoffen: 
- koude pasteurisatie. 

Om dit te testen hebben we in samenwerking met het bedrijf Intronplan metingen uit
gevoerd, waarbij de gepulste coronaontlading gebruikt is voor NO"-afbraak in een lucht
stroom. De corona-ontlading geeft hierbij een reductie van 90% van de oorspronkelijke 
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NO-instroom. Met één kWh aan energie waren we in staat om 65 gram NO afte breken. 

Recent is een nieuwe corona-unit ontwikkeld die 1 kW vermogen kan leveren aan de 
ontlading. Met deze unit kunnen we nu 95 gram NO per kWh afbreken, vermoedelijk 
dankzij de hogere intensiteit en herhalingsfrequentie van de coronaontlading. 
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Chapter 1 

Introduction 

1.1 High-power pulsed corona discharge 

Electrical discharges occur in many different forms. Their appearance is determined 
by the conditions of the discharge medium, the electrode configuration and the char
acteristics of the power supply. Currents can flow ranging from 10-10 A at the onset 
of a Townsend discharge up to 100 kA in a fully developed lightning stroke. The term 
"discharge" refers to the current flowing through an initially insulating gas between two 
or more electrodes. Such a current flow results from ionization processes caused by the 
applied electric field [Rai91]. 

A corona discharge exists only if the electric field is strongly non-uniform; it takes place 
in the region where the shape of electrodes creates a local field enhancement. We limit 
ourselves to a two-electrode configuration, where one electrode has a strong curvature. 
Examples of such an electrode configuration are: wire-cylinder, point-plane, rod-plane 
and wire-plane. Sigmund and Goldman state: "A corona is a self-sustained electrical 
gas discharge where the Laplacian (geometrically determined} electrical field confines the 
primary ionization processes to regions close to high-field electrodes or insulators. Thus, 
a classical corona discharge system will consist of high-field active electrodes or surfaces 
surrounded by ionization regions where free charges are produced; low-field drift regions 
where charged particles drift and react; and low-field passive electrodes mainly acting as 
charge collectors" [Sig83]. The corona discharge as described by .Sigmund and Goldman 
refers however toa "weak" corona discharge of DC or AC type. The spatial extent of the 
ionization region of such a corona discharge is limited to a small area around the high
field electrode. From this we can conclude that the ionization and the drift regions are 
separated in space, hut the ionization and drift processes occur simultaneously. Inside 
the ionization region streamers can develop. Streamers are strongly non-uniform (chan
nel like}, short living discharge phenomena. They initially develop from the high-field 
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electrode into the discharge volume. The field in the drift region is dominated by the 
space charge field of the ions. This limits the current ( typically in the mA range) between 
the electrodes, and it prevents a full breakdown. Raising the voltage at the electrodes 
allows the streamers to grow further towards the second electrode. Eventually this will 
lead to an increase of the current, and a full breakdown. 

Use of a pulsed voltage allows a further increase of the voltage amplitude at the elec~ 
trodes, even far above the steady-state breakdown voltage. When the amplitude ()f the 
applied voltage pulse is high enough, the streamers develop across the entire gap [Mar75a, 
this thesis] without causing a full breakdown. The increased voltage, and the correspond
ing high electric field cause a fast, space charge (ions and electrons) enhanced, motion 
of the streamers. When the streamers grow outward from the high-field electrode, they 
also enhance the electric field at the initially low-field electrode. Sometimes, this even 
leads to corona activity starting to grow from the low-field electrode, however without 
causing the formation of the low-resistance are channel, characteristic of a full break
down. In a later stage the ions created during the ionization phase, drift towards the 
electrodes. Drift and ionization phase are now separated in time, but the corresponding 
regions are not separated in space. A further increase of the voltage pulse leads to very 
high currents. Nevertheless, if the applied voltage pulse has a short duration the corona 
discharge does not lead toa full breakdown [Klo87, Hee89a]. 

But what exactly is a full breakdown? A full breakdown is the transition of a gas from an 
insulating to an almost completely conducting state. The physical cause of breakdown 
lies in the electrical conditions which permit a small electron current to build up to a 
value which is limited only by the external circuit [Lle57]. Current is indeed an important 
discharge parameter, because it couples the physics processes inside the discharge volume 
to the external circuit. 

Experimentally the difference between a corona discharge and a full breakdown turns 
out to be quite clear. In contrast to the pulsed corona with its many parallel streamers, 
the full breakdown has only one or very few parallel arcs, with a much higher luminosity. 
In addition the full breakdown produces much more audible noise. 

For a DC corona discharge as we have discussed before, ·the space charge in the drift 
region [Sig83], limits the current through the discharge, and therefore prevents the corona 
discharge from developing into a complete breakdown. For a high-power pulsed corona 
discharge, it is less easy to determine why it does not develop into a complete breakdown. 
A first possibility is the decrease of the voltage in the tail of the external pulse, which 
causes a rapid decrease of the power input to the discharge. The voltage decrease or 
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drop itself is caused by the external circuit and/or the low resistance of a fully developed 
high-power corona discharge. A second possibility is the nature of the physics processes 
in the discharge itself which might quench the current through the discharge, for instance 
by a rapid build up of space charge. 

In our experimental setup we create high-power pulsed corona discharges, with either 
positive or negative voltage pulses up to 140 kV, in a wire-cylinder {diameters 1 mm/290 
mm) geometry at pressures between 360 Torr and 760 Torr. This results in current 
pulses up to 1700 A per meter wire. The discharge is characterized by the occurrence of 
approximately 300- 400 streamers per meter wire, which expand up to 1 cm width (with 
DC corona, the streamer width is typically on the order of 100 µm). The streamers grow 
ontward with a velocity up to 3.108 cm/s. Photographs of such a high-power pulsed 
corona discharge can be found on the cover, where we show four consecutive pictures of 
5 ns shutter time at 10, 20, 30 and 40 ns after the start of the voltage putse. The real 
diameter of the image is 30 cm. 

Figure 1.1 shows a voltage and current pulse fora high-power pulsed corona discharge. 
The solid line represents the voltage pulse, and the dotted line represents the current 
pulse. Although the voltage and current amplitude are very high, the corona discharge 
does not develop into a complete breakdown. The current pulse shows a large peak 
and then collapses entirely; while the voltage putse does not collapse, and continues to 
oscillate. This figure clearly shows that our high-power pulsed corona discharge does 

130kV 

0 
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Voltage 

. Current 
.. · .. " "" .. ""."" .... ·"· .. ' 0 

200 
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Figure 1.1: Measv.red voltage (solid line) and current (dotted line) /or a high-power pulsed 
corona discharge. 
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not develop into a complete breakdown, but is only a partial breakdown. The difference 
between a complete breakdown and the partial breakdown is further discussed in Section 
5.6. 

To obtain a complete breakdown with our pulse source we have to go to extreme condi
tions; we must use a cylinder of 15 cm diameter with more than 100 kV voltage pulses 
(waveform is as in Fig. 1.1) and a reduced pressure of 360 Torr. 

The central theme in this th~sis is the high-power pulsed corona discharge, and the 
application of such a discharge in an industrial environment. In order to optimize the 
use of the high-power pulsed corona discharge in industry it is important to study this 
special type of discharge, and the interaction between the discharge and its pulse source. 
We therefore start this thesis with a study of the discharge, where we concentrate on the 
current flow in the discharge because the current couples the physics processes inside the 

.~ discharge volume to the external circuit of the pulse source. In Chapter 6 we will give 
one example of an application of the high-power pulsed corona discharge. 

1.2 Overview of earlier corona research in the High
Voltage and EMC group 

The work in the High-Voltage and EMC group of Eindhoven University of Technology 
concentrates on both the electrotechnical and the physics aspects of the corona discharge. 

Much work has been done together with external partners. In collaboration with the 
University of Dar Es Salaam, research has been dorre on the enhancement of heat transfer 
by corona winq [Kad87], which is very advantageous in closed electric ovens. With the 
Sprenger Institute in Wageningen our group bas worked on the removal of ethylene with 
a 50 Hz corona discharge [Lam91]. Ethylene causes fast ripening and rotting during the 
storage of fruit and fl.owers. Research on electrostatic precipitators concentrated on the 
charging mechanism of dust particles and the study of pulsed corona discharges in a 
precipitator module [Klo87]. 

More fundamental work has also been done, in a study of the negative corona discharge 
in the Trichel regime, by means of fast current measurements (resolution 0.7 ns) [Gra87]. 
Extensive experimental and modeling work has been done on pre-breakdown phenomena, 
avalanches and partial discharges [Ver82, Wen89]. Recently a model for the study of 
the avalanche to streamer transition in insulating gases was developed. It successfully 
predicts the experimentally observed development of a streamer discharge [Ken95]. 
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Already for a long time DC corona discharges have been used in electrostatic precipita
tors, where dust particles are removed from the exhaust gas of industrial plants. Use of 
DC high-voltage easily leads to a full breakdown of the corona discharge, especially when 
the discharge operates in high temperature exhaust gases. In collaboration with TNO 
(the Netherlands Organization for Applied Scientific Research), investigations have been 
done on the generation and existence of pulsed corona at temperatures ranging from 
20 • C to 850 • C. The behavior of corona in situations with high temperature or in the 
presence of much contamination is substantially improved if high-voltage pulses are used. 
It has been shown that pulsing can lead t~ much larger corona currents, and a consider
able increase of the width of the existence region (the margin between corona inception 
and full breakdown) as shown in Fig. 1.2 [Hee89a]. 

Pulse length 

Figure 1.2: Sketch of the existence diagram for pulsed corona. 

Since the work on electrostatic precipitators [Klo87], we have always been interested in 
the large amplitude currents, which can flow during a corona pulse without the occur
rence of a full breakdown. These large currents were first discussed in [Hee89a]; amore 
extensive discussion for both positive and negative corona can be found in [Hee92]. 
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1.3 The corona research in this thesis 

As described in Section 1.2 (and later on in Chapter 6), the high-power pulsed corona 
discharge is very advantageous for industrial applications because of the following fea
tures: 

it occurs for a wide range of operating parameters. 
it permits a high-power input into an atmospheric gas (the power is concentrated 
in streamers. hut with our setup we can: create approximately 300 intense stream
ers per meter wire, which means that the power is distributed in a fairly diffuse 
manner). 

- it can be operated reliably, without leading toa complete breakdown. 
- it supplies energetic electrons, free radicals, and local UV-photon.s; which can all 

initiate chemical reactions useful in application.s. 

These features makes the high-power pulsed corona discharge an excellent candidate for 
the removal of harmful compounds in exhaust gases or waste water. 

The study of the high-power pulsed corona discharge in this thesis should give insight 
in: 

- the physics of this type of discharge. 
- the interaction between the discharge and the pulse source. 
- the operating conditions, for which this type of discharge can exist. 
- its use for industrial applications 

For this study we have chosen to: 

- carry out fast (ns-timescale) electrical and optical measurements simultaneously. 
- work with different high-power pulse sources. 
- use positive and negative voltage pulses of various amplitudes up to 140 kV. 
- work at different pressures (360, 560 and 760 Torr). 
- produce pulsed corona discharges in a wire-cylinder geometry. 
- use a wire with a diameter of 1 mm. 
- use cylinders with different diameters (15, 20 and 29 cm). 
- use cylinders with and without needles. 
- carry out chemical measurements on NO" removal, in cooperation with an exter-

nal partner. 
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• Experimental approach 

A new pulsed corona experiment has been designed to allow the analysis of large peak 
currents in a high-power pulsed corona discharge. In that experiment, high-voltage pulses 
are applied between a wire and a cylinder to produce a pulsed corona discharge. The 
metal wire has a diameter of 1 mm and is positioned at the center of the cylinder. The 
grounded cylinder1 has a diameter of 30 cm; this allows large gas flows [Blo93, Blo94], 
which is interesting for possible industrial applications (for instance flue gas cleaning, 
where large amounts of gas have to be purified), and in addition offers ample access for 
the diagnostics. 

Our high-voltage pulse source is able to generate voltage pulses with an adjustable am
plitude up to 140 kV amplitude of either positive or negative polarity. Variation of the 
rise time (down to 20 ns) and the pulse duration (from 100 .nanoseconds up to several 
microseconds) is possible. The flue gases of industrial processes are usually at an ele
vated temperature, up to 400 degrees Celsius. The behavior of the corona discharge like 
all other gas discharges, is strongly dependent on the density of the gas. The reduced 
densities that occur at atmospheric pressure and high temperature were simulated by 
lowering the pressure at room temperature [Hee90]. A temperature of 400 degrees Cel
sius at 1 bar is -in terms of density- equivalent toa pressure of 360 Torr (0.47 bar). A 
simple pump is sufficient to reach this pressure. 

In an electrostatic precipitator a corona discharge is sometimes operated by means of 
high-voltage pulses superimposed onto a DC bias. The high-voltage pulses are used 
for charge production, while the DC bias causes a continuous drift of the charged <lust 
particles out of the discharge volume. In our setup we can apply a positive or a negative 
bias voltage to investigate its influence on the corona discharge. 

The new high-voltage pulse source allows a current flow of at least 1700 Aper meter wire. 
These large voltage and current pulses cause intense electromagnetic disturbances, which 
easily affect the electronic equipment around the experimental setup. A vailable expertise 
in the field of electromagnetic compatibility was used to protect our sensitive equipment 
and the large bandwidth electrical diagnostics. These electrical. diagnostics are robust, 
in order to handle the large peak currents but they also allow the measurement of very 
small currents. An example of a sensitive sensor is the one used for measuring the 
arrival of charge carriers at the cylindrical electrode of the corona vessel [Hee9l]. The 

1This type of cylinder with an inner diameter of 30 cm was available as components of the BISEP 
gas-insulated switchgear (GIS) of Holec (now part of ELIN). The epoxy-insu\ated spacers of this system 
were also used in our setup, as air-tight high-voltage feedthroughs at both ends of the corona vessel. 
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sa.me sensor, used in a different operating mode, can measure the E-field at the cylinder 
[Hee92]. 

We have attained a bandwidth of the electrical diagnostics from about 1 Hz to 50 MHz. 
Measurements with a new pulse source and the improved electrical diagnostics were 
presented at the high-voltage symposium in Yokoha.ma [Blo93]. An image intensified 
CCD-camera is used to investigate the spatial development of the corona discharge be-: 
tween the wire and the cylinder. With advanced timing techniques and the shortest 
shutter time (5 ns) of the camera, we are able to obtain semi time-dependent (one frame 
per corona pulse) spatial information on the corona discharge. The first measurements 
on pulsed corona discharges combining CCD images and electrical measurements were 
presented [Blo94] at a symposium in Knoxville (USA). Further improvement of the ex
perimental setup allowed a very clear view on the spatial and temporal development of 
the high-power pulsed corona discharge. These results are presented in this thesis. 

The work in our group has continued with the design and construction of two new pilot 
units (1000 Hz repetition rate, 120 kV - 150 ns voltage pulses, 3 kW energy delivery,. 
50% efficiency from the 220 Volt mains to the corona discharge, compact design), which 
bas been done in cooperation with industrial partners. The two pilot units have been 
successfully used in several tests, which aimed at the removal of contaminants in gas 
and/or water. Patent rights [Hee96J have been obtained for technological developments 
used in this corona unit. 

• Outline of the contents of this thesis 

Chapter 2 describes the analysis of the current flowing in the discharge volume and in 
the external circuit during a corona discharge. In addition we discuss an adapted version 
of the Ramo-Shockley theorem. A simple model to simulate the growth and the decay 
of the observed current pulse is described. 

In Chapter 3 we introduce the experimental setup in various versions, and describe the 
electrical circuits used to generate short high-voltage pulses. 

Chapter 4 describes the electrical and the optical diagnostics. Electrical and optical 
measuring techniques are used to investigate the behavior of the pulsed corona discharge. 
The electrical diagnostics are described in terms of their construction and electrical 
design, frequency response and calibration. We also describe the camera system which 
we use for the investigation of the spatial development of the corona discharge. 
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In Chapter 5 we investigate the streamer and the drift phase of the corona discharge. 
Simultaneous electrical and optical measurements allow an analysis of the temporal and 
spatial development of the corona discharge. Simulations with a simple model illustrate 
the observed experimental details surprisingly well. We also measure and calculate the 
power dissipation in the corona volume during the discharge, which is an important 
parameter for possible applications of the high-power pulsed corona discharge. Finally 
we present some measurements on the drift phase of the pulsed corona discharge. 

A cooperation with the lntronplan Company led to a series of experiments on NO" 
removal with 100 kV pulsed corona. During the experiment we have changed many 
experimental parameters to optimize the NO" removal. In Chapter 6 we present the 
results. 

Finally, in Chapter 7 we will list the general conclusions and discuss the effect of electron 
temperature on the chemical cleaning properties of the pulsed corona discharge. 



Chapter 2 

Currents in fast transient discharges 

The current is an important parameter of a discharge, because it couples the physics 
processes inside the discharge volume to the external electrical circuit. The current 
amplitude and its waveform are also important .for a first qualification of the discharge, 
whether it is a full breakdown or a partial breakdown as in pulsed corona. 

~circuit 
(~ent 
1 Discharge 

physics 

Figure 2.1: Gurrent couples the discharge physics and the external circuit. 

Our study of the discharge current focusses on: 

- The different types of current flowing through the discharge 
- The relation between the measured current and the discharge behavior. 
- The study of electrical diagnostics for measuring the different components of the 

discharge current. 
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2 .1 Currents 

Current can appear as a conductive current and as a displacement current. The conduc
tive current density ic directly results from the local motion of charge carriers in the 
gap, 

(2.1) 

where pP, Pn and Pe are the space charge densities of the positive and the negative ions 
and the electrons respectively; vp, Vn and v. are the local drift velocities of the different 
type of charge carriers. The drift velocity of the charge carriers is dependent on the 
electric field: 

(2.2) 

where Ev is the vacuum (capacitive) field between the electrodes, and EP the space 
charge field in the discharge volume. We can express the time derivative of the electric 
field E as a displacement current density j v: 

(2.3) 

where ivv is the vacuum displacement current density, and jpD is the space charge 
caused (8CC) displacement current density. The conductive and the displacement cur
rent density add up to the total current density J: 

J=ic+iv (2.4) 

Figure 2.2 shows a discharge volume bounded by two electrodes which are both connected 
to an external circuit. The closed surface 8 around the cylinder electrode, is formed by 
surfaces 81 and 82• 8urface 81 is inside the discharge volume, whereas the lead of the 
external circuit crosses surface 82 . Taking the divergence of Ampere's law 'VxH=J we 
obtain 'il·J=O. By means of the divergence theorem of Gauss we can then write for a 
closed surface 8: 

/jJ·ndS=O 
s 

(2.5) 

If we change the position of surface 81 left of the electrode, Eq. 2.5 remains valid. In 
particular if surface 81 coincides with the surface of the electrode we see that the total 
current density J (A/m2 ), which flows into the electrode, is equal to the extemal current 
Ie (A) in the wire: 
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Figure 2.2: Continuity of current. 
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(2.6) 

Analogous to Eq. 2.4 we write the current Ie at the cylinder surface where measurements 
are being done as: 

Ie Ic+ Iv Ic+ lvv + IpD (2.7) 

Equation 2.7 has been derived in Sect. 2.3. The total current Ie is measured at the 
cylinder, and continues from there through the external circuit. The displacement current 
In and the conductive current Ic at the location of the cylinder are measured separately 
by means of a grid sensor (see Chapter 4). The vacuum displacement current Ivv can 
be calculated from the measured voltage pulse VP: 

Ivn (2.8) 

where Co is the vacuum capacitance between the wire and the cylinder. 

• Current flow at the· electrodes 

To study the current flow at the electrodes in more detail, we consider our wire/cylinder 
(diameter 1/290 mm) electrode system in which a single positive charge carrier q moves 
with velocity v between the wire and the cylinder as shown in Figure 2.3a. Wire and 
cylinder are connected by means of an external circuit, which puts the cylinder at a 
negative voltage. The motion of charge carrier q yields a current Ie in the external 
circuit, which flows from the cylinder to the wire. Ramo [Ram39] and Shockley [Sho38], 
and also Sato [Sat80] give the equation to calculate Ie: 
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1 
q v·ERS (2.9) 

where Ens is the vacuurn E-field and vis the velocity of charge carrier qat position r, 
and timet; the cylinder is at constant potential Uns and the wire is grounded. The purely 
logarithmic potential distribution VRS, which corresponds with the Ramo-Shockley field 
ERS, is shown in Fig. 2.3b, as a function of the radius r. 

The charge carrier q carries an electrical space charge field Ep, which induces the image 
charges -"'fq and -(1-"'f}q on the wire and the cylinder respectively. The motion of the 
charge carrier to the right (see Fig. 2.3c) changes the induced image charges on the 
electrodes. This results in a current I", which we can calculate, by integrating over the 
surface Scy1 of the cylinder, the time derivative of the space charge field Ep perpendicular 
to Scy1: 

I"(t) In(t) êo// (8
E;{,_(t)) ·ndS 

Sc,1 

{2.10) 

Actually we have used the time-derivative of Gauss' law to find an expression for I., 
which is equivalent to the expression for I. in Eq. 2.9. We have assumed that the charge 
carrier in Fig. 2.3a does not arrive at the cylinder, which means that the conductive 
current Ic remains zero at the cylinder. 

In Fig. 2.3d we present the local displacement current In and the conductive current Ic 
observed at the cylinder electrode, when the charge carrier moves from wire to cylinder 
with a constant velocity. When the positive charge carrier arrives at the cylinder it 
shows up as a conductive current peak but also as an equal, but oppositely directed 
displacement current peak during the neutralization of the negative image charge (see 
Fig. 2.3e) at the electrode [Eng32]. When we integrate both current components of Fig. 
2.3d we finally obtain a net charge +q, equal to the charge of the charge carrier q, this 
is shown in Fig. 2.3f. Summation of In and Ic yields the external current I •. Both the 
external current Ie (=Io+Ic) in Fig. 2.3d and the total charge Q. (=Qo+Qc) in Fig. 
2.3f are smooth curves, because the sharp peaks in In and Ic cancel. 

We now generalize this problem by assuming a cloud of charge carriers instead of one 
charge carrier; p(r ,t) is the space charge density, and v is the velocity of space charge p 
at position r, and time t. The external current I.(t) is now calculated as follows: 

I.(t) = U~sjjj p(r, t) v·Ens(r) dV 
V9 ap 

(2.11) 
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Figure 2.3: ( a) Cummt at the cylindrical electrode caused by a single charge carrier q 

moving at a constant velocity v, from the wire to the cylinder; (b} The Ramo-Shockley 
potential VRS as a function of the mdius; {c) The image charges induced by charge carrier 

q in the two electrodes and the corresponding space charge field Ep; {d) The currents ID 
(gmy line} and Ic (solid line} at the cylinder as a function of time; {e} When charge 

carrier q approaches the cylinder the image charge in the cylinder grows to -q; (f) The 

charge QD (gray line) induced on the cylinder rises smoothly to the value q. The arrival of 
the charge carrier at the cylinder corresponds with a drop of QD to zero. Simultaneously 

Qc {solid line} jumps to the value q, which corresponds to the two opposing current peaks 

in figure d}. 
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We have integrated Eq. 2.9 over the entire gap volume. Note that Eq. 2.11 gives the 
complete external current Ie because peaks in 10 and Ic cancel for each arriving particle 
(as in Fig. 2.3d). 

• An alternative formulation of the Ramo-Shockley theorem 

The motion of the space charge p(r ,t} at position r can also be described as a reduction 
of the local charge 8p(r,t)/8t and an increase of the local charge in the adjacent volume 
elements. In Section 2.3 we derive an alternative version of Eq. 2.11: 

Ie Io +Ic ===> Io = ;;~Jjj VRs(r/Jp~, t) dV, Ic= - jj jc(r, t)·ndS (2.12) 
Vg«p Scvl 

in which ic(r,t) p(r,t)v is the conductive current density due to the space charge 
arriving at the cylinder surface, and the potential VRS corresponds with the E-field ERS 
in Eq. 2.11. We have omitted the vacuum displacement current I"0 (see Eq. 2.39) here, 
because the potential at the electrodes is assumed to be constant in this section. 

• Current flow at a location between the electrodes 

To study the current flow between the electrodes we consider a closed surface around 
the right hand electrode as shown in Fig. 2.4a. This surface is formed by surfaces S1 

and S2. Surface 81 is inside the discharge volume. The lead from the cylinder crosses 
surface 82. We first concentrate on surface 81• When the charge carrier does not pass 
through surface S1, only a SCC displacement current flows through this surface. When 
the charge carrier actually passes through surface Si, this will result in a large conductive 
current through surface S1. Figure 2.4b shows a sketch of the conductive current Ic and 
the displacement current Iv density through surface 81, when a single charge carrier 
moves from the corona wire to the cylinder. The lead which crosses surface 82 carries 
only a conductive current Ic, because the macroscopie E-field inside the metal lead is 
negligible. From Eq. 2.5 we know that the magnitude of the currents through surfaces 
81 and S2 must be equal. 

Equation 2.5 remains valid when the surface 81 coincides with the surface of the cylinder. 
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Figure 2.4: (a) A single charge carrier q, moving from wire to cylinder, passes surface 
81 . In b) the currents ID (gray line) and Ic {solid line) through surface 81 are shown as 
a function of time. 

2.2 Current flow in a fast transient discharge 

• Vacuum displacement current in wire-cylinder geometry 

In Eq. 2.12 we have omitted the vacuum displacement current I"D which flows through 
the external circuit, when a transient voltage is applied between two (or more) electrodes. 
In Sect. 2.3 we have derived: 

I rio dV vD ._,, (2.13) 

where V is the voltage difference between the electrodes, and Co is the capacitance 
between wire and cylinder (see Fig. 2.5a). We can replace the wire-cylinder system in 
Fig. 2.5a by the equivalent circuit shown in Fig. 2.5b. 

Co 

v •········lf···-···· v 

(b) 

Figure 2.5: Vacuum displacement current I"D in a wire-cylinder geometry. (a} The 
vacuum capacitor Co between the wire and the cylinder. (b) The vacuum displacement 
current I"v can be f ound from an equivalent circuit with the vacuum capacitor C0 
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• sec displacement current due to a single charge carrier in a wire-cylinder geometry 

In Sect. 2.1 we have already shown that the motion of a charge carrier in the wire cylinder 
electrode system results in a measurable current at the cylinder, and that we can use 
the Ramo-Shockley theorem to calculate this current. We will now use the alternative 
Ramo-Shockley theorem to design an equivalent circuit describing the SSC displacement 
current, which results from the motion of a single charge carrier between the wire and 
the cylinder. 

The motion of a charge carrier q from position r1 to position r2 , shown in Fig. 2.6a, can 
be interpreted as changes of the local charges q1 and ti2, at positions r1 and r2 , where q1 

= -42• Figure 2.6b shows the Ramo-Shockley potential between wire and cylinder. 

We first investigate the effect of 41 . With Eq. 2.12 we can calculate the current lpv that 
~ induced by 41. The current I"v can also be calculated with a simple circuit shown in 
Fig. 2.6d. Assume charge 41 to be homogeneously distributed over the surface S1 of a 
coaxial cylinder "electrode" with radius r1 shown in Fig. 2.6c. The coaxial capacitor 
C!fS is formed by the surface of the wire and Si, and the coaxial capacitor Of.C is formed 
by S1 and the cylinder surface. The charge 41 is represented in the equivalent circuit by 
a current source. Current ~c which can be calculated from this circuit, is equal to the 
current I"v calculated with Eq. 2.12. Note that, in this entire paragraph we can replace 
the index " 1" by index "2" , to calculate the effect of 42 • 

In Fig. 2.6e we combine the effects of q1 and q2 • Capacitor cf>S is formed by the surfaces 
81 and 82 • Finally Fig. 2.6f shows the corresponding equivalent circuit which describes 
the motion of the charge carrier q in Fig. 2.6b. The SCC displacement current flows 
through the capacitors, and current source Ic ( =41 =-42) represents the local conductive 
current, which flows when charge carrier q moves from position r1 to position r2. 

• Current flow due to a corona discharge in wire-cylinder geometry 

Figure 2.7 shows an equivalent circuit that should represent the combined operation of 
the pulse source and the corona discharge. We will refer to it as "pulsed corona model" 
from now on. 

We have designed the pulsed corona model to study the current flow in the pulsed corona 
experiment. The equivalent circuit in Fig. 2.6f is used as a building block to construct 
this model. The resulting electrical circuit describes the current flow as a function of 
time and radius. In Sect. 5.9 we compare the measurements, and the simulations with 
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Figure 2.6: Space charge caused {SCC) displacement current lpo in a wire-cylinder sys
tem. (a} Current at the cylinder caused by a single charge carrier moving from position 
r1 to r2; (b) The logarithmic distribution of the Ramo-Shockley potential; {c} and (d} 
The current caused by the decrease of charge q1 at position r1 can be found from an 
equivalent circuit with vacuum capacitors qvs and Cf1.C; (e) and (f) The current lpo at 
the cylinder can be found from the equivalent circuit with capacitors er' s' ass and Cic 



20 Currents in fast transient discharges 

Wire Cylinder 

Figure 2.7: Equivalent circuit that describes the combined behavior of the pulse source 
and the pulsed corona discharge. 

this engineering model, to describe the temporal and spatial development of the corona 
discharge. Section 5.9 also describes the physical limitations of the pulsed corona model. 
In this section we concentrate on the description of the model in terms of the different 
current components, described in Sect. 2.1. 

Capacitor Cpu1.e, is charged, up to the required amplitude of the pulse voltage. After t=O 
the capacitor Cpu1se starts to discharge througb resistor Rp..i,,., and the corona volume. 
Resistor R,,uise determines the maximum pulse width of the voltage pulse. The corona 
volume is subdivided into N cylindrical shells with a volume Vi (i=l .. N}. The corona 
discharge results in an external current Ie flowing from the pulse source to the wire, 
through the corona volume towards the cylinder electrode, back to the source capacitor. 
A program (MATLAB/Simulink) is used to calculate the transient electrical behavior 
of the pulsed corona circuit. These calculations, illustrate the combined behavior of the 
pulse source and the corona discharge. 

The pulsed corona model is a one-dimensional model. Current therefore only flows in a 
radial direction. For each shell of the pulsed corona model we can write: 

Ie= Ic,;+ ln,i =Ic,;+ lvn,i + IµD,i (2.14} 

Ic,i is the conductive current, ID,i the total displacement current, lvD,i is the vacuum 
displacement current and IpD,i is the sec displacement current in volume i. 

• Conductive current 

The conductive current directly results from the electron and ion motion. Conductive 
current Ic,; is controlled by Pp,i• Pn,i and Pe,;, the local charge densities of positive ions, 
negative ions and electrons respectively, and Vp,;, tln,i and Ve,i the ion and electron drift 
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velocities, which are dependent on the local E-field in volume V;. We can now express 
the electron density Pe,i in volume V; as: 

1 t 

Pe,i = V J [Iconv,i + lsource,i] dt {2.15) 
• 0 

The term Iconv,i represent the total flow of electrons moving into and out of volume 
V;. Term lsource,i describes the total of electron gain (ionization) and loss (attachment) 
processes within volume V;. A similar expression exists for each of the ion species, hut in 
the model we assume that the ions do not move, on the time-scale considered; therefore 
they do not contribute to the conductive current. The local ion density Pion,i (Pp,i or 
Pn,i) in the i'th volume is determined by source term lsource,i only. 

• Displacement current 

1 t 

Pion,i = V· f -fsource,i dt 
' 0 

(2.16) 

Due to the potential change of the wire a vacuum displacement current I"D :fl.ows via the 
vacuum capacitors CD,i· With Co the total capacitance formed by the series connection 
of capacitors CD,i (i=l..N), and U. the external potential between the wire and the 
cylinder, we can write: 

(2.17) 

Different conductive currents Ic,; and Ic,i-I result in a current /; , which is forced to flow 
through capacitors CD,i and/or CD,i-I, as a sec displacement current. In other words: 
a difference of the conductive currents Ic,; and Ic,i-l yields a local change of the charge 
density. From Fig. 2.6 we know that a change of the local charge density results in a 
SCC displacement current which :fl.ows to the wire and the cylinder. Summation of the 
different current contributions resulting from charge density changes at the boundaries of 
volumes V; (i=l .. N), results in the total sec displacement current lpD,i flowing through 
capacitor CD.i· 

Summation of the vacuum and the sec displacement currents l,;D,i and lpo,;, yields the 
total displacement current ID,i flowing through capacitor GD,i· This current determines 
the voltage difference across volume V; ,and it therefore determines the local E-field in 
volume V;. The E-field is also affected by electron motion. Note that ionization in itself 
does not contribute to the E-field; for each electron created, implicitly also a positive 
ion is created. In the same manner attachment causes the electron to become a negative 
ion. 



22 Currents in fast transient d1schêlrR:~es 

• Current measured at the cylinder 

The external current Ie arrives at the cylinder, and is measured by means of a small 
measuring resistor (resistor R,,. in Fig. 2.7). The conductive current arriving at the 
cylinder is equal to the current delivered by current source Ic,N in volume VN, and 
the total displacement current In arriving at the cylinder is equal to the current that 
fl.ows through capacitor Cv,N· In our experiment, the conductive current and the total 
displacement current are measured separately with a grid sensor described in Chap. 4. 

2.3 Derivation of the measured current for a two

electrode system 

We now derive the expression for the conductive and the displacement currents as we 
measure them on one of the electrodes. 

Using the Poynting vector we can write for any closed surface Sga.p around a volume 
V9aplGra88]: 

P;" jj - (ExH)·ndS (2.18) 

s,,.." 
where the normal vector nis of unit length and directed ontward. With Gauss' theorem 
we can write this as an integral over the gap volume Vgap: 

P,.. - jjj \l·(ExH) dV (2.19) 

Vga" 

Using vector analysis we write this as: 

Pin= -JJJ H:(\lxE)dV + jjj E·(\lxH)dV (2.20) 
Vgap V9"I' 

If we assume the electric field to be irrotational, Le. \lxE=O, then only the second 
term at the right hand side remains. With Maxwell's equation this can be changed into: 

P;" = jjj J·E dV (2.21) 
V9ap 
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Application of the product rule for differentiation followed by the divergence theorem 
yields: 

P;n -IJ (U J)·ndS (2.22) 
S9ap 

Wîth Eq. 2.22 we can calculate the power input Pin into volume Vgap shown in Fig. 2.8a: 
P;n=U,,le. Ue is the applied voltage between the two electrodes and Ie is the current 
through the external circuit. Note that, P;n is actually the electrical power input into 
the discharge volume. 

8 QJ 
vsap 

I,, 
vgap 

1,, 

(a) 
ue 

(b) 
ue 

Figure 2.8: Sketch of the two electrode system. (a) Surface Sgap is surrounding both 
electrodes. (b) Surf ace Sgap is chosen, such that the two electrodes are excluded /rom the 
volume Vgap· 

In Fig. 2.8b we have chosen the surface Sgap such that the two electrodes are excluded 
from the volume Vgap- Using Eq. 2.21 to calculate the power input of volume Vgap in Fig. 
2.8b, we obtain the power dissipation of the dîscharge volume only. With the assumption 
that the electrodes and the nearby wires do not dissipate any energy, we can state that 
the power input into the discharge is equal to the electrical power input P;n = Uele. We 
now continue our derivation of the power input into the dischargè volume assuming that 
the surface Sgap and the volume V 9ap are defined as shown in Fig. 2.8b. 

Substitution of: 

J . fJE E E E =3c+eoat' = "+ P (2.23) 
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into Eq. 2.11 yields: 

f f f ( · a(E., + Ep)) ( ) ~n = }}} Jc+eo ût · E"+Ep dV 
Vgcp 

(2.24) 

rewriting and collecting terms yields: 

P;n = jff (ic·Ev+ ~e/(E~E")) dV +fff eo (
8!P ·E") dV + jjf J·EpdV 

Vgo.p Vgcp V9ap 

(2.25) 
We will first show in intermezzo 1 and 2 that the second and third term on the right 
hand side are equal to zero. 

Intermezzo 1 

With Ep=-'VUp and E"=-'VU" we can rewrite the second term on the right hand side 
of Eq. 2.25 

(2.26) 

With Green's first identity we can further rewrite the right hand side of Eq. 2.26: 

(2.27) 

since UP the potential caused by space charge is zero at the electrodes (at Sgap), and 
~ U" is zero, both terms in Eq. 2.27 are zero. 

Intermezzo 2 

Rewriting the third term on the right hand side of Eq. 2.25 yields: 

(2.28) 

Rewriting of the first term on the right hand side yields: 

jff ic·EpdV = -Jff ic{\lUp)dV (2.29) 
v.,.,p v9"p 
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Using the product rule for differentiation we rewrite the right hand side: 

-jjj V·(Upjc)dV + jjj Up(V·ic)dV (2.30) 
Vgop Vgop 

Application of Gauss' law to the first term of the right hand side, and substitution of 
(see Eq. 2.5): 

V·J = 0, E =-VU ==> V-jc = -i::oV· (°:) = coa (~~) (2.31) 

into the second term on the right hand side of Eq. 2.30 yields: 

-jj n-(Upjc) dS +co jjj Upa ( ~~) dV 
S 9 a.p Vgap 

(2.32) 

'The first term on the right hand side is zero because the potential Up is chosen zero at 
the boundary Sgap of volume V 9ap· Application of Green's first identity on the second 
term on the right hand side yields: 

The second term on the right hand side is zero because the potential Up is chosen zero 
at the boundary Sgap of volume V 9ap· Further rewriting of the first term on the right 
hand side, and substitution of Eq. 2.33 into Eq. 2.28 yields: 

jjj J·EpdV = -i::ojjj Ep· (~~) dV +t:ojjj (°:) ·EpdV o (2.34) 
Vgap Vgap Vga.p 

End of intermezzos 

What remains of Eq. 2.25 can be rewritten as: 

(2.35) 

Applying the product rule for differentiation on the first term yields: 

(2.36} 

Further rewriting yields: 
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l1n = -Jju"(n-ic)dS- JJJ (u" ~) dV + JJJ Ge:o a(E~E")) dV 
s,., v •• " v,." 

(2.37) 

On surface Sgap of the first term of Eq. 2.37, the potential U" is always zero, except 
on the cylinder electrode where U" is equal to the externally applied potential U". The 
third term on the right hand side representing the change in the electric field energy 
stored in the system (Gra88] can be rewritten as: !Codlf;/dt =UeCo dUe/dt. The power 
input into the system can finally be written as: 

(2.38) 

The external current Ie can now be written as: 

Ie Ic + lpD + l"n (2.39) 

with 

Ic = - JJ n·ic dS, IpD = ;~ JJJ Uv~ dV, I"v =Co d~e 
Scvl v,,.." 

(2.40) 

These three contributions to the current at the cylinder were already introduced in Eq. 
2.12. Note that U" is the vacuum potential in the gap, due to potential Ue across the 
gap. Equation 2.39 (together with Eq. 2.40) has been used in Eq. 2.12, where U" and Ue 
have been replaced by VRS and URS respectively. In addition in the discussion around 
Fig. 2.3 the voltage across the gap was assumed to be constant. 



Chapter 3 

Design of a pulsed corona setup 

Figure 3.1 sketches the main subjects of our research. The central theme is the pulsed 
corona discharge, which is created by the high-power pulse source. To investigate the 
discharge we use electrical diagnostics and a camera system. 

Pulse source 

Figure 3.1: Main subjects of our research. 

The design of the pulsed corona setup aims at: 
- A correct matching of the pulse source, the discharge vessel, electrical diagnostics 

and the camera system. 
- Reliable, yet simple design of pulse source, electrical diagnostics and camera sys

tem. The reliability refers to the high-voltage behavior and the electromagnetic 
compatibility. 

- Further development of the setup should lead to industrial applications. 
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3.1 General layout of the experimental setup 

During our research we carried out measurements with three different versions of the 
experimental setup. The modifications were always related to the camera system, the 
electrical diagnostics remained the same. During the following discussion we will refer 
to these three different versions as: Setup I, II and 111. In the following text, we will 
describe the general layout of the three setups, which includes a short description of the 
diagnostics. In the next chapter we give a more detailed description of these diagnostics. 

• Setv.p I 

Figure 3.2 shows an overview of Setup 1. It shows the DC high-voltage source consisting 
of a transformer, a rectifier set and a capacitor. A high impedance resistor connects the 
DC high-voltage source to a cable capacitor mounted on top of a copper hat. The copper 
hat is used to maintain the coaxial structure of the pulse circuit. The DC high-voltage 
source charges the cable capacitor, which is discharged onto the corona wire by means of 
a fast high-voltage switch, the main spark gap, which is positioned inside the copper hat. 
The corona vessel is closed by spacers at both ends. The top spacer acts as feed-through 
for the high-voltage pulse, which is initiated by the spark gap inside the copper hat. 
A metal electrode inside the lower spacer is used as a capacitive sensor for the voltage 
pulse. The voltage pulse decreases rapidly after the breakdown of the chopping spark 
gap at the lower end of the corona vessel. The gap width of and the pressure inside the 
chopping gap determine the chopping time. In addition to the high-voltage pulses, a DC 
bias voltage can be applied. 

A high-voltage pulse on the corona wire results in a corona discharge between the two 
electrodes, the corona wire and a cylinder electrode inside the corona vessel. Application 
of a voltage pulse up to 140 kV with a rise time less than 20 ns, results in a very rapidly 
growing discharge. After the streamer phase of the discharge, the ions drift towards the 
electrodes. The gap is certainly space-charge-free within 20 ms. This means that the 
bandwidth of our electrical diagnostics must range from 50 MHz down to 500 Hz, to 
investigate the electrical phenomena correctly. 

The short rise time and the amplitude of the voltage pulses cause intense electromagnetic 
disturbances. We have taken great care in developing electrical diagnostics with a large 
bandwidth and proper EMC qualities. 

The external current I. at the corona cylinder, is described in Chap. 2 as: 
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I" = ID +Ic = I"D + IpD +Ic (3.1) 

and is measured with a resistor close to the corona vessel. The signa! is then integrated 
in time, 

(3.2) 

and reeorded by a digital sampling oscilloscope (HP 54542A) inside the EMC-cabinet. 
The vacuum displacement current l"D flows through the capacitor formed by the corona 
wire and cylinder. We can measure it separately by means of a corona-free electrode 
inside the corona vessel. The sec displacement current lpD and the conductive current 
Ic are the other two components of the total current; to some extent they can also be 

HVDC 

Cable capacitor 

Copperhat 

Main gap -----";:[ 

Pulser 

Corona-free 
electrode 

Corona vessel 

Corona cylinder -r · rnl 

Camera ··· ----------- ------- ---------...------------------ Grid sensor 
________ .,..__________________ Extemal current 

Corona wire -....+1---1 r··------------- Voltage sensor 

Spacer -----• ........ ,...J Filter 
Chopping gap 

DC 
I bias 220 Volt 

Figure 3.2: Overuiew of setup l. The Capacitor (25nF) and the Resistor (4.2 Mn) forma 
smoothing filter for the A C high-voltage delivered by the HV transformer. Cable capacitor: 
two folded 9 meters long 50 n coaxial cables (RG218) in parallel; Corona-free cyli.nder: 
9 cm diameter, 60 cm length; Corona wire: 1 mm diameter, 50 cm length; Corona 
cylinder: 119 cm diameter, 45 cm length. 
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measured separately by means of a special type of sensor, the grid sensor. A differen
tiating/integrating (D /1) system measures the voltage pulse VP on the corona wire: a 
capacitive sensor combined with a terminated 50 n cable differentiates the high-voltage 
pulse and an integrator restores the waveform to be recorded. 

Figure 3.2 shows the position of the different sensors in the corona vessel. The sensors are 
connected to the EMC-cabinet by means of well-shielded RG214 coaxial cables, properly 
terminated with 50 0 inside the main EMC-cabinet. Chapter 4 gives amore detailed 
description of the electrical diagnostics. 

The electrical diagnostics generally provide overall information of the discharge. With 
an image intensified CCD-camera we are able to obtain more detailed information on 
the spatial development of the corona discharge. The high sensitivity and the fast gating 
capability result in meaningful pictures of only 5 ns exposure time. Via a D/I system 
and a programmable delay unit the camera is triggered by the high-voltage pulse. The 
programmable delay can be varied in time steps of 10 ns. This feature enables the 
investigation of the spatial development of the corona discharge as a function of time. 
The entire camera system is controlled by a PC, locat(èd in the sa.me EMC-cabinet as 
the oscilloscope. Control of the setup and data-acquisition can be clone from within the 
EMC-cabinet. 

The first CCD images were made through a rectangular window in the corona vessel. 
This enables a side view of the corona discharge as shown in Fig. 4.11. The CCD camera 
is triggered by a signal from the capacitive sensor inside the spacer on top of the corona 
vessel. 

Images could at that time only be made 70 ns after the first rise of the voltage pulse. 
This was a handicap because the initial development (t<70 ns) of the corona discharge, 
could not be observed. In addition the side-on images give poor information about the 
radial development of the corona discharge. These two problems were solved in setup Il 
and III. 

• Setup II 

First the pulsed corona setup was modified to allow end-on images to be made. We 
removed the chopping gap and the DC bias voltage supply and replaced the lower spacer 
by a lucite disk. Below the corona vessel a mirror directs the emitted corona light towards 
the CCD camera, which is mounted in a special EMC cabinet. The direction of view of 
the CCD-camera was parallel to the corona wire as shown in Fig. 4.11. Three exa.mples 
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of such an end-on image are shown on the cover of this thesis. Both the voltage pulse 
sensor and the camera trigger system use the spacer on top of the corona vessel. The 
minimum trigger delay of the camera system could be reduced from 70 ns down to 55 
ns by changes in the electronics of the triggering system. Nevertheless, the 55 ns delay 
is still too large, because the corona discharge bas already expanded far into the gap. 
This is especially true for very high-voltage pulses, when the (optically) visible discharge 
phenomena propagate rapidly (up to 3·108 cm/s) from wire to cylinder. 

• Setup JIJ 

In order to reduce the minimum trigger delay down to near zero nanoseconds, we have 
redesigned the pulse source (see Fig. 3.3). The upper spacer and the copper bat with the 
main spark gap are removed from the corona vessel. They are placed at some distance 
from the vessel. A delay cable transports the high-voltage pulse from the spacer below 
the copper hat -which contains the voltage sensor to trigger the camera system- towards 
a new spacer on top of the corona vessel, which also contains a voltage sensor. The 
delay cable is 11 meter long and introduces a 55 ns delay of the voltage pulse. It 
also drastically changes the shape of the voltage pulse as is shown in Fig. 3.5. The 
measurements presented in Chap. 5, indicate that the camera is triggered at or very 

Features Setup 1 Setup II Setup III 

Initial setup End-on images End-on images without delay 

Chopping gap . present not present not present 

Bias circuit present not present not present 

Copper bat on top of vessel on top of vessel separate from vessel 

CCD view side view end-on view end-on view 

Delay cable not present not present with delay cable 

Delay 70 ns 55 ns 0 ns 

1 Sections 1 5.6, 5.8, 6.4 15.9 15.2, 5.3, 5.4, 5.5, 5.7 

Table 3.1: Summary of the most important features of setup I, Il and /II. The numbers 
in the last row are rejerences to the sections where the different setups are used. Setup I 
is also used jor the measurements presented in Fig. 5. 7. 
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Figure 3.3: Overview of setup JIJ. The Capacitor (25nF) and the Resistor (6 Mfl} forma 
smoothing filter f or the A C high-voltage delivered by the HV transformer. Cable capacitor: 
two folded 9 meters long 50 n coaxial cables (RG218) in parallel; Delay cable: one 11 
meters long 50 n coaxial cable (RG218}; Corona-free cylinder: 9 cm diameter, 60 cm 
length; Corona wire: 1 mm diameter, 50 cm length; Corona cylinder: 29 cm diameter, 
4 5 cm length. 

close to the beginning of the voltage pulse. Even with very high-voltage pulses -when 
the visible discharge phenomena propagate with an initial velocity up to 3.108 cm/s- the 
light emission is limited to a small region around the wire (see e.g. Fig. 5.10). 

The majority of the experimental results presented in Chap. 5 are measured with setup 
III. Table 3.1 further describes where the different setups are used. Technical details of 
the camera system including the triggering system are described in Sect. 4.2. 
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3.2 The high-voltage pulse circuit 

The schematic diagram of Fig. 3.4a shows the main components of setup 1. A DC high
voltage source charges a capacitor Gco.ble via a high value resistor Rhigh· The capacitor 
Gcable is formed by two folded 9 meters long 50 n coaxial cables in parallel. The cable 
capacitor discharges onto the corona wire through the main spark gap. Shortly after the 
initial rise of the high-voltage pulse on the corona wire, the chopping spark gap breaks 
down. The charge present in the cable capacitor is dumped via resistor RcJ.u,., into 
èapacitor Gchap· The gap width of, and the pressure inside the chopping gap determine 
the chopping time. Usually the chopping gap is adjusted to short-circuit soon after the 
breakdown of the main gap. The width of an early chopped voltage pulse is determined 
by the RC value of the chopping resistor Rchop and the capacitor Gcable· The impedance 
of the main gap and the chopping gap -during their breakdown- is assumed to be much 
smaller than RcJ.u,.. A high impedance resistor Rteak slowly discharges capacitor Cchop· A 
DC high-voltage supply and two high impedance resistors are mounted at the end of the 
corona wire to supply the bias voltage. Figure 3.4b shows the result of a voltage pulse 

(b) 

0 

Corona Bias 
Discharge Circuit 

1 
Time [µs] 

Setupl 

2 

Figure 3.4: ( a) The schematic diagram shows the main components of setup J. R,.igh: 
4.2 Mn; C""""": 1. 7 nF, consists of two folded 50 n coaxial cables {RG218} in parallel; 
The main spark gap serves as a high-voltage switch. Rei.op: 225 ü; Gei.op: 5.6 nF; R,"a.1i: 
15 Mn. {b) A measurement of the voltage pu.lse produ.ced by setu.p J. 
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measurement with setup 1. The voltage pulse sensor is explained in Subsection 4.l.l. 

In setup II and III we have removed the bias voltage supply and the chopping gap circuit 
to allow measurements of end-on images. The corona wire is connected to ground by a. 
resistor Rc1wp, which determines the maximum width of the voltage pulse. Figure 3.5a. 
shows the corresponding diagram: without· the delay cable we have setup Il, with the 
delay cable setup III. Figure 3.5b shows the results of the volta.ge pulse mea.surements 
with and without the delay cable. 

Main Delay Corona 

~D~~ t~î 
(b) 

Setup II: without delay cable 

Setup ID: with delay cable 

0 1 2 
Time [µs] 

Figure 3.5: ( a) The schematic diagram shows the main components of setups Il and 111. 
Rhigh: 4.2 MQ; Crobl.: 1. 7 nF, consists of two folded 50 {} coaxial c.ables (RG218} in 
parallel; Rc1wp: 2.8 kn. The Delay cable is mounted in setup 111, and is formed by an 11 
meters long 50 {} coaxial cable {RG218). {b} Measured voltage pulses with and without 
the delay cable. 



Chapter 4 

Diagnostics for a pulsed corona 
experiment 

4.1 Electrical diagnostics 

4.1.1 Voltage sensor 

Figure 4.1 shows the system for measuring the pulse voltage VP on the centra! wire. 
The sensor itself is formed by an electrode which is capacitively coupled to the centra! 
conductor. It consists of a metal cylindrical grid embedded in the epoxy body of a spa.eer. 
The aluminum centra! high-voltage conductor in the spa.eer has a diameter of 9 cm; the 
grid inside the epoxy body is located at 190 mm from the axis, and its height is 40 mm. 

• Circuit 

The capacitive sensor yields a current I=C1 dVp/dt. This current is measured by means 
of a 50 n measurin:g resistor R1 inside the EMC cabinet, at the end of the 50 n coaxial 
cable. The 50 Q resistor consists of three 150 n resistors in a star configuration, to 
reduce the mutual inductance to the following circuit. The capacitive sensor 01 and 
the 50 Q resistor R1 form a differentiator, with a time constant rvp· The stray ca
pacitance Cz and the components of the differentiator determine the upper limit of the 
handwidth f=1/{2:Tr Ri{G1 +Cz]), which is about 17 MHz. An active integrator with a 
large bandwidth {1 Hz - 50 MHz) and time constant r 1p, restorès the original shape of 
the voltage pulse. This signal Sp is measured with a two GS/s digital sampling oscillo
scope (DSO), a Hewlett Packard HP54542A. The overall attenuation factor Vp/Sp of the 
voltage pulse measuring system can be calculated from the circuit equations. We obtain 
Vp/Sp=r1p/rDp. 
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DSO 

Figure 4.1: The electrical circuit of the voltage pulse sensor. R1 =50 0, 0 1 =19 pF, 
C2=175 pF, r111=302 µs. 

• Calibmtion 

The attenuation factor V11/S11 of the voltage pulse measuring system has been determined, 
with two different calibration methods. The first calibration method is based on the 
determination of the time constant rn11 of the differentiator. A wave generator that 
generates a triangular waveform, is connected to the central conductor of the spacer. 
The current from the measuring electrode flows through a 50 n measuring resistor. 
This differentiating circuit results in a square wavefonn. The ratio of the slope of the 
triangular waveform and the amplitude of the square waveform yields the RC value of 
the differentiator, which is the time constant rn11 • The time constant r111 of the active 
integrator is known from its design. We can now calculate the ratio r1p/rDp, and thus the 
attenuation factor is known. A second calibration method enables us, to immediately 
measure the attenuation factor of the entire differentiating/integrating measuring system. 
A high-voltage step on the corona wire is generated by means of a mechanical switch 
and a DC high-voltage source. An electrostatic voltmeter measures the DC voltage at 
the wire. The ratio of the output of the active integrator and the voltage level at the 
wire, immediately yields the attenuation factor V11/Sp. A comparison of both calibration 
methods shows good agreement within a few percent, and result in an attenuation factor, 
which is approximately: (4. 8± 0.1 )· 1 rf'. 
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4.1.2 External current/charge 

We have measured the external current Ie at the cylinder; integrating it in time yields 
the so-called external charge Q •. Figure 4.2 shows the electrical measuring circuit for the 
external charge. Measurements are made with cylindrical electrodes, which have an inner 
diameter of either 200 mm or 290 mm. The electrode material was either aluminum or 
brass. Measurements were also made in case the inner surface of the cylinder was covered 
with 10 mm long inwards pointing spikes. 

• Circuit 

A 2 Q resistor R1 mounted in a metal housing, close to the corona cylinder, measures 
the external current I •. A 50 Q resistor R2 terminates the coaxial cable, between the 
corona vessel and the EMC cabinet. After that, integration by a second active integrator 
with time constant r Ie yields a voltage signal Se proportional to the external charge Qe. 

The lower limit of the bandwidth of the active integrator is 1 Hz. Integration over such 
a long time is essential for measurements on single shot corona pulses. With a higher 
repetition rate of the corona pulses, the available active integrator saturates due to the 
net charge crossing the gap between the electrodes. For those cases a large capacitor 
C2 is installed just after measuring resistor R1 • The lower limit of the high-pass filter 
formed by Ra and C2: f=1/(21rR2 C2), is approximately 16 Hz. 

r R u. 1 
!! 

C1 1 

J. fctt 
't1oJ' 

Fignre 4.2: The electrical circuit of the external current/charge sensor. R1 =2 Q, R2 =50 
O; Co=4.4 pF, C1 =415 pF, for a 45 cm length, 29 cm diameter cylinder; C2 =200 µF, 

rr.=979 µs. 
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The parasitic capacitor C1 and resistor R1 determine the upper limit of the bandwidth: 
f=1/{21rR1C1}, which is approximately 168 MHz for the 290 mm cylinder, where C1 

is approximately 475 pF. The active integrator further limits the upper limit of the 
bandwidth to 50 MHz. 

The relation between external charge Q" and the measured voltage signal Se is: 
Se=(QeR1}/r1e which follows from the electrical circuit equations. 

• Calibmtion 

Application of a voltage p~e, with an amplitude below the inception voltage for corona, 
results in a vacuum displacement charge only. We can write for this case: 

(4.1) 

The vacuum capacitor Co between wire and cylinder is equal to the ratio of the integrated 
current Qe and the voltage pulse VP on the wire. This value of the vacuum capacitor C0 

is used to numerically compensate for the vacuum displacement current, which also flows 
during a corona pulse. The apparent corona current la can be calculated as follows: 

(4.2) 

In earlier work !Hee90, Hee92] a balun (balanced-unbalanced) was used to subtract the 
vacuum displacement current l"D from the external current Ie. The main disadvantage 
of the balun was its limited bandwidth (18 Hz < f < 6 MHz) !Hel91J. 

4.1.3 Grid sensor 

When the research of the corona discharge started in our group, we were only measuring 
the voltage pulse and the external current at the cylinder. Interest in the ions created 
by the corona discharge led to the development of an ion sensor. Figure 4.3 shows the 
construction of this sensor which is mounted flush with the surface of the cylindrical 
electrode, and Table 4.1 summarizes its main features. It consists of a measuring elec
trode, a brass plate with a dia.meter of 30 mm, behind a grounded stainless steel grid. 
The distance between the plate and the grid is 2 mm. The grid of the ion sensor should 
separate the E-field between grid and plate from the E-field of the corona discharge. A 
bias voltage on the plate creates a stationary, ion attracting E-field between the grid and 
the pla.te. The ions which move from the discharge volume towards the grid, are pulled 
into the grid sensor and move towards the plate. This results in a conduction current 
which is a measure for the number of ions arriving at plate of the grid sensor. 
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The mesh size of the grid (1.4 mm) is small enough to strongly reduce the external E
field, as is necessary for the ion measurements. However during the initial stage of the 
corona discharge the large E-field in the corona volume is changing rapidly, and during 
the measurements with the ion sensor we could still observe this transient E-field as a 
small perturbation on the ion signal. This observation led to the idea, to invert the bias 
voltage. Now the ions are forced to move towards the grid and do not reach the plate; 
and the plate only detects a fraction (approximately 2 percent) of the transient E-field 
inside the corona vessel that penetrates the grid of the sensor; clearly the grid sensor 
riow acts as an E-field sensor. Similar work has also been done by other authors using 
an electrostatic fluxmeter [Tas69, Tas74, Wat70, Wat78, Wat79, Sta80, Wat83]. They 
also describe a mode of operation similar to the ion sensor mentioned above. 

We have experimentally determined the amplitude of the different bias voltages, which 
assure a correct operation of the grid sensor. The properties of the grid sensor using 
different bias voltages, and possible undesirable behavior of the grid sensor are discussed 
below. More specific details, the electrical circuit and the calibration of the E-field and 
the ion sensor are discussed in subsections 4.1.4 and 4.1.5 respectively. 

Grounded grid 
ov 

1 Cylinder electrode 

Grounded metal house 

Measuring electrode 
at plus or minus 15 V 
or900V 

Figure 4.3: Construction of the grid sensor. 

In Chap. 2 we have seen that we can describe the external current I. at the cylinder as 
a sum of several current components: 

(4.3) 

The conductive current Ic is now split into two components, /00 : the charge carriers, 
which arrive at the cylinder electrode, and ltc: the charge carriers, which leave the 
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cylinder (e.g. electrons). We write the much smaller current il to the measuring plate 
of the grid sensor, in terms of the quantities l"v, lpv, Iae and l1c at the cylinder, 
multiplied by four attenuation coefficients: 

ig = al"v + blpv + clae + dlte (4.4) 

Coeffi.cients a and b are determined by the E-field transparency and the size of the 
metal grid and are also dependent on the geometry and position of the grid sensor. In 
the next section we will use the Ramo-Shocldey theorem to calculate the effect of the 
geometry of the grid sensor on coefficient b. The bias voltage between plate and grid 
determines the operating mode of the grid sensor' and thus has an influence on coefficient 
c. Charge carriers leaving the grid of the sensoi: will start from the grounded grid, and 
are not measured by the plate as a conductive current d IcL; therefore, coefficient d is 
always zero. Note that the charge carriers leaving the grid, can contribute to the SCC 
displacement current b lpv, measured by the grid sensor. 

Figure 4.4 shows three sketches of the grid sensor, which describe the effect of the bias 
voltage between the plate and the grid. The gray lines represent the equipotential lines, 
the density of the equipotential lines correctly describes the maguitude of the stationary 
E-field. The solid lines represent ion trajectories, which start at equidistant points 
outside the grid sensor; whereas the dashed lines represent the ion trajectories ending 
at equidistant points at the plate. Both the solid and the dashed lines are also E-field 
lines, but the density of these E-field lines does not correspond to the magnitude of the 
local E-field. The different situations for the bias voltage are: 

Forward bias: The DC voltage applied to the plate, and the voltage pulse at the wire 
have opposite polarities. 

Zero bias: No bias voltage is applied to the plate. 
Reverse bias: The DC voltage applied to the plate, and the voltage pulse at the wire 

have the same polarity. 

In the forward bias situation clearly most ion trajectories (solid lines) end on the plate. 
Therefore nearly all of the arriving ions, move towards the plate instead of the grid. With 
this forward bias the plate of the grid sensor predominantly measures the arriving ions 
c Iac· In this case the vacuum displacement current a l"v and the SCC displacement 
current b lpv are negligible with respect to current c lac, due to the small transparency 

tha.t all current components (a.nd the corresponding charges) which contribute to the current 
at the cylinder electrode are written with a capita! I (Q for the corresponding charges). The much 
smaller current &om the grid sensor is written with a lower case i (q for the oorresponding charge). 
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Figure 4.4: E-field lines and equipotential lines around the grid sensor when a forward, 
a zero or a reverse bias voltage is applied. Gray lines represent equipotential lines. Solid 
lines represent ion trajectories, which start at equidistant points outside the grid sensor. 
Dashed lines represent ion trajectories ending at equidistant points at the plate. 
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of the grid. Therefore the coeflicients a and b are much smaller than coeflicient c, and 
coeflicient d is zero. 

A zero bias voltage causes the majority of ion trajectories (solid lines) to end on the 
grid; only a fraction ends on the plate of the grid sensor. Therefore ions can still enter 
the ion sensor and reach the plate. 

To effectively prevent the ions from reaching the plate we use a small reverse bias voltage 
on the plate. Figure 4.4 shows that now almost all ion trajectories (solid lines) end on 
the wires of the grid. Thus most of the ions move towards the grid and do not reach the 
plate. Therefore, with a reverse bias, coefficient c is zero, and the measuring electrode 
predominately detects the vacuum current and the sec displacement current. 

The main features of the ion and the E-field sensor are summarized in Table 4.1. 

Type of grid sensor E-field sensor Ion sensor 

Positive voltage pulse Reverse bias +15 V Forward bias -900 V 

on corona wire repels positive ions attracts positive ions 

( attracts stray elec. 

and stray neg. ions) 

Negative voltage pulse Reverse bias -15 V Forward bias +900 V 

on corona wire repels negative ions attracts negative ions 

( attracts stray (attracts stray 

positive ions) electrons) 

Coefficients c=O,d=O a,b«c, d=O 

Measured sigual a I"o +b I"o c Iac 

Table 4.1: Modes of operation of the grid sensor. Remarks between parentheses denote 
possible undesirable effects (see explanation below this table}. 

We now briefly discuss the undesirable effects mentioned in Table 4.1, which can occur 
during the streamer phase of the pulsed corona discharge (see Chap. 5). The curves in 
Fig. 5.4 represent the electric field near the cylinder surface, measured by the E-field 
sensor for a positive voltage pulse at the wire. The variation in the E-field value of the 
curves at t=300 ns might be caused by the attraction of stray electrons or stray negative 
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ions into the grid sensor after the arrival of the streamers at the grid. The effects of 
these charge carriers remain however within acceptable bounds. 

The current signal of the ion sensor is measured with a large sampling time, approxi
mately on the order of the duration of the streamer phase. Only the first one or two 
samples might be influenced by the erroneous behavior of the ion sensor during the 
streamer phase. Numerical integration of the ion current (see Fig. 5.13) reduces the 
effect of this possible artifact to near zero. 

4.1.4 E-field sensor 

In Chap. 2 we have shown how to use the Ramo-Shockley theorem to determine the 
current flowing in the lead of any given electrode. To investigate the expected behavior 
of the E-field sensor we have to calculate the three dimensional Ramo-Shockley potential 
distribution V RS when the plate of the grid sensor is at potential U RS and the wire and the 
cylinder are at zero potential. To simplify the calculations we have not included the fine 
structure of the grid, it is considered to be a plate, which acts as a measuring electrode. 
We then have to accept that in the actual grid sensor only a fraction of the calculated 
E-field lines ending at 'the front surface, will reach the plate. This fraction will be 
determined experimentally, during the calibration. Figure 4.5a shows the equipotential 
lines of the potential distribution VRS, both in the x=O plane, and in the z=O plane (see 
three-dimensional sketch in Fig. 4.5b). Figure 4.5c shows the Ramo-Shockley potential 
distribution along the line x=z=O, for both the E-field sensor and the cylinder electrode. 
From the distribution of the Ramo-Shockley potential we can conclude that the E-field 
sensor is very sensitive to charge carrier motion in the immediate vicinity of the grid. 

• Circuit 

From the previous subsection we know that the E-field sensor needs a small DC bias 
voltage (±15 Volt) Vi to prevent the ions from reaching the plate. The E-field then mea
sured by the plate is in fact a transient field which penetrates the grid. The penetrating 
field results in a small time-dependent current flowing from the measuring electrode to 
ground. A large resistor R1 in Fig. 4.6 is needed to couvert this small current into a 
measurable voltage. Initially this large measuring resistor was mounted at the end of the 
50 n coaxial cable between the. grid sensor and the EMC cabinet. Improper termination 
of the coaxial cable caused reflections, which disturbed the measuring signa!. Instead, 
the high impedance measuring resistor R1 is now mounted close to the grid sensor. A 
passive integrator formed by resistor R2 and capacitor C1 integrates the E-field signa! 
down to 5 MHz. lt also serves as a protection for the buffer amplifier A1. This buffer 
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Figure 4.5: Ramo-Shockley potential distribution VRS in the corona vessel, when the 
plate of the grid sensor is at one volt and the wire and the cylinder are grounded. 
(a) The equipotential lines of the potential distribution Virs in the x=O plane, and the 
z=O plane. Dashed lines: V = 10", e=(0,-.5,-1, ... ,-6}. Solid lineG: V = 10", e=(
.1,-.2,-.9,-.4,-.6,-. 7,-.8,-.9,-1.1"."-5.9}. (b} Three dimensional sketch of the experi
mental situation. ( c) The Ramo-Shockley potential along the line x=z=O, f or both 
the grid sensor (VRS(plate}=1, VRS(cyl)=VRS(wire}=O} and the cylinder (VRS(cyl}=1, 
V RS ( plate )= V RS ( wire }=0) are shown as solid lines (logarithmic scale at the right), and 
also as dotted lines (linear scale at the left). 
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is needed to drive the 50 n coaxial cable, which is properly terminated by the 50 n 
resistor R3 inside the EMC cabinet. This resistor is followed by the active part of the 
integrator, to cover the low frequency integration from 5 MHz down to 1 Hz. Both the 
passive integrator and the active integrator are matched to have a perfectly integrated 
signal from 50 MHz down to 1 Hz 2• An oscilloscope measures the signal S9n, which is 
proportional to the local E-field near the cylinder. 

DSO 

Figure 4.6: The electrical circuit of the E-fi.eld sensor. R1 =1 MO, R2 =150 n, C1 =220 
pF, Vi = ± 15 Volt, A1 =buffer, R3 =50 11. 

We have seen in the previous subsection that the charge q9n measured by the E-field 
sensor can be written as: 

qgD = aQvD +bQpD 

Finally signal S9n of the E-field sensor can be written as: 

(4.5) 

S9v = e9nq9n e9n(aQ"n + bQpv) a'Q"v + b'Qpv (4.6) 

e90 represents the gain of the electronic circuit of the E-field sensor including the inte
grator. 

2The integrators used for the voltage pulse sensor and the sensor for the external charge, also use 
a matched combination of a passive and an active integrator [Hee87, Hee89b]. Both integrators are 
mounted together in one metal house inside the EMC cabinet. 
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• Calibration 

Coefficient a' is only determined by the position of the corona wire and the cylinder, 
and can easily be calculated by means of the following calibration. When we use a 
high-voltage pulse with an amplitude below the inception voltage there is no corona and 
we only measure the vacuum displacement charge due to the change of the voltage VP 
between wire and cylinder. We can write in this case: 

(4.7) 

where Co is the vacuum capacitance between wire and cylinder; substitution in Eq. 4.3, 
after it is integrated in time yields: 

(4.8) 

We can now calculate coefficient a ' as follows: 

I SgD SgD a =-=--
Q. Co Vp 

{4.9) 

Coefficient b' is directly related to the geometrie Ramo-Shock:ley field of the cylinder 
electrode and the E-field sensor. From the Ramo-Shockley theorem we can conclude 
that the measured signals Qv and q9v do not necessarily have the same shape as a 
function of time. To illustrate this, we move a charge carrier along a straight line, and 
a constant velocity, from the wire to the center of the front surface of the E-field sensor. 
This results in a time dependent image charge on the relevant measuring electrodes. By 
means of the Ramo-Shockley potential distribution, shown in Fig. 4.5c, we can calculate 
charge Qv and q9v, measured with the cylinder and the E-field sensor. We scale both 
curves such that Qv and q9v are equal when the charge carrier leaves the wire. The 
resulting curves shown in Fig. 4. 7 differ considerably. In the area close to the wire both 
curves have a similar shape, and the cylinder and the E-field will measure the same 
signal, although the cylinder signal is much larger than the E-field signal. As soon as the 
charge carrier approaches the E-field sensor, the sensor becomes much more sensitive for 
the charge carrier than the cylinder. Figure 5.4 shows a series of E-field measurements. 
As soon as the discharge activity approaches the cylinder (resulting in a fast drop of 
the E-field), sharp peaks appear in the E-field signal, which corresponds remarkably well 
with the calculations in Fig. 4.7. 

In the calibration we only use coefficient a '. With coefficient a' we can rescale S9v to 
Q9v ( Q9v=S9v/ a'). Charge Q9v is comparable (but not equal!) to Qv measured at the 
cylinder electrode. The calibration factor a' includes the difference in geometry between 
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Figure 4.7: Simulated SCC displacement charge measured with the E-field sensor and 
the cylinder electrode when a single charge carrier moves at a constant velocity from the 
wire to the center of the grid sensor. The different curves are shown both as solid lines 
(logarithmic scale at the right}, and also as dotted lines (linear scale at the left). 

the cylinder and the E-field sensor, the penetration factor of the grid and the different 
gain of the electrical circuits of the cylinder and the E-field sensor. 

4.1.5 Ion sensor 

The current mea.sured by the ion sensor can again be explained with the help of the 
Ra.mo-Shocltley theorem. Figure 4.8a shows the Ramo-Shockley field E=U/d in the ion 
sensor, and in addition a charge carrier q with velocity v, and the mea.sured current 
i9M. Integration of the current measured when one charge carrier q crosses the gap 
between grid and plate must yield the charge q9M a.s shown in Fig. 4.8b. The three 
curves represent the integrated current from the plate for three different velocities of the 
charge carrier. It shows that the required bandwidth of the ion sensor depends on the 
velocity of the charge carriers inside the ion sensor. lf we a.ssume ;3,n average ion mobility 
(0-, 0 2-, Nt and Ot) in air (293 K / 360 Torr) of 2.3 cm2 /(Vs), and the E-field inside 
the ion sensor (900 V / 2 mm) is 4500 V /cm we can calculate the ion velocity to be 
10.3· 10-3 cm/s. The transit time for a 2 mm gap is then 19.5 µs and the upper limit of 
the required bandwidth of the ion sensor should be approximately 50 kHz. 
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Figure 4.8: Measv.red signal of the ion sensor dv.e to ion motion. ( a) Motion of charge 
carrier q between grid and plate. (b} Charge q9M obtained after integration of the mea
sv.red cv.rrent ÎgM, f or three different velocities of charge carrier q. 

To pull ions into the grid sensor a DC bias voltage of ±900 Volt -provided by voltage 
source Vi in Fig. 4.9- is applied to.the plate. A high impedance resistor R1 decouples the 
voltage source from the rest of the measuring circuit. Capacitor C1 isolates the voltage 
source Vi and the input of the oscilloscope. The time dependent current from the sensor 
plate, which acts as a current source, ftows through measuring resistor R2 • The 5 meters 
long 50 n coaxial cable between ion sensor and EMC cabinet is not terminated by 50 
n. Therefore the capacitance Ccable (500 pF) of the coaxial cable is actually parallel to 
R2 . The DC bias voltage of 900 Volt at the plate, is provided by capacitor Ccab/.e, which 
is recharged between the voltage pulses by voltage source Vi via resistor R1 . Note that 
the charge needed to recharge the cable is much smaller than the total charge contained 
by the cable, which means that the bias voltage at the plate only shows minute changes 
(Ll. V< < Vi) during a corona pulse. Resistor R2 and capacitor Ccable forma low pass filter, 
which determines the upper limit (28 kHz) of the electrical bandwidth of this measuring 
system. Resistor R1 and capacitor C1 forma high pass filter, which determines the lower 
limit (1.6 Hz) of the measuring system. The ion current can simply be calculated from 
the measured voltage S9M as: i9M=S9M/R2, for frequencies between 1.6 Hz and 28 kHz. 
We have seen in the previous subsection that the current i9M measured by the ion sensor 
can be written as: 

i 9M = clac (4.10) 

The measured signal S9M of the ion sensor can finally be written as: 

( 4.11) 
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I~ 
Figure 4.9: The electrical circuit of the ion sensor. R1=1 Mn; C1=97.3 nF; R2=11.3 
ID; Vi = ±900 Volt. The 5 meters long 50 n coaxial cable is not terminated properly, 
and therefore _acts as a capacitor Ccabte=500 pF. 

egM ( =R2} is the gain of the electronic circuit of the ion sensor. With coefficient c' and 
the measured ion signal S9M we can calculate Q9M, which should be comparable to Qae 

measured at the cylinder. 

• Calibration 

Coefficient c' is determined during a calibration, with external charge Qe as a reference 
signal. 

Assume a corona discharge which develops from the corona wire but does not reach 
the cylinder (see Fig. 5.13a). The ions need some time to drift towards the cylinder 
(approximately 2 ms in Fig. 5.13a). Much later, after a certain time Tend, all the ions 
have drifted out of the discharge volume. When all ions have left the discharge volume, 
the space charge field is zero and QD which is a measure of the induced E-field at the 
cylinder is equal to zero. Thus, at time T end, Q. and Q9M are equal. Figure 5.13a shows 
the corresponding curves for Q., Q9D and QgM· From these experimental conditions we 
can conclude that: 

(4.12) 
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We can now calculate coefficient c' as follows: 

d 
l Tend 

Q.(T.nd) [ SgM(t)dt ( 4.13) 

With coefficient c' we can rescale S9M to Q9M: 

l Tend 

d f SgM(t)dt (4.14) 
0 

Q9M is now comparable with Qac measured at the cylinder electrode. 

4.2 Camera system 

Figure 4.10 shows an overview of the optical measuring system. The ICCD camera 
(Princeton Instruments, type 576G/RB) has a pixel array size of 576x384, and is de
signed for operation frorn the UV to the NIR range (180 to 800 nm). An image intensifier 
with a variable gain, amplifies the incoming light up to a factor 10000. All of the CCD 
images presented in Chap. 5, are rneasured at the same gain. This gain was set at a value 
which is high enough to measure the corona pulses at a low amplitude of the voltage 
pulse, and low enough to prevent saturation of the CCD array during the high-power 
corona pulses. The gain was originally kept constant to compare the images in different 
experimental situations. However, during the preparation of the images presented in 
Chap. 5 it was necessary to adjust the gray scale of each image separately to optimize 
its visual appearance. No effort is made to relate the measured light intensity to the 
number of emitted photons. 

The image intensifier and the CCD camera are connected by a glass fiber coupling 
(instead of a lens coupling), which minimizes the loss of light. The gate pulse generator 
(Princeton Instruments, type FGlOO) provides a voltage pulse, which opens the image 
intensifier. The strong amplification and fast switching bebavior of the image intensifier 
allow shutter times from 5 µs down to 5 ns. Most of the CCD images presented in Chap. 
5, are measured with the minimum shutter time of 5 ns. A software package (Princeton 
Instrumen~ type CSMA version 2.3) running on an IBM compatible computer prepares 
the optical measurement by setting the programmable delay at a specific value (0 - 1250 
ns, step size 10 ns). It also initializes the controller (Princeton Instruments, type ST130) 
of the ICCD camera. 

From the corona setup, a trigger pulse originating from the spacer below the copper 
hat, starts the measurement process. This pulse triggers the programmable delay, which 
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sends a delayed trigger pulse to the gate pulse generator. An image is formed by the 
photons collected on the CCD array during the presenee of the gate pulse at the image 
intensifier. When the image is made, the controller transfers the image data from the 
CCD array to the computer memory, where it is further handled by the software. 

Computer 
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Controller 
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Programmable • Delayed Pulser 
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Delay Trigger 
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ICCD 
Side 
View 

Gate Pulse 
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Figure 4.10: The optical measuring system. 
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When the experimental setup is used without the delay cable (see also Chap. 3) an 
electronic delay exists between the arrival of the voltage pulse at the corona wire and 
the opening of the image intensifier. This delay is approximately 55 ns. With a delay 
cable, shown in Fig. 4.10, between the main spark gap and the corona wire we can 
reduce the delay to near zero nanoseconds. . 

• Camera position: side view 

The advantage of the side view is the clear picture on the distribution of the corona 
discharge activity along a short section of the wire. Fig. 4.llb shows that the three 
streamer tips, which are at equal radial position but rotated around the wire, show up 
at different positions along the x-axis of the CCD array. Clearly, the radial development 
of the corona discharge can not be investigated easily, with the side view position of the 
camera. 

We have positioned the camera within 1 meter of the corona volume, to. see all off the 
corona activity between the wire and the cylinder. The short distance between the 
camera and the corona discharge volume causes a perspective deformation of the image, 
also shown in Fig. 4.llb. 

The apérture of the camera is fully opened (Fl.8), which means that the depth of focus 
of the camera lens (Sigma 180, focal length: 28 mm) is at its minimum. Using the 
largest possible aperture we can collect as much light as possible. The small depth of 
focus causes a blurring effect (shown in Fig. 4.llb) on the light activity at the tip of 
the streamers when they move further from the plane on which we focussed the camera. 
Note that the "vertical streamer" in Fig. 4.llc is in the plane on which we have focussed 
the camera. 

• Camera position: end-on view 

The second camera position allows end-on images to be made, as shown in Fig. 4.llc. 
This camera position is very useful to investigate the radial development of the corona 
discharge. 

The distance between the camera and the corona volume is now approximately 5 meters. 
Fig. 4.llc shows that the perspective deformation of the image is relatively small. The 
depth of focus is now large enough (aperture of the camera is still Fl.8) to obtain a 
sharp image ofthe light activity along the entire corona wire. We do not have spatial 
resolution in the direction along the corona wire. 
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(a) (b) 

-1 meter 

Side view 

(c) 

-5 meter 

End-on view 

Figure 4.11: The optical deformation in the side and the end-on images. (a) 3D-sketch of 
the cylinder electrode with two rectangular windows, and three lines representing stream
ers of equal length starting at equidistant positions on the wire; {b) Si.de view through the 
right rectangular window; (c) End-on view from below. 



Chapter 5 

The development of the corona 
discharge in space and time 

Frust simultaneous electrical and optical merusurements allow an analysis of the spatio
temporal development of the corona discharge, in particular during the streamer phruse. 
Experiments have been done with needles covering the cylinder. Generally these needles 
lead to more intense corona discharges, which carry a larger current during the streamer 
phase. 

We have also measured the energy dissipated in a single corona discharge, which is an 
interest~ paralll:eter when pulsed corona is used in applications, Positive and negative 
ions, created during the streamer phase, leave the corona volume during the drift phase 
of the discharge. This ion migration can be investigated with electrical measurements at 
a millisecond scale, and the resulting ion arrival at the cylinder hrus been measured with 
the ion sensor. The aim of these measurements is to investigate: 

- an intense type of pulsed corona, which is always operated in ambient air, between 
a wire and a cylinder. 

- the current fiow in this discharge. 
- the interaction between the discharge and the external circuit. 
- the effect on the discharge, of needles attached to the cylinder. 

the infl.uence of the external circuit and the discharge itself, on the transition of 
the pulsed corona discharge into a complete breakdown. 

Finally we use a simple engineering model, based on an electronic circuit, to simulate 
the pulsed corona discharge and the pulse source. 
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·! 

5.1 A method to present the combined electrical and 
optical measurements 

Simultaneous electrical and optica! measurements are combined into one picture (see Fig. 
5.la), which allows a direct comparison of the electrical and the optica! measurements. 
The electrical measurements are shown in the upper part of Fig. 5.la. The voltage 
pulse VP is represented by a solid line, and the corresponding axis is at the left side of 
the picture. The external charge Qe and the scaled displacement charge Q9v measured 
by the &-field sensor (see Sect. 4.1.4), are represented by a dotted and a dashed line 
respectively; they share the axis at the right side of the picture. The displacement charge 
Q9v is a good measure for the total displacement charge Qv (and is used as such), but 
we use the label "Q9v" instead of "Qv" in view of its origin. The zero levels of the left 
and the right axis are at the same vertical position. The time axis can be found below 
the optica! images in the lower part of the picture in Fig. 5.la. 

A number of ICCD images (shutter time 5 ns) .are recorded during the development of 
the corona discharge. An example of such an image is shown in Fig. 5.lb. During 
one corona discharge, only one image can be recorded. Repetitive production of similar 
corona discharges, and a variable delay between the (time of) image (recording), and 
the initial rise of the voltage pulse allows an investigation of the tempora! and spatial 
. behavior of the corona discharge. From each recorded image we take a slice, as shown 
in Fig. 5.lb, and we combine these slices into one picture. The first five images are 
measured at 10 ns intervals and the next images are measured at 20 ns intervals. These 
images are positioned appropriately on the time axis, such that the optica! images and 
the electrical measurements are synchronized. The slices at 20 ns interval have twice the 
width of the 10 ns interval slices to avoid gaps between two neighboring images. The 
fifth image is asymmetrie to correct for the change in the time step, and to maintain the 
synchronization of the electrical and the optical measurements in Fig. 5.la. Tick marks 
at the time axis denote the x-position of the corona wire. The first picture schematically 
shows the y-position of the corona wire and the cylinder with or without needles. Note, 
that this presentation of the optical measurements has some similarity to a streak picture; 

Figure 5.1: {Shown on the right page) Combined presentation of the electrical and the 
optical measurements. (a) Electrical measurements, and image slices taken /rom a full 
/CCD image such as in {b). The electrical measurements are the voltage pulse VP (solid 
curve, left axis}, the extemal charge Qe {dotted curve, right axis), and the displacement 
charge Q9v (dashed curve, right axis). Discharge parameters: positive voltage. pulse 
+99 k V, air at 960 Torr, cylinder diameter 29 cm. 
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however, in our case the structure of the discharge remains visible. 

During each corona pulse we record one image and the corresponding electrical measure
ments. The electrical measurements shown in the upper part of Fig. 5.la, are obtained 
by calculating the mean of 13 electrical measurements corresponding with the 13 images 
shown in the lower part of Fig. 5.la. This is allowed since the electrical measurements 
(VP and Q.) reproduce very well. Only the displacement charge Q9D shows some vari
ation when the streamers arrive at the cylinder (see Fig. 5.4 and explanation in Sect. 
5.3), due to the local measuring effect of the E-field sensor. 

In some of the experiments shown in the next sections, we use a cylinder covered with 
one centimeter long needles; when needles are used, it is specifically mentioned in the 
text or in the caption of the figures. Most measurements have been carried out with 
setup III. If setup UI is not used, the text or the figure caption will state whether setup 
1 or II is used; in addition Table 3.1 describes where and when setup I, II and III are 
used in this thesis. 

5.2 Initial streamers start from the corona wire 

A positive or a negative voltage pulse on the corona wire leads to a positive or a neg
ative corona discharge developing from the wire [Iku75, Kon80]. By definition positive 
corona develops in the sa.me direction as the E-field, and negative corona develops in the 
opposite direction. Both positive and negative corona show similar behavior: stream
ers initially develop at the wire and then move towards the cylinder, as shown in Fig. 
5.2. Positive corona develops further outward than negative corona. Generally nega
tive corona requires a larger E-field than positive corona, to develop across the entire 
gap. This is in agreement with the observations of other authors [All77, Miz86]. A high 
frequency oscillation present on the voltage pulse VP is also visible on the Qe and Q9D 

curves, since it adds a vacuum displacement charge Q"D; it is weaker on the VP curve, 
due to the lower bandwidth of the voltage sensor. The slower oscillating behavior of 
the voltage pulse is caused by the delay cable in setup III, see Fig. 3.5 in Sect. 3.2. It 
causes a fast drop of the voltage pulse at t=140 ns, which induces a new generation of 
streamers on the wire. During a negative voltage pulse the following occurs: 

- Initia! streamers (negative corona) develop at the wire at t=O ns. 
- Buildup of negative space charge between wire and cylinder. 

Fast drop of the voltage pulse at t=l40 ns, combined with the presence of negative 
space charge in the gap, leads toa reversal of the E-field at the wire. 

- A new generation of positive streamers develops at the wire at t=140 ns. 
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Figure 5.2: Corona discharges in a 29 cm diameter cylinder, at a pressure of 560 Torr. 
Upper picture: positive voltage pulse + 113 k V. Lower picture: negative voltage pulse -97 

kV. Voltage pulse Vp (solid curve, left axis). Displacement charge Q90 (dashed curve, 
right axis}. Extemal charge Q. ( dotted curve, right axis}. 
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the negative voltage pulse) flows through the channel-like structures formed by the initial 
streamers after their arrival at the cylinder. These luminous channels are clearly visible 
in Fig. 5.10 for t;::20 ns. Figure 5.9 shows the external current ( dotted line) and the 
voltage pulse (solid line), of the experiments in Fig. 5.10. ûbviously the voltage and 
current pulse have approximately the same shape. The channel-like structures act like a 
resistor (80 fl/m), which is why we call them resistive streamers from now on. Fig. 5.9 
also shows that the displacement current Iv is dominated by the vacuum displacement 
current I"v ( =C0 dVp/dt), because the displacement charge Q9v measured by the E-field 
sensor and the voltage pulse Vp have approximately the same shape. This means that 
the space charge caused displacement current IpD is small. From the alternative Ramo
Shockley equation Eq. 2.39 (and Eq. 2.40), it follows that the local charge density in the 
gap is nearly constant, which means that the current !lowing across the gap is mainly a 
conductive current. 

Figure 5.8 and Fig. 5.10 show that the measured discharge behavior is not very dependent 
on the polarity of the voltage pulse, especially when the initial streamers develop into 
resistive streamers. 
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Figure 5.9: The voltage pulse VP (solid curve), the displacement charge measured by E
field sensor Q9v {dashed curve) and the external current Ie {dotted curve) corresponding 
with measurements in Fig. 5.10. All curves are normalized to allow comparison of their 
shape. {a) Positive voltage pulse, Vp{peak)=124 kV, Ie(peak)=1672 A/m. {b) Negative 
voltage pulse, VP{peak)=-126 kV, Ie(peak}=-1584 A/m. 
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Figure 5.10: Corona discharges in a 20 cm diameter cylinder with needles, at a pressure 

of 360 Torr. Upper picture: positive voltage pulse + 124 k V. Lower picture: negative 
voltage pulse -126 kV. Voltage pulse VP (solid curve, left axis). D·isplacement charge 
Q9o ( dashed curve, right axis). External charge Qe ( dotted curve, right axis}. External 
current is shown in Fig. 5.9. 
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5.6 High-power pulsed corona; partial or complete 
breakdown? 

An interesting parameter of the streamer discharge is the conduction current per 
streamer. Figure 5.11 [Blo94] is used to estimate the number of streamers along the 
wire. Side view images of four different corona discharges are shown, for the case of a 29 
cm cylinder without needles and a pressure of 360 Torr. Each set contains two images at 
times tl and t2, and the corresponding electrical measurements. In all four discharges, 
the initial streamers have reached the cylinder before t=t2, and all the streamer chan
nels light up again, which facilitates the estimation of the number of streamers at the 
wire. From the electrical measurements we can calculate the total conduction current 
per meter wire. These two numbers allow us to calculate the conduction current per 
streamer. The results are summarized in Table 5.1. 
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5.11: (a) Side view images (shutter time 25 ns) at times tl and t2, together with 
the corresponding electrical signals. Measurernents are done with setup !. Positive voltage 
pulse. Pressure 360 Torr. Cylinder diameter 29 cm. 
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The number of streamers per meter wire in the second column of Table 5.1 is obtained by 
counting the number of streamers in the image (height: 5 cm). This is only a lower esti
mate of the real number of streamers, because some streamers might be hidden behind 
other streamers. Especially streamers perpendicular to the image, are not distinguish
able. The external current Ie is calculated by numerical differentiation of the external 
charge Qe in Fig. 5.11. We observe two peaks: the first peak in time is a displacement 
current, and the second peak is the conduction current, which starts to flow when the 
initia! streamers reach the cylinder. The current peak shown in Table 5.1 is estimated 
from the conduction current peak. The displacement current peak originates from a 

superposition of the vacuum displacement current caused by the fast rise of the voltage 
pulse, and a space charge caused displacement current, due to the motion of the initia! 
streamers from wire to cylinder. The calculated conduction peak current in Table 5.1 

is generally a lower estimate, because the limited bandwidth of the current diagnostics 
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Figure 5.11: (b) Side view images {shutter time 25 ns) at times tl and t2, together 

with the corresponding electrical signals. Measurements are done with setup !. Negative 
voltage pulse. Pressurc 360 Torr. Cylinder diameter 29 cm. 
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lowers the amplitude of the high frequency components in the current signal. We have 
shown in Sect. 5.5 (Fig. 5.9) that the voltage pulse and the current pulse have the same 
shape, during the high-power corona mode. The ratio of the peak values of the voltage 
pulse and the external current, yields a rough approximation of the 'resistance' of the 
discharge. Knowing the number of streamers, we can calculate the 'resistance' of each 
streamer channel, which is given in column five of Table 5.1. 

Experîmental Number of Conduction Peak current Resistance 

sîtuatîon streamers peak current per streamer per streamer 

[N.ir/m] [A/m] [A] [kD] 

.5kV 260 80 0.3 205 

+76.0 kV 320 157 0.5 155 . 

-96.0 kV 260 -400 1.5 63 

-107 kV 260 -618 2.4 45 
1 

Table 5.1: Number of streamers, peak current, current and resistance per streamer chan
nel f or Jour different experimental situations presented in Fig. 5.11. 

The different regimes of the streamer discharge in our setup are characterized by different 
amplitudes of the current flowing through the discharge, as shown in Table 5.2. The 
current amplitudes per streamer, during the initia! streamer and the resistive streamer 
phase, follow from Table 5.1 and Fig. 5.7. When the streamer discharge develops 
into a complete breakdown, the current (which initially flows through many streamers) 
concentrates in one are channel with a low resîstance [Gal79, Mar83]. The current, 
which can be delîvered by the cable capacitor (see Fig. 3.3) during a spark breakdown 
is on the order of a kA (I=Cca1i1. *Vpu1 •• /tbd, Ccaw.=l.7nF, Vpulse>lOOkV, 4m<150ns (4.d 
is approximate duration of a spark breakdown) ). 

For industrial applications it is highly desirable that the streamer discharge does not 
develop into a single are channel. Experimentally, pulsed corona is observed in a wide 
range of operating voltages; however, it is difficult to explain why a complete breakdown 
does not occur. 

The development of the streamer channels is very dependent on the power input to the 
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Type of discharge Peak current 

Initial streamers 0.1A-1 A 

High-power pulsed corona lA-lOA 

Complete breakdown ~ kA 

Table 5.2: Different regimes of the streamer discharge in our setup are characterized by 
different peak current amplitudes per streamer. In the case of complete breakdown the 
current in the single are is given. 

discharge. When the power input is cut off, the discharge channel immediately ceases 
to grow. The primary driving mechanism for the discharge channel development is the 
electric field. A decrease of the external electric field can be caused by a decrease of the 
applied voltage pulse. Two major mechanisms can effect a decrea.se of the voltage pulse: 

- External circuit: The width of the voltage pulse, can be ea.sily controlled by 
the pulse source [Cob58]. A short pulse generally does not cause a complete 
breakdown of the discharge. 

- Low resistance of the fully developed high power pulsed corona discharge: In the 
previous section we have seen that many resistive streamers in parallel, forming 
a low resistance, carry a large current. If the source capacitor (if used) is small 
enough, the large current drains the source capacitor -causing a decrease of the 
voltage pulse- before the discharge develops into a complete breakdown. 

Physics processes in the discharge might also quench the current through the discharge. 

- It is well known that space charge quenches the current in classic low current 
corona discharges [Loe65]. 

- The high impedance of the drift region of a DC/ AC corona discharge in a point
plane system limits the current through this type of discharge [Sig83]. 

- After the arrival of the initial streamers at the cylinder, the electron current is 
quenched, due to electron attachment in the streamer channel [Mar93]. 

A streamer discharge with its many streamers, causes an effective distribution of the 
current in the discharge volume3. The current in each streamer channel is usually not 
large enough to initiate the transition of the streamer channel into the are channel, 
necessary for complete breakdown. 

[Pa174] and Levatter [Lev80j use preionization to create an homogeneous distribution of 
avala.nches in a high·pressure gap, in order to prohibit the formation of a. complete breakdown. 
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5. 7 Energy dissipation during the streamer phase of 
the corona discharge 

The energy dissipation Ed in the discharge is an interesting parameter for corona ap
plications (see Chap. 6). It can simply be calculated from the measured voltage pulse 
V" and the external current I., which is calculated by numerical differentiation of the 
external charge Q •. The product of V" and Ie is integrated up till the end of the voltage 
pulse: 

Vp( end) 

Ed = j Vp I.dt (5.2) 
0 

Very high values, up to 7 J per pulse for the 45 cm wire of the setup, have been observed 
for both positive and negative voltage pulses. Figure 5.12 shows the energy dissipation 
Ed per corona pulse for different experiroental situations. 
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Figure 5.12: Energy dissipation per corona pulse versus peak voltage. (a) Pressure 560 
Torr; (b} Pressure 360 Torr; 29 cm diameter cylinder (solid curve}; 20 cm diameter 
cylinder {dash-dotted curve}; 15 cm diameter cylinder (dotted curve). (+) Positive volt
age pulse; (*) Negative voltage pulse; The markers in a circle denote measurements with 
needles. The thick solid curve represents the maximum energy ~Ceabie V 2 that the cable 
capacitor can deposit in the discharge. 
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The initial streamer phase is characterized by a low energy dissipation in the corona 
discharge, due to the large 'resistance' of the initial streamers, and the 'capacitance' 
between the streamer head and the cylinder. The lowest energy per pulse in Fig. 5.12 is 
shown for the 29 cm diameter cylinder without needles at a pressure of 560 Torr, where 
only the initial streamer phase can occur (Figure 5.2 shows a good example of such a 
discharge, at a pulse voltage, where the initial streamers cannot reach the cylinder). 
A smaller diameter of the cylinder (20 and 15 cm diameter), use of needles, and a 
decrease of the pressure (360 Torr), leads toa larger energy dissipation per corona pulse. 
Finally the high-power corona regime is reached. This regime is characterized by a large 
energy dissipation during the resistive streamer phase. The low resistance, of many 
resistive streamers in parallel, causes a fast drain of the energy initially stored in the 
cable capacitor of our experimental setup. 
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5.8 Drift phase of the corona discharge 

During the streamer phase, ions are created by the corona discharge. These ions move 
towards the wire and the cylinder during the drift phase. Their velocity depends on 
the electric field caused by ion space charge and a DC bias voltage (plus or minus 12 
kV) between the wire and the cylinder. To monitor the ion arrival at the cylinder, we 
use the ion sensor (see Sect. 4.1.5), which measures the ion current lgM· lntegration 
of the ion current yields QgM, which represents the charge of the ions collected at the 
cylinder. The arrival time at the cylinder depends on the velocity of the ions, and the 
spatial distribution of the ions after the streamer phase, whicb is strongly dependent on 
the radial expansion of the initia} streamers. For a weak corona discharge, the initial 
streamers develop only partially into the gap. The ions then need some time to drift 
towards the cylinder, and the ion sensor, detects these ions only after about 2 ms [Sch93] 
(see Fig. 5.13a). 

The signals, measured during the drift phase, can best be presented as charges Q., Q9v 
and QgM· Figure 5.13a shows these charges Qe, QgD and QgM for a negative voltage 
pulse (-36 kV), where the initial streamers do not reach the cylinder. Curve Q9v is a 
measure for the E-field near the cylinder. Curves Q9M and Q9v are obtained by rescaling 
of the quantities q9M and q9v (see Chap. 4) measured by the ion and the E-field sensor 
respectively. The arrival of the ion space charge reduces the space charge induced E-field, 
which finally becomes zero when all the ions have left the gap. Summation of curve Q9M 

and curve Q9v yields curve Q., because no electrons reach the cylinder at early times. A 
larger negative voltage pulse (-92 kV) causes the initial streamers to reach the cylinder, 
and a conductive current is detected at the cylinder. The separation between Q" and 
Q9M+Q9v in Fig. 5.13b denotes the charge carriers, which left or arrived at the cylinder 
during the streamer pbase. 

For positive corona we show two similar pictures. Figure 5.13c shows three curves fora 
positive voltage pulse ( +34 kV). Positive corona develops more easily into the gap, and 
therefore already reaches the cylinder, for a relatively low voltage pulse. Application of 
a larger voltage pulse ( +71 kV) -shown in Fig. 5.13d- enlarges the conductive current 
measured at the cylinder. 

5.9 The pulsed corona model 

The pulsed corona model is a one-dimensional model of a corona discharge in a wire
cylinder geometry, fed by a simple pulse source consisting of a charged capacitor Cputse 

and a resistor R,.u1se (see Fig. 5.14a). In Sect. 2.2 we have investigated the pulsed corona 
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model in terms of the different current components, described in Sect. 2.1. In the present 
section we compare measurements with calculations based on the pulsed corona model. 
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Figure 5.13: Charges Qe,gD,gM measured at a millisecond time scale. Measurements 
are done with setup 1, /or Jour different experimental situations {Sch93}. (a) Negative 
corona (-36 kV pulse / -12 kV bias); (b} Negative corona (-92 kV pulse / -12 kV bias). 
(c) Positive corona {34 kV pulse / 12 kV bias); {d) Positive corona {71 kV pulse / 12 
kV bias}; Putse width 400 ns; 29 cm diameter cylinder; Pressure 360 Torr. 
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We can show that the theoretical description of the current flow in the discharge in Chap. 
2 corresponds very well with our electrical and optica! measurements. Similar work has 
also been done by different authors [Dic52, Wri64, Daw65, Mes69, Gal72, Mar75b]. 
Recently A. Kulikovsky [Kul94a,b] has used a similar current model to simulate the 
streamer discharge in two dimensions. In our simulation the discharge current only fiows 
in the radial direction, which is an important limitation of the model, because the actual 
discharge with its large number of streamers is strongly three-dimensional! 

Our model is based on the continuity equation for charges, where only the radial com
ponent of the divergence operator is taken into account: 

°:te .f. ~ a (r PeVe) = -(a - rJ) 1 PeVe I (5.3) 

The second term on left hand side of Eq. 5.3 is a convection term and it describes the 
motion of the electrons. The term on the right hand side of Eq. 5.3 is the source term, the 
coefficients a and 'fl represent the production (ionization) and loss (attachment) processes 
for the electrons. The data for the effective ionization rate (ä=a-'fl) and the drift velocity 
of electrons Ve can be found in Appendix B. Not included are photoionization, detachment 
and electrode processes [Ken95]. In our model we have included space charge of both 
electrons and ions; electron motion is included whereas ions are assumed to be stationary. 
When the electric field is infiuenced by space charge, this means that a, 'fl and Ve in Eq. 5.3 
are no longer constant in space and time, but depend on the charge densities themselves 
through Gauss's law: 

! a (r Er) = Pp + Pn + Pe 
r eo 

(5.4) 

We can calculate the E-field in the model from the potential distribution along the 
capacitors in the equivalent circuit (see Fig. 5.14a). These capacitors also carry the 
displacement current Io. The electron density is assumed to be equal to Peo in the entire 
discharge volume at the start of the simulation. This provides the initia! electrons, needed 
for the development of the streamer front [Man92]. We have not included photoionization 
in the gas, which would normally produce these initia! electrons. At the start of the 
discharge (t=O) we have also assumed the presence of the Laplacian field, which implies 
that a stationary positive space charge, equal to minus Pe0, is present in the gap. 

The model correctly simulates: 
- The macroscopie (global) behavior of the different current components in the 

discharge, and the measured current components at the cylinder electrodes, using 
the Ramo-Shockley approach. 
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The model does not include: 
- The three-dimensional behavior of the discharge. 
- Electron emission from the electrodes. 
- Photo-ionization in the gas 

• Mathematical description of the pulsed corona model 

Figure .5.14a shows the equivalent circuit, which represents the pulsed corona model. 
Indexes are added: index "i" for the cylindrical volumes Vi , and index "j" for the 
surfaces S;, which separate the volumes V;. We have subdivided the corona volume into 
10 cylindrical shells, which means that index i ranges from 1 to 10, and index j ranges 
from 1to11. 

The parameters in the pulsed corona model are: 

- Length L [cm] of corona wire and cylinder 
- Surface Si [cm2] separates volumes Vi-1 and V; 

Radius ri [cm] of surface j 
- Potential Vj [Volt] at surface j 

- Volume V; [cm3] is bounded by surfaces S; and S;+i 
.- Vacuum capacitance CD,i [F] of volume i 

E-field E; [V /cm] in volume i 
Electron drift velocity Ve,i [cm/s] in volume i 

- Electron density Pe,i [C/cm3] in volume i 
- Total electron charge Qe,i [C] in volume i 
- Ionization rate a:;=a:(E;) [1/cm] in volume i 
- Attachment rate T/;=rf(E;) [1/cm] in volume i 

The electron charge Q",; ( =Pe,i V;) in volume V; is calculated as follows: 

t 

Qe,i = Q.o,i + j [Iconv,i + lsource,i] dt 
0 

where Qeo,;, Iconv,i and Isource,i are defined as: 

Q eO,i = Peo V; 

Iconv,i = Iée,i-1 + Iée,i+l + 1lce,i1 

lsource,i = - (a:; T/;) 1Ic.,;1 (r;+1 - r;) 

(5.5) 

(5.6) 
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Conductive Electron I~e,i- I defined as Ice,i I~e,i+l defined as 

current velocity +!(Jce,i-1 - llce,i-11) -!(Jce,i+l + IIoe,i+ll) 

+ 0 Pe,>Ve,;S; -Ice,i+l < 0 -----+ +-----

-
+----- -----+ Ioe,i-I < 0 Pe,iVe,iS;+1 0 

Table 5.3: Definition of the different current components in Eq. 5. 6. 

The currents Iconv,i and lsource,i describe the gain and loss of electrons in volume V; due 
to electron motion and ionization/attachment respectively. An important aspect of the 
numerical discretization in space, shown in Eq. 5.6, is that the number of electrons in 
a volume, is always larger than zero. Also note, that the discretization is continuous 
in time; the Simulink module of Matlab for Windows controls the time step during the 
calculation. The currents l'ce,i-l , l'oe,i+I and Ic.,; defined in Table 5.3, depend on 
the direction in which the electrons move. Table 5.3 shows that the electron motion in 
volumes v,_1 and V;+I only results in an increase of the number of electrons in volume 
V; if the electrons move in the direction of volume V.. When the electrons move in the 
opposite direction, they have no effect on the electron population in volume V;. Motion 
of electrons in volume V; always results in a loss of electrons from volume K This is 
independent of the direction of electron motion. Note, that an increase of electrons in 
volume V; makes the volume charge Q.,; more negative. Substitution of the correct terms 
in table 5.3, via Eq. 5.6, into Eq. 5.5 yields: 

1 Jt [ . a2 1lee1 2 ( ) 1 1 ( l Q.,; = Q.o,i + 2 Ice,i-1 - Ioe,i+I - fJr2 (~r) - 2 a; - '/]; Ice,i r;+1 - r;) dt 
0 

(5.7) 
with 

(5.8) 

which is a pseudo-diffusive term [Roe96]. It introduces extra diffusion of the electrons 
(shown later), which is a disadvantage. Pseudo-diffusion also causes a damping of pos
sible numerical instabilities, which is an important advantage of this term. Both effects 
appear as a second order error in the calculation of the convection term. An alternative 
more classic approach to the discretization of this problem is discussed in Appendix A. 
Working out this approach results in a third order error, which is more accurate. How
ever, we prefer to use the first approach, because of its inherent stability and its easy 
applicability to the pulsed corona model. 
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Figure 5.14: (a) The equivalent circuit, which represents the pulsed corona model. {b} 
Flow diagram of the simulation program. 

Errors in the calculation of the convection term have little effect on the simulation, 
because the source term responsible for the propagation of the ionization front strongly 
dominates the convection term (electron motion). Fig. 5.15a shows both the convective 
current Ic,,..",9 and the source current lsource,9 as a function of time, which contribute to 
the electron charge Qe,9 in volume V9• 
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Figure 5.15: {a) Contribution to the electron population in volume V9 , of Iconv,9 the 
motion of the electrons (gray line), and Isource,9 the ionization and attachment processes 
(solid line). Voltage pulse amplitude +100 kV; Pressure 360 Torr; SO cm diameter cylin
der; Other results of this calculation are presented in Fig. 5.17d,f,h,j. {b) Amplification 

factors AE,i for the different volumes V;. Nstr=150; Sstr = 'lrr;tr cm2
; rstr=l cm; These 

amplification factors are used /or all the simulations presented in this section, except the 
simulation in Fig. 5.18d,f,h,j {see text and caption /or the details). 

The pulsed corona model is a relatively simple engineering model, but it illustrates the 
observed experimental details and trends in the discharge behavior remarkably well. 
However, the limitations of the model cause inconsistencies in the absolut.e values of 
the calculated current and the velocities of the different processes. We compare the 
electro-optical measurements and the simulations, hut do not attempt to optimize the 
free parameters AE (discussed hereafter) and the initial electron density Peo, to find a 
perfect match between measurements and simulations. 

• E-field enhancement at. the streamer head 

The pulsed corona model is a one-dimensional model of .a corona discharge in a wire
cylinder geometry. The radial current flow is distributed over the entire surfaces Si. The 
E-field, which is calculated from the displacement current 10 ,; through capacitors C;, is 
also homogeneously distributed in the entire volume V;. This is an important limitation 
of the model, because the actual discharge with its large number of streamers is strongly 
three-dimensional; and the E-field at the tip of the streamer channels is substantially 
higher than in the rest of the cylinder volume. The E-field which we therefore calculate 
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from the potential distribution across the capacitors is too low. When we use this E-field 
to calculate the electron drift velocity and the ionization and a.ttachment ra.te, we observe 
that the corona discharge develops too slowly for a given voltage pulse amplitude. 

The E-field enhancement near the streamer head is taken into account as an artificial 
amplification factor AE,<- We simply multiply the E-field E, by the amplification factor 
AE,•• after which it is used to calculate the local ionization a(E1) and attachment '1/(&J 
rates, and the velocity of the electrons Ve (&) in volume V.. We calculate the amplification 
factor ÁE,i in volume i as follows: 

(5.9) 

where S; (={S;+S;+1}/2} is the surface in the middle of volume i, N.tr is the number 
of streamers along the wire (45 cm length), and Sstr is the surface of the cross-section 
of an individual streamer. Basically AE,i is dependent on the ratio of the surface of 
the cylinder S" to the total surface of N.tr streamers. Close to the wire the slirface 
N.trSstr is larger than surface S,, and we set AE,i to one. Note, that multiplication of 
the local E-field by S,/(N.trSstr) at larger radii, means that we enhance the E-field near 
the streamer head, but keep the total flux through the cylindrical surface constant. The 
approximate number of streamers N.tr and the surface S,tr are estimated from the CCD 
images. Both Nstr and S,t. are constants in Eq. 5.9. During the development of the 

· streamer tips, from the wire to the cylinder, the number of streamer tips and the radius 
of the streamers tips increases, which effectively decreases AE,i· Taking the square root of 
S;/(N.trSst-r), roughly describes this effect. Figure 5.15b shows the amplification factors 
for all volumes. Note that the amplification factor for each volume is constant in time 
and also operates when the streamer front is not present in the volumes. 

lncreased values of the amplification factor result in more intense corona discharges. 
Especially in a large scale structure as our wire-cylinder setup, it is important to take 
this E-field enhancement at the streamer tips into account. With our cylinder of 30 cm 
diameter we need large pulse voltages (>400 kV) to initia.te the corona discharge when 
the amplification factors are not used (are set to one). However using the amplifica.tion 
factors, as depicted in Fig. 5.15b, we can simulate a. corona discharge using a much 
more realistic value for the voltage pulse amplitude. Although the amplification factor 
provides a simple solution to the difficult problem of the three-dimensional behavior of 
the corona discharge, it is not as crude as is might seem. Figure 5.15 shows that the 
amplification factor is rather low ( <3). This is caused by the large streamer diameter (1 
cm) and the large number of streamers obSE:rved in our pulsed corona. discharges. 
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• Conservation of charge, and numerical diffusion 

The pulsed corona model must conserve charge. We have checked this requirement in a 
test, where initially only one volume is filled with electrons, and all other volumes are 
empty. We consider the discharge volume to be source-free, which means that the term 
on the right hand side of Eq. 5.3 (ionization and attachment) is set to zero; only the 
convection term is taken into account. Practically, this means that we calculate Qe,i by 
means of Eq. 5.5, without the term lsource,i on the right hand side. Charge conservation 
has been tested with a positive and a negative wire voltage, to test the electron motion 
in both directions. 

Figure 5.16a shows a test with anegative voltage on the wire; the test charge is positioned 
in volume 1 near the wire. The curves Q.,i show the electron charge in each volume as 
a function of time. They show that the initial concentration of electrons in volume V1 

moves towards the cylinder with a velocity, which is determined by the applied electric 
field. lt also shows an artificial (numerical) diffusion of the electrons towards the cylinder, 
caused by the pseudo-diffusion term discussed before. Curve Qe,T ( ="'f:.Qe,i) denotes the 
total electron charge in the discharge volume. It shows that the charge is conserved up to 
0.8 µs; at that time the electrons start to leave the gap at the cylinder. lntegration of the 
external current ie yields curve Q" which is also shown in Fig. 5.16a. The final value of 
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Q. (at t > 5 µs) is equal to the charge initially deposited in volume 1, which should be the 
case. Figure 5.16b shows a test with a positive voltage on the wire. The electrons are now 
positioned in volume V10 near the cylinder, and move towards the wire. Similar results 
are obtained as with the negative wire. A difference can be observed in the shape of 
curve Q., which can be explained with the Ramo-Shockley theorem. The electron motion 
close to the wire leads to a much higher external current f. than electron motion close 
to the cylinder; this is directly related to the radial distribution of the Ramo-Shockley 
potential in the cylinder ( see Fig. 2.3b). 

• Simulations with a positive voltage pulse 

The pictures in Fig. 5.17 are column oriented. The left column shows a measurement and 
a simulation with a moderate voltage pulse; the right column shows similar data with a 
larger voltage pulse. Measurements are shown in Fig. 5.17a,b; the solid curve represents 
the voltage pulse expressed as a charge Q"n, the dotted line represents the integrated 
current Q. at the cylînder electrode, and the dashed line represents the measured E-field 
at the cylinder, expressed as a displacement charge Q9v. These electrical measurements 
have been clone in setup Il. The large scale oscillating behavior of the voltage pulse 
shown in the previous sections, is not present here because the delay cable was not used 
in setup IL The results of the simulations are shown in Fig. 5.17c,d as the corresponding 
quantities Q"D, Q, and Qv. Figures 5.17e,f show the potential distribution in the sim
ulated discharge. Each curve represents the voltage level Vj at surface Si versus time. 
Some curves in Fig. 5.17e,f are labeled with the indexes of the corresponding surfaces. 
The radii of the indexed curves can be found in Fig. 5.14b. In Fig. 5.l 7g,h we present 
the electric flux 1/Ji [CJ in volumes Vi, calculated from the potential distribution in Fig. 
5.17e,f. We have chosen to present the electric flux 1/Ji instead of the E-field E;, to obtain 
a better separation of the curves. The E-field can easily be calculated from the electric 
flux by means of the conversion coefficients shown in Table 5.4. Figures 5.17i,j describe 
the conductive electron current lee.;, which flows through volume Vi. 

Volume number 1 4 5 6 7 8 9 10 

0.31 1.98 2.53 3.36 4.49 5.60 6.71 7.82 

Table 5.4: E-field E; {V /m] can be calculated as follows: E; 1/Ji/E:0S;. The values E:oS; 
are given in this table for the different volumes V;. E.g.: € 082 = 0.87 · 10-12 Fm. Surf ace 
s, is positioned in the middle of the volumes V;. 
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The conductive electron current lee in the discharge volume manifests itself as a sharp 
peak, which moves outward in time; this corresponds very well with the expanding 
behavior of the initial streamers, shown in the previous sections. The sharp peaks are 
associated with the production of electrons, due to the local ionization caused by the 
enhanced field at the streamer front. The measurements and the simulations show that 
the cylinder measures a displacement charge only, during the development of the initia! 
streamers towards the cylinder. 

Measurements and simulations show that the arrival of the streamer front at the cylinder 
corresponds with the collapse of the E-field at the cylinder. The displacement charge 
Q0 in Fig. 5.17c,d is calculated from the voltage difference across the last two surfaces 
shown in Fig. 5.17e,f: 

(5.10) 

In Fig. 5.l 7g,h we present the electric flux 1/Ji, which is proportional to the E-field in 
the gap. At t=O the electrical flux is constant and determined by the voltage between 
the wire and the cylinder. The displacement charge QD in Fig. 5.l 7c,d is equal to the 
electric flux in volume V10 • Soon after the start of the corona discharge at the wire we 
calculate that the electric flux (field) in volume V1 next to the wire, drops to a value 
below the vacuum flux (field). Other authors have measured the E-field near the active 
electrode (in our case the wire) !Col65, Ela88], and they have observed similar behavior 
of the E-füild. 

Figure 5.17j clearly shows that the electron current becomes constant for all radii (along 
the entire discharge channel), after the arrival of the initia} streamers at the cylinder. 
Thls corresponds with a conductive current flow between the wire and the cylinder, and 

Figure 5.17: (Shown on the right page) Measurements and simulations for a positive 
voltage pulse; in the left column a moderate voltage, in the right column at a higher 
voltage. Left column: (a) measurements for +69 kV; (c,e,g,i} simulations for +85 kV. 
Right column: (b) measurements for +99 kV; {d,f,h,j) simulations for +100 kV. The 
curves in (a,b) show QvD (solid line), Q9D (dashed line) and Q. (dotted line). The 
corresponding simulations are shown in (c,d) éJvD (solid line), QD (dashed line) and Q. 
(dotted line); (e,f) Local voltages at the surfaces Sj; (g,h) Electric flux 1/J; {Cj in volumes 
V;; (i,j) Conductive current due to the electron motion in the volumes V;. Amplification 
factor AE,i is calculated with Nstr=150 and rstr=l cm (as in Fig. 5.15b). Cylinder 
diameter during measurements is 29 cm. Cylinder diameter during simulations is 30 
cm. The pressure is 360 Torr for both measurements and simulations. 
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a separation of the curves Qe and QD as shown Fig. 5.l 7d. The separation is also visible 
in Fig. 5.17c, but it is smaller, because the conductive current flow is weaker, due to the 
lower pulse voltage. Both measurements and the simulations show that a larger voltage 
leads toa faster (more intense) development of the corona discharge. 

• Simulations with a negative voltage pulse 

In the left column of Fig. 5.18 we show a measurement (-101 kV) and a simulation 
(-100 kV); the simulation in the right column of Fig. 5.17 was subjected toa +100 kV 
pulse. Both simulations show similar behavior; however, the velocity of the streamer 
front is faster with the negative voltage pulse than it is with a positive voltage pulse 
(compare Fig. 5.17h and Fig. 5.18g). Note, that we use the same amplification factors 
AE in both situations. During a negative voltage pulse, the electrons move from wire 
to cylinder; the electron motion is even artificially enhanced by the numerical diffusion 
of the electrons in the direction of the electron motion. For a negative voltage pulse, 
this means that the electrons show up ahead of the streamer front. The presence of 
this enhanced electron density at the streamer front allows a {ast development of the 
ionization wave. During a positive voltage pulse, the electron motion is headed towards 
the wire, and the ionization front must develop starting with the initia! electrons only, 
which have only drifted slowly towards the wire before the initia! streamer front arrived. 
In reality, positive corona develops faster then negative corona ( see previous sections); 
this could mean that the electron density at the positive streamer front is larger than at 
the negative streamer front. 

In an attempt to simulate the corona development from the needles on the cylinder 
we have changed the amplification factor AE close to the cylinder. The needles at 

Figure 5.18: (Shown on the right page) Measurements and simulations /or a negative 
voltage pulse; in the left column without needles, in the right column with needles. Left 
column: (a) measurements /or -101 kV; (c,e,g,i) simulations /or -100 kV. Right column: 
{b} measurements /or -69 kV; {d,f,h,j} simulations /or -85 kV. The curves in (a,b} show 
Q"v (solid line}, Q9D (dashed line) and Qe (dotted line). The corresponding simulations 
are shown in (c,d} Q"D (solid line), QD (dashed line) and Q. (dotted line); (e,f} Local 
voltage levels at the surfaces Si; (g,h) Electrical flux t/J; {Oj in volumes V;; (i,j) Oonduc
tive current due to the electron motion in the volumes Vi· Amplification factor AE,i is 
calculated with N.t.=150 and rstr=1 cm (as in Fig. 5.15b}; different amplificationfactors 
are used in the outer two volumes (AE,9 =3.25 and AE,io=4}, du.ring the simulation with 
needles. Cylinder diameter during measurements is 29 cm. Cylinder diameter during 
simulations is 30 cm. The pressure is 960 Torr f or bath measurements and simulations. 
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the cylinder increase the local E-field. We have simulated this, by an increase of the 
amplification factor AE in the last two volumes V9 and V10 (AE,9=3.25, AE,10=4). The 
right column of Fig. 5.18 shows the measured and the calculated curves for a negative 
voltage pulse at the wire, and a cylinder covered with needles. The development of 
negative corona at the wire gradually increases the E-field at the cylinder. When the 
E-field near the cylinder is large enough, this will result in a development of positive 
streamers starting from the needles into the gap. Figure 5.18j clearly shows that a 
positive streamer front develops from the cylinder towards the wire ( development of a 
current peak from volume Vio (t=75 ns) to volume V8 (t=lOO ns) ). 

5.10 Evaluation of measurements and model 

Our measurements show three distinct phases of the pulsed corona discharge: 

• Initial streamer phase 

The first rise of the voltage pulse initiates many streamers starting at the wire. 
- Initial streamers grow from wire to cylinder. 

We can electrically observe this as a displacement current at the cylinder. 
· When needles are present at the cylinder, we also observe the formation of streamers 
at the needles, which develop towards the wire. We can electrically measure this as 
a conductive current at the cylinder. 

- The arrival of the initial streamer at the cylinder results in a fast drop of the electric 
field near the cylinder, which also marks the end of the initial streamer phase. 

• Resistive streamer phase 

- The streamers now form closed channels between the wire and the cylinder. 
- A conductive current fl.ows through these channels. 
- Further increase of the voltage pulse amplitude will lead to a current flow of several 

amperes in each of the streamer channels. 
- Since there are many streamers, the pulsed corona di~harge can carry a very large 

current (up to 1700 A/m). 
- If the current amplitude and the pulse duration are large enough, one of the streamers 

will finally develop into a are channel. 
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• Drift phase 

- The ions created during the preceding streamer phases drift towards the wire and 
the cylinder. 

- We can electrically measure the arrival of the ions at the cylinder by means of the 
ion sensor. 

Positive and negative corona show very similar behavior in our wire-cylinder geometry, 
especially during the high-power pulsed corona operation. 

The high-power pulsed corona discharge can dissipate energy up to 7 J per pulse for the 
45 cm wire of our setup. 

The currents which we have measured during the streamer phase of the pulsed corona 
discharge are simulated successfully by our pulse corona model. 

The radial development of the initia! streamers from the wire is also simulated correctly 
by our pulsed corona model. 



Chapter 6 

Application of high-power pulsed 
corona 

The research project covered in this thesis was initiated to investigate the physical be
havior of the corona discharge and its interaction with the pulse source. We have also 
investigated aspects of the industrial applications of the pulsed corona discharge. Our 
group and the ln,tronplan Company1 cooperated in a one week experiment (December 
1994) on NO" removal (simultaneous removal of NO and N02 ). Ambient air at at
mospheric pressure and room temperature, mixed with NO up to 350 ppm, is flushed 
through the vessel. The advantages of pulsed corona, compared with conventional tech
niques in industry, are in summary: 

- A single process cycle, instead of separate processes for each type of contaminant. 
- Besides removal of NO", simultaneous removal of, e.g. CO, dioxins and aromatic 

hydrocarbons may be achieved. 
- Few by-products. 
- No requirements on the temperature of the gas. 

The installation has inherent durability, simplicity and compactness. 
Servicing of a corona installation will be minimal. 

- Simple control of the installation. 

The work with the Intronplan Company showed that the pulsed corona technique is well 
capable to reduce NO"-emissions, even at atmospheric pressure and room temperature, 
where the intensity of the corona discharge is relatively weak. This chapter summarizes 
the main results. We finish this chapter with a short description of similar experiments 
carried out in December 1995. 

1Intronplan Company, specialized in chemica! technology and environment, is now part of 
TauwMilieu. 



94 Application of high-power pulsed corona 

6.1 Experimental setup 

Pulsed corona discharges are generated in the 73.9 liters volume of a 1.15 meter long, 
wire-cylinder setup. The wire bas a diameter of 1 mm and is positioned at the center 
of a 28.6 cm diameter cylinder; this allows large gas flows, which is ideàl for the bulk 
treatment of NO"-contaminated gases in industry. The presence of one centimeter long 
needles at the cylinder enhances the streamer production at the cylinder. The discharge 
develops, when a steep high-voltage pulse is applied between the wire and the cylinder. 
An experimental setup similar to setup I (described in Sect. 3.1) is used to produce 
high-voltage pulses up to 117 kV. The voltage amplitude is far above the DC breakdown 
level, but the pulse width is short enough, to prevent the development of the discharge 
into a complete breakdown. The rise time of the voltage pulse is 20 ns, and the pulse 
width (microsecond to millisecond range) varies with the intensity of the discharge and 
the setting of the chopping gap (see Sect. 3.1). To treat a continuous flow of air with 
pulsed corona, with sufficient intensity, the pulse has to be repeated at a high repetition 
rate, up to 135 Hz. A bias voltage up to 22 kV can be added to the corona wire. The 
total voltage at the wire is the sum of the bias and the pulse voltage; the maximum value 
of the total voltage in our experiments was -130 kV and 123 kV. 

The amplitude of the voltage pulse, the external current and the E-field at the cylinder 
electrode are measured with a 2 GS/s digital sampling oscilloscope. We have used an 
image intensified CCD camera with a 25 ns gating time to create side view images. Both 
the electricaÎ and the optica! measuring techniques are described in Chapter 4. 

Fig. 6.1 shows the chemica! circuit. The different diagnostics which monitor the char
acteristics of the air flow are summarized in Table 6.2 [Meij94]. The NO gas is injected, 
from a gas cylinder, into the air flow at the entrance of the corona vessel where we 

Ambient air 

Air flow 

NO-input 

296 K, atmospheric pressure, ~1.5% (volume) H20 

4 +---+ 16 Nm3 /h of ambient air 

90 ppm +---+ 350 ppm 

Voltage polarity positive and negative (bias and pulse voltage) 

Pulse voltage 

Bias voltage 

-100 kV +---+ -117 kV; 73 kV +---+ 114 kV 

-13 kV +---+ -16 kV; 0 kV +---+ 22 kV 

! Repetition rate 21 Hz +---+ 135 Hz 

Table 6.1: Range of experimental conditions. 

1 
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have measured the NO concentration with an NO" monitor. After the treatrrient by the 
corona discharge, we measure the NO" contraction with a second NO"-monitor. Both 
NO"-monitors measure the sum of the NO and the N02 content of the gas flow, com
monly called the NO" content. To measure only NO, a converter inside the monitor, 
which converts N02 into NO, can be turned off. Two types of NO" monitors have been 
used. An chemiluminescence NO-detector, which can measure in the ppb - 50 ppm range; 
and an infrared NO-detector, which can measure in the 25 ppm - 1000 ppm range. 

We have measured during 59 runs of 5 to 30 minutes duration, maintaining stable chem
ica! and electrical conditions. 

Air+NO+N02 

Gas flow out 

NO Air+NO 

Air 

Figure 6.1: Overview of the chemical setup. 

NOX 
Monitor 

NOX 
Monitor 
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Component Measuring method Measuring frequency 

NO, N02 Chemiluminescence detector: This (TE42HE) Continuous 

Sensitivity: ppb - 50 ppm 

Molybdenum N02 to NO converter 

ISO /DIS 10849 

lnfrared detector: Maihac (KNOR6N) Continuous 

Sensitivity: 25 ppm - 1000 ppm 

Thermic N02 to NO converter 

VDI 2456, Blatt 3 + 6 

Air velocity Prandtl-tube, micromanometer discontinuous 

Statie pressure Micromanometer discontinuous 

Temperature PT-100 discontinuous 

Humidity Psychrometric discontinuous 

Flow rate Via air velocity and channel diameter discontinuous 

Table 6.2: Various methods /or the detection of air flow parameters [Meij94J. 

6.2 Definitions and unit conversion 

• Standard temperature and pressure {STP) 

p=l Atm=760 Torr=l.01325 N/m2, T=273 K 
NA=6.022·1023 (Avogadro's number, is number of molecules (mlcs) in one mole) 
1 Nm3 air is defined as 1 m3 air at STP, and contains 2.688·1025 molecules (see 
Table 6.3) 

• Gas parameters 

Table 6.3 summarizes the most important parameters of the relevant gases NO, N02 and 
air. 

• Concentration and density 

Concentration /(X) [ppm) is defined as follows: 
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f 106 N(X) 
N(Air) 

97 

(6.1) 

Where N(X) is the number of NO, N02 or NO" molecules, and N{Air) is the number of 
air molecules in a certain volume. If NNma(X) and Nm0 dX) are the number of molecules 
X in one Nm3 and one mole of contaminated air respectively, we can write: 

(6.2) 

• Mass of NO, N02 and NO" 

The mass m [g] for both NO and N02 is expressed as grams N02 , which is usually clone 
in the literature concerning deNOx-technologies. To do this, we have to calculate the 
mass of NO as follows: 

m(NO)No29 = N(NO) mp(N02) (6.3) 

where m(NO)Noz9 is the mass of the NO contaminant expressed as grams N02 , N(NO) 
is the total number of NO molecules and 'mp{N02 ) is the mass of one N02 molecule. 

The total mass of NO and N02 in a mixture with both components is usually calculated 
as follows: 

m(NO")No29 ( N(NO) + N(N02)) mp(N02) (6.4) 

where m{NOx)Nó29 is the total mass of NO and N02, expressed as grams N02• 

Gas Molar Molar volume Molecules/Nm3 

(STP) M [g/mole] Vmo1 [Nm3 /mole] N Nm3 [mlcs/Nm3] 

=NA/Vmoi 

NO 30.006 22.4004 .10-3 2.688. 1025 

N02 46.005 21.8019 . 10-3 7.639. 10-23 2110 2.762 · 1025 

Air 28.964 22.4004 . 10-3 4.810. 10-23 1293 2.688·1025 

Table 6.3: Important parameters of the gases NO, N02 and air. 
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• Energy 

The energy dissipated in the discharge per corona pulse is an important parameter to 
determine the efficiency of the deNOx-process. The energy per pulse is calculated with 
Eq. 5.2. Thus, we obtain the energy dissipated by the corona discharge. Energy can be 
expressed in various ways. Table 6.4 summarizes the different conversions. 

Table 6.4: Oonversion of energy. 

• Basic quantities 

Table 6.5 defines some basic quantities. The energy density w, the energy cost est and 
the conversion efficiency I' are further discussed below Table 6.5 . 

Name Symbol Dimension Can be calculated from 

Time t [h] 

Mass m [g] 

Energy E [Wh] 

Quantity Q [Nm3] 

Power p [W] P=E/t 

Flow F [Nm3/h] F=Q/t 

Lo ad L [g/h] L=m/t 

Energy density w [Wh/Nm3
] w=E/Q=P/F 

Cost est [Wh/g] cst=E/m=P /L 

Conversion efficiency r [g/Wh] I'=m/E 

Table 6.5: Definition of some basic quantities. The mass of NO and N02 is not expressed 
as gram {g] but is expressed as N02 gram {N02g}. In related quantities which contain 
the mass of NO or N02 , fg] is also replaced by {N02g}. 
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• Energy density 

The energy density w [Wh/Nm3
] is the amount of energy deposited in one normal cube 

meter [Nm3] of gas. lt can be calculated as the ratio of the energy E [WhJ and the 
quantity of gas Q [Nm3], or as the ratio of the power P [W] and the flow of gas F 

) 

[Nm3 /h] (see Table 6.5). 

• Energy cost 

The energy cost est [Wh/N02g] is the amount of energy used to destroy one gram of 
NO or N02. It can be calculated as the ratio of the energy E [Wh] and the mass of the 
contaminant in air expressed as grams N02 m [N02g], or as the ratio of the power P 
[WJ and the load of gas L [N02g/h] (see Table 6.5). The cost est [Wh/N02gJ can also 
be expressed as est [eV /mlc] (and as the conversion efficiency r [N02g/kWhJ): 

(6.5) 

• Conversion efficiency 

The conversion efficiency r [N02g/kWh] is basically the inverse of the energy cost est 
and it describes the amount of NO or N02, which has been removed with a certain 
amount of energy. 

The mass of contaminant X expressed as m{X)No29 in air, can be calculated from the 
concentration f(X} [ppm] in air: 

m(X)No29 N Nm3(X)·mp(N02)·Q 

= NNm3(Air)·mp(N02 )·10-6 ·f(X)·Q 

2.0534·10-3 J (X)·Q 

(6.6) 

With Eq. 6.6 we can calculate the mass of 1 ppm NO or N02 in one normal cube meter 
of air: 

1 ppm NO= 2.0534·10-3 N02g/Nm3 = 1.3393·10-3 NOg/Nm3 

1 ppm N02 = 2.0534·10-3 N02g/Nm3 
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The conversion efficiency I' [N02g/kWh] ( =m(X)No2g/E) can now be expressed as the 
ratio of the removed concentration of contaminant f [ppm] in air, and the energy density 
w [Wh/Nm3]: 

r [~~~] = 2.0534.10-3 f ~\:;~J 
= 2.0534 w[Wh~Nm•] 

(6.7) 

6.3 Results 

To quantify the NO" removal efficiency of our experimental setup we will first present 
the NO and NO" reduction in terms of the concentration f. (ppm] versus the energy 
density w [Wh/Nm3]. The graphs for NO and NO"' are shown in Fig. 6.2. Trend lines 
are added which denote the conversion efficiency I' [N02g/kWh] (we have used Eq. 6.7 
to calculate the conversion efficiency I' [N02g/kWh] from the data in Fig. 6.2a,b). 

For a positive voltage pulse on the wire we can conclude: 

- The NO-reduction below an energy density of 5 Wh/Nm3 is characterized by a 
constant conversion efficiency of 65 g/kWh; above 5 Wh/Nm3

, we find an NO
reduction which saturates at 120 ppm. 

- The NOx-reduction is 40 g/kWh for energy densities below 5 Wh/Nm3; above 5 
Wh/Nm3 saturation of the NO"-reduction occurs near a level of 120 ppm. 

For a negative voltage pulse on the wire we can conclude: 

- The NO-reduction with negative corona is characterized by a constant reduction 
of 120 ppm (at a flow of 5 Nm3 /h), which is independent of the energy density 
(1 - 8 Wh/Nm3

). 

- The NO"-reduction is rather low (40-70 ppm) for an air flow of 5 Nm3/h, and 
12 ppm for an air flow of 16 Nm3 /h. The conversion efficiency (trend line is not 
drawn into the graph) is near or below 20 g/kWh, except in one case where more 
than 70 g/kWh is found. 

Another important parameter, the reduction ratio (the NO or NO" reduction divided by 
the NO-input) is shown in Fig. 6.3, where it is plotted versus the energy cost est [eV 
per NO or NO" molecule]. 

- The energy cost est for the removal of one NO-molecule [eV /mlc NO] remains 
rather independent of the reduction ratio; data are scattered around the value of 
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Figure 6.2: Reduction of NO (a) and NO" (b}. The graphs show the reduction f fppm] 
versus the energy density w [Wh/Nm3] at various flow rates. Trend lines are added, 
which denote the reduction of NO and NO", in terms of the conversion efficiency I' 
{N02g/kWhj. Open and the closed markers represent the measurements with a positive 
voltage pulse or negative voltage pulse respectively. 
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30 eV per NO-molecule. Best results with a positive voltage pulse are achieved 
at 19 eV per NO-molecule and a reduction ratio of 74%. During another run, 
we obtained a reduction ratio of 98% at 32 eV per NO-molecule. The exceptions 
at 83 eV and 65 eV occur during high-power input (low concentration and flow 
rate). A negative corona discharge seems to need more energy, approximately 
50 eV, to remove an NO-molecule. One exception however is found at 10 eV, 
this is a negative corona discharge of high intensity (but small compared to the 
experimental situation shown in Fig. 5.10) and a low repetition rate. The low 
reduction ratio, seen here, is caused by the high NO-input rate and the low electric 
power of the respective run. 

- The energy cost est for the removal of one NO"-molecule [eV /mlc NO"] shows 
similar behavior. For a positive voltage pulse we observe that the data are 
also independent of the reduction ratio, and the energy cost is approximately 
50 eV /NO"-molecule. The data for the negative wire are much more scattered. 

Literature sometimes presents results in terms of conversion efficiency I' [N02g/kWh] 
versus reduction ratio. In Fig. 6.4 we present all measured conversion efficiencies as a 
function of the reduction ratio, for NO and NO". 

We can summarize the data of Fig. 6.4 as follows: 

- The NO conversion efficiency [N02g/kWh] during a positive voltage pulse, occurs 
at ápproximately 65 N02g/kWh for reduction ratios up to 90% of the NO input. 
The NO conversion efficiency with a negative wire, generally remains below 50% 
at conversion efficiencies of 35 N02g/kWh. 

- The NO" conversion efficiency [N02g/kWh] during a positive voltage pulse, oc
curs at approximately 40 N02g/kWh for reduction ratios between 20% and 65% 
of the NO"-input. At reduction ratios near 90% the conversion efficiency for NO" 
drops to 20 N02g/kWh. The behavior is scattered with a negative wire, ranging 
from 15% to 35% reduction with a conversion efficiency of 5-70 N02g/kWh. 

• General remarks 

Pulsed corona discharges at atmospheric pressure and room temperature in air, are of 
much lower intensity than those at lower pressures (densities). Table 6.6 shows the 
characteristic peak values of pulsed corona experiments at 360 and 760 Torr. 
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Setup Setup III Chemical setup 

Pressure 360 Torr 760 Torr 

Cylinder diameter 20 cm 29cm 

! Peak current 1700 A/m 150 A/m 

Peak charge 150 µC/m 5µC/m 

Peak energy 14 J/m 2 J/m 

Table 6.6: Characteristic peak values of current, charge and energy per meter wire /or 
one corona pulse at 360 and 760 Torr. 

At atmospheric pressure the E-field measurements do not clearly show the collapse, 
which is characteristic for the arrival of the initial streamers at the cylinder electrode 
(see Chap. 5). This means, that the initial streamers during both the positive and 
the negative voltage pulse, do not develop into resistive streamers, even when the peak 
voltage is larger than 100 kV. This behavior of the discharge is confirmed by the CCD 
images, which only show the initia! streamer phase. Although the corona discharges 
created with the chemica! setup are not as intense, as some of the discharges presented 
in Chapter 5, we still obtain very good NO" removal efficiencies. 

• Work of other authors 

Several authors have published results about the energy efficiency of their deNOx
experiments, by means of pulsed corona techniques. Comparison of these results is not 
easy, due toa large variation of experimental parameters. However, a few publications, 
which show some resemblance to our work, are referred to below. 

Recent work of Van Veldhuizen [Vel95]: 20 eV /NO and Penetrante [Pen93]: 10 eV /NO, 
shows good agreement with the results of our project (see Fig. 6.3). 

We have obtained an NO" conversion efficiency of 40 N02g/kWh. In literature we 
have found an NO" conversion efficiency of 25 N02g/kWh [Din88]. Our better removal 
efficiency might be explained by the faster rise time of the voltage pulse. 
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6.4 New developments 

Like most authors we use the energy dissipated in the corona discharge, to calculate the 
conversion efficiency. To present a more realistic estimate of the total power dissipation 
during the deNOx-process, we should also take into account the energy los8es of the pulse 
source. A good energy efficiency of the pulse source is important to keep costs low, and 
to make the pulsed corona removal of NOx economically feasible. 

Currently a new project is running, where a n:ew energy efficient pulse source has been 
built. The specifications of this pulse source are: 1000 Hz repetition rate, 120 kV - 150 
ns voltage pulses, 2 kW corona energy, overall efficiency from the 220 Volt mains to the 
corona discharge is 50% or higher, compact design. This offers favorable perspectives for 
its use in industry. This pulse source is used for several applications, such as the removal 
of NOx, toluene, ethylene and waste water treatment. 

To verify the economical feasibility of this new pulse source, we look at the characteristics 
of a combined cycle gas engine. A small installation consumes about 3.3 GJ /h of natural 
gas (amount of gas is expressed as the heat of its combustion), and it produces 300 kW 
of electrical power. The installation produces 100 N02g/GJ. We have to reduce the 
NO emission down to the 15 N02g/GJ, to comply with the current legislation. This 
means that we have to destroy 3.3*85=280.5 N02g of NO in one hour. Experiments 
with the new pulse source have shown that we can reach an NO conversion efficiency2 of 
95 N02g/kWh (=18eV /NO). If we assume the overall efficiency of the corona unit to be 
50%, we can calculate the total amount of corona power which is needed to destroy the 
appropriate amount of NO. This is 2*(280.5/95)=5.9 kW, which is 2% of the electrical 
power delivered by the combined cycle gas engine. 

2The NO conversion efficiency of 95 N02g/KWh is higher tha.n we have reported earlier in Sect. 
6.3. This is related to the higher intensity and repetition rate of the corona discbarge during the NO~ 
removal experiments with the combined cycle gas engine. 
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Conclusions and discussio11 

7.1 Genera! conclusions 

In Chap. 6 we have shown that a pulsed corona discharge can efficiently remove NO" 
from a large air flow. We have used a pulsed corona discharge in a wire-cylinder geometry, 
in air at near atmospheric pressure. The large scale of our wire-cylinder geometry (at 
radii of 10 to 15 cm) allows the application of large amplitude voltage pulses, up to 140 
kV. The large cylinder diameter also allows large gas flows, which is ideal for the bulk 
treatment of NO"-contaminated gases in industry. 

Ata reduced pressure of 360 Torr we can create high-power (>200 MW) pulsed corona 
discharges in which large currents, up to 1700 A per meter wire, flow through the dis
charge, without the occurrence of a complete breakdown. To study the high-power pulsed 
corona discharge we have built a special pulse source, which can deliver a sufficiently 
large voltage pulse, and enough current to feed the discharge. The pulse source is further 
characterized by a short rise time of less then 20 ns, and a minimum fall time of 150 ns. 
Available expertise in the field of electromagnetic compatibility (EMC) has been used 
to design diagnostics, which can operate in the severe EMC-environment of the pulse 
source. A high-power pulsed corona discharge expands in a very short time (10 ns time 
scale). We have designed diagnostics, which can simultaneously measure the electrical 
and spatial behavior of such a fast transient discharge. A well-coordinated design of the 
diagnostica and the pulse source, has led to a robust, simple and reliable setup. 

We have investigated the different types of current flowing through the corona discharge. 
An E-field sensor is used to distinguish between the displacement current and the conduc
tive current at the cylinder electrode. The R.amo-Shockley theorem is used to describe 
the relation between these current components and the charge carrier motion. An alter
native approach to the Ramo-Shockley theorem, has led to the development of a pulsed 
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corona model. This model is used to verify the description of the current flow in the 
discharge and the external circuit. Comparison of the simulations and the measurements 
shows that the pulsed corona model, although simple, reproduces most measurements 
remarkably well. 

We distinguish two different phases, the streamer phase and the drift phase. During 
the streamer phase of high-power pulsed corona, ionization and the rapid motion of 
the ionization front are the dominant processes. The drift motion of the electrons and 
the ions plays a minor role, which might explain the similarity of positive and negative 
corona during the streamer phase, as we measure it electrically and optically. 

First, many initia! streamers develop from the wire towards the cylinder, during the 
initial streamer phase. Sometimes this causes also a production of streamers at the 
cylinder, in particular when it is covered with needles. Each initia! streamer carries a 
current of 0.1 - 1 A. The strongly inhomogeneous space charge at the streamer head 
locally creates a large E-field, which causes an enhanced ionization and further growth 
of the initia! streamer towards the cylinder. The capacitance between the streamer head 
and the cylinder acts as a limiting impedance for the current through the initia! streamer. 
A fast rise of the voltage pulse allows a displacement current through this capacitance 
and sufficient conductive current in each of the many streamers formed in parallel. 

Secondly, the resistive streamer phase begins after the arrival of the initia! streamers at 
the cylinder. The arrival at the cylinder of the streamer head, with its associated strong 
electric field, results in a redistribution of the electric field along the entire streamer 
path. The development of the initial streamer in to a complete channel between the wire 
and the cylinder, results in a disappearance of the capacitance between the streamer 
head and the cylinder. This allows a much larger current (1 - 10 A) to flow through 
each of the parallel streamers; the many streamers in parallel carry the large current (up 
to 1700 A/m) of the pulsed corona discharge. Measurements in Chap. 5 show that the 
discharge behavior (both electrical and optica!) is about equal for the positive and the 
negative voltage pulse. 

We have experimentally observed a quenching of the discharge current during the resistive 
streamer phase, even if the pulse voltage is present between the wire and the cylinder. 
The reduced electric field in the resistive streamer is beneficia! for the attachment of the 
free electrons in the resistive streamer, which results in a loss of electrons and a quenching 
of the discharge current. The reduction of the current through the resistive streamers, 
prevents that one of the resistive streamers finally develops into an are channel, which 
carries a very large current (kA). We can also prevent the occurrence of a complete 
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breakdown through a reduction of the pulse width. 

We have shown that the ions created during the streamer phase, slowly drift towards the 
electrodes. They are measured with the ion sensor when they arrive at the cylinder. 

To our feeling, the high-power pulsed corona discharge, with its many streamers in 
parallel, and its wide operating regime is an excellent tool to remove harmful compounds 
in the exhaust gases or fiuids of industrial chemical processes. 

7 .2 Discussion on the chemical efficiency of the two 

streamer phases 

In Chap. 5 we have concentrated on the physics aspects of the corona discharge, espe
cially the temporal and spatial development of the pulsed corona discharge. Chapter 6 
summarizes the results of a one-week project on NO"-removal from a large air fiow. In 
this section we will try to relate the different phases of the pulsed corona discharge with 
the optimum operation of the resulting cleaning processes. 

Several authors have reported about the industrial application of the low energy or high 
energy electrons present in a pulsed corona discharge. 

• Low energy electrons 

A group at MIT has recently reported [Vit96] on their E-beam experiments. A 4 
mA beam of 100 keV electrons passes through an aluminum foil, into atmospheric 
air. Each electron .creates about 3000 secondary low temperature electrons (0.025 - 1 
eV) in air. The authors claim that these low-energy electrons undergo dissociative
electron-attachment, being the primary mechanism to break up VOC's (volatile or
ganic compounds). 

• High energy electrons 

Other researchers [Har77, Sig84, Bay85, Vel90] have claimed that high temperature 
electrons (>5 eV) in the streamer head of the initial streamers are responsible for 
certain chemical cleaning processes, especially those processes where one molecule is 
split into two or more components. 
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These claims and our present understanding of high-power pulsed corona discharges, can 
lead to a number of hypotheses concerning the utilization of pulsed corona discharges in 
an industrial environment. 

• Initial streamer phase 

A fast rise of the voltage pulse is important to ensure the development of many initial 
streamers in parallel. Use of a larger voltage pulse leads to a fa.ster development of 
the initial streamers, and a larger energy of the electrons in the streamer head. These 
high energy electrons may be useful in directly breaking up VOC's with high energy 
molecular honds. However, these high energy electrons are only found in the streamer 
head, and thus can only be active in a small volume and during a short time. Note 
that these electrons rapidly cool down when the high E-field is no longer present. 

• Resistive streamer phase 

During the resistive streamer phase, a much larger current fl.ows through the streamers, 
which is predominantly carried by low energy electrons. These electrons can form free 
radicals through a dissociative electron attachment process, as reported by the MIT 
group [Vit96]. In a secondary process these free radicals lead to the destruction of 
VOC's, which is the final target. An advantage of these low energy electrons is their 
presence in the entire streamer channel between the wire and the cylinder. Secondly, 
the low energy electrons in the streamer channel, are present during the entire life 
time of the resistive streamers, which is often longer than the life time of the streamer 
head during the initial streamer phase. A longer voltage pulse can increase the life 
time of the resistive streamer, hut it can also lead toa complete breakdown. 

It should become clear whether the high energy electrons during the initial streamer 
phase or the low energy electrons in the resistive streamer phase, are most useful for 
pulsed corona applications. It is also imaginable that the high energy electrons of the 
initial streamer phase first break up the high-energy molecular honds, and that the 
low energy electrons are useful in a secondary process where rest products are further 
destroyed. Both the initial streamer phase and the resistive streamer phase can be 
advantageous in the destruction of contaminants in gases or fl.uids. However, we need 
more information to optimize the number of high energy or low energy electrons for a 
specifi.c chemical process. This also includes a proper choice for the pulse width and the 
amplitude of the voltage pulse, because these parameters determine the life time and 
intensity of the initial and the resistive streamer phase. 
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A 

Discretization of the 
one-dimensional continuity equation 
for charges 

In cylindrical coordinates, the continuity equation for charges is: 

8p (aj + t) at ar r 
De fine: 

fj+l = r;(l + 8) 

rj r;(l - 8) 

We can now write (length Lof cylindrical shell is set to 1 (one) ): 

Q; = 27r r; 2 8; p; 

For the change of the charge density b.p; in shell i in time b.t we can write: 

Ó.p; -b.t _!_ + !... (
a· .) 
ar r i 

The first term on the right hand side of Eq. A.4 can written as follows: 

(~)i 
(..!i±L I ) 

21fr;+1 - ~ = l; + /i+l 

28r; Ó7rrf(l + ó)ó 
l; + /;-1 

Ó7rr;{l - ó)ó 

(A.l) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 



120 Discretization of the one-dimensional continuity equation for charges 

For the second term on the right hand side of Eq. A.4 we can write: 

j; 

ri 

l; 
27rr~ • 

Substitution of Eqs. A.4, A.5 and A.6 into Eq. A.3 yields: 

l;-1 + _b__ _b__ + 2"1 
2(1-6) 2(1+6) - 2(1-6) u i 

11-1 ..Ii±L + I ( s 28) = 2(1-6) - 2(1+6) i 1-62 -

Finally we can write: 

with: 

(A.6) 

(A.7) 

(A.8) 

(A.9) 



B 

Data used in the simulations with 
the pulsed corona model 

Values for the stable negative ion attachment coefficient 'fis are taken from Badaloni 
[Bad72]. Values for the electron drift velocity Ve are taken from Wen [Wen89] and Novak 
[Nov92]. For the ionization coefficient o:, in the range of 31 < E/p < 45 Vcm-1Torr-1 

the data of Da.vies [Dav78] is used, otherwise the data of Badaloni [Bad72] is used. For 
E/p < 25 Vcm-1Torc1 data for the unstable negative ion attachment coefficient 'f/u is 
from Badaloni [Bad72J, otherwise (along with the data for o:, 'fis and 'f/u) the data was 
determined from the experimental (a-'q8 ·'f/u )/p values from Wen [Wen89]. Figure B.1 
shows the electron drift velocity Ve [cm/s] and the effective ionization ra.te ö' ( =O:·'f/,·1/u) 
[1/cm] fora pressure p=360 Torr, as ~sed in the simulations. 
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Figure B.1: (a) Electron drift velocity Ve and (b) effective ionization coefficient a as a 
function of the electric field, at a pressure of 960 Torr. 
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List of symbols 

Voltage, Potential [VJ Introduced in 1 

VP Pulse voltage s. 2.1, 4.1.1 

URS Ramo-Shockley potential at the electrode s. 2.1 

VRs Local Ramo-Shockley potential between the electrodes s. 2.2 

u Potential due to electric field E s. 2.3 

Ue External potential at the electrodes s. 2.2 

Uv Potential due to vacuum field E" s. 2.3 

UP Potential due to space charge field Ep s. 2.3 

Electric field [V /m] Introduced in 1 

E Total electric field s. 2.1 

E" Vacuum field S. 2.1 

Ep Space charge field s. 2.1 

ERS Ramo-Shockley field s. 2.1 

Current density [A/m2
] Introduced in 1 

J Total current density s. 2.1 

in Displacement current density s. 2.1 

ivD Vacuum displacement current density s. 2.1 

jpD Space charge caused (SCC) displacement current density S. 2.1 

ic Conductive current density s. 2.1 



124 List of symbols 

Ie External current 

Iv Displacement current s. 2.1 

Ivv Vacuum displacement current s. 2.1 

IpD Space charge caused (SCC) displacement current s. 2.1 

Ic Conductive current s. 2.1 

Ia Apparent current S. 4.1.2 

Itc Current due to leaving charges at the cylinder s. 4.1.3 

Iao Current due to arriving charges at the cylinder S. 4.1.3 

ig Current measured by the grid sensor s. 4.1.3 

ÏgM Arriving charge carriers measured by the grid sensor S. 4.1.3 

q Single charge carrier s. 2.1 

Qe External charge s. 3.1, 4.1.2 

Qv Displacement charge S. 3.1 

Q"v Vacuum displacement charge s. 3.1, 4.1.2 

QpD Space charge caused (SCC) displacement charge s. 3.1, 4.1.4 

Qo Conductive charge s. 3.1 

Qto Charge due to leaving charges at the cylinder S. 4.1.4 

Qao Charge due to arriving charges at the cylinder s. 4.1.4 

qgD Displacement charge measured by the grid sensor S. 4.1.4 

QgD Charge q9v scaled to match charge measured at the s. 4.1.4 
cylinder 

QgM Arriving charge carriers measured by the grid sensor s. 4.1.5 



List of symbols 125 

Miscellaneous symbols describing currents (Chapter 2) Unit 

éo Dielectric constant of vacuum [C/V/m] 

8cv1 Surface of cylinder electrode [m2] 

Rcv1 Radius of cylinder electrode [mJ 

l";iap Volume between corona wire and cylinder [m3J 

. 'Y Fraction, value between 0 and 1 

r Position vector [mJ 

v Velocity vector [m/sJ 

n Vector perpendicular to a surface 

r1, r2 Position, radius [mJ 

ti1dh Local change of charge at positions r1 and r 2 [C/s] 

81, 82 Surface at radii r1 and r2 [m2] 
cws 1 Capacitor between wire and surface 81 [F] 

CfO Capacitor between surface 81 and cylinder [F] 
css Capacitor between surface 81 and surface 82 [F] 

Oio Capacitor between surface 82 and cylinder [F] 
JWS 1 Current through capacitor Cr'8 [AJ 
JSC 

1 Current through capacitor Cf0 [A] 

P;n Power input [WJ 

H Magnetk field strength [A/m] 



126 List of symbols 

V; 

CD,i 

E; 

î/J; 

Miscellaneous symbols describing pulsed corona model 

(Sections 2.2 and 5.9) 

Surface j separates volumes V;-1 and Vi 

radius of surface j 

Potential on surface j 

Volume i is bounded by surfaces Si and Si+l 

Capacitance of volume i 

E-field in volume i 

Electric flux in volume i 

AE,i Amplification factor for the E-field in volume i 

ID,i 

!; 

Ic,; 

Ice,i 

I'ce,i 

Isource,i 

fconv,i 

Displacement current in volume i 

This current is forced to flow through capacitors CD,i-l and/or 
CD,i as a result of different conductive currents in the volumes 
V;_1 and V; (see Sect. 2.2) 

Conduction current in volume i 

Electron conduction current in volume i 

Electron conduction which contributes to the electron population 
in the neighboring volumes 

Contribution to the electron population in volume i caused by 
ionization and attachment 

Contribution to the electron population in volume i caused by 
motion of electrons 

Initial electron charge in volume i at t=O 

Electron charge in volume i 

Total electron charge in the entire discharge volume 

p",;, Pp,;, Pn,i Electron, pos. and neg. ion charge density iu volume i 

Peo,; Initial electron density in volume i at t=O 

v.,;, Vp,;, Vn,i Drift velocity of electrons, pos. and neg. ions in volume i 

a; Ionization rate in volume i 

'IJ; Attachment rate in volume i 

Unit, 

[m2J 

[m] 

[VJ 

[m3J 

[F] 

[V/m] 

[CJ 

[A] 

[A] 

[A] 

[A] 

[A] 

[A] 

[A] 

[C] 

[C] 

[C] 

[C/m3J 

[C/m3
J 

[m/s] 

[l/m] 

[l/m] 1 
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Miscellaneous symbols describing pulsed corona model Unit 

( continued) 

L Length ( 45 cm) of corona wire and cylinder [m] 

Cputse Capacitor which is discharged across the gap [F] 

Rvutse Resistor which determines maximum pulse width [ü] 

Rm Measuring resistor [ü] 

N Number of cylindrical volumes 

Nstr Number of streamers along the wire (45 cm length) 

s.tr Surface of the cross-section of an individual streamer [m2] 

ï. external current calculated by pulsed corona model [A] 

Q. External charge calculated by pulsed corona model [CJ 

QD Displacement charge calculated by pulsed corona model [C] 

i QvD Vacuum displacement charge calculated by pulsed corona model [C] 

Miscellaneous symbols describing pulse source (Chapter 3) Value 

Rchop Resistor (setup I), which determines maximum pulse width 225 n 
Rchop Resistor (setup II and III), which determines maximum pulse 2.8 kQ 

width 

Rteak Resistor, which slowly discharges capacitor Cchop 15 Mü 

Rhigh Resistor, which slowly charges capacitor Ccable 4.2 Mfl 

Cchop Capacitor 5.6 nF 

Ccable Cable capacitor, which is discharged across the gap 1.7 nF 
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Miscellaneous symbols describing diagnostics (Chapter 4) Unit 

Ri,R2 Resistors in electrical circuit of diagnostics [n] 

Co Vacuum capacitance between wire and cylinder [F] 

C1,C2 Capacitors in electrical circuit of diagnostics [F] 

A1 Buffer amplifier 

Vi DC bias voltage supply ion sensor [VJ 

a,b,c,d Coefficients grid sensor 

a',d Coefficients grid sensor 

TDp Time constant differentiator voltage pulse sensor [s] 

Tfp Time constant integrator voltage pulse sensor [s] 

Tfe Time constant integrator external charge sensor [s] 

TJ Time constant integrator E-field sensor [s] 

Sp Voltage pulse signal measured by oscilloscope [VJ 

s. External charge signa! measured by oscilloscope [VJ 

SgD Signal of E-field sensor measured by oscilloscope [VJ 

SgM Signal of ion sensor measured by oscilloscope [VJ 

f Frequency [Hz] 

Tend End of integration time [s] 

Miscellaneous symbols describing measurements (Chapter 5) Unit 

Energy dissipated in the discharge [J] 
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Miscellaneous symbols describing chemical setup (Chapter 6) Unit 

NA Avogadro's number ( =6.022· 1023 ) 

male One mole of substance contains NA molecules, which is equal to 
the number of atoms in 12 g ~2C 

mlc(s) Molecule( s) 

Nm3 Normal cube meter 

M Molar mass [g] 

m Mass [g] 

mp Mass per molecule (g/mlc] 

m" Mass density [g/Nm3] 

mN02g Mass expressed as grams N02 [N02g] 

Vmo1 Molar volume [Nm3/mole] 

N Number of molecules in a certain volume [mlcs] 

NNm3 Number of molecules per normal cube meter [mlcs/Nm3] 

Nmo1 Number of molecules per mole [mlcs/mole] • 

f Concentration of a certain substance [ppm] 

E Energy !Wh] 

Q Quantity [Nm3] 

p Power (WJ 

F Flow [Nm3 /h] 

L Lo ad [g/h] 

w Energy density [Wh/Nm3
] 

est Cost [Wh/g] 

r Conversion efficiency (g/Wh] 
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-I-

Het maken van onderscheid tussen geleidingsstt0om en verschuivingsstroom heeft soms be
trekkelijke betekenis. Zo kan men met behulp van een meting van de externe stroom de twee 
volgende situaties niet onderscheiden. Situatie A: Een elekttOn wordt ·geproduceerd op elèk
trode 1 en bev;:eegt naar elektrode 2. Situatie B: Een elektron en een positief ion worden 
geproduceerd in' het gas vlak voor elektrode 1, via ionisatie; het elektron beweegt naar elek
trode 2 en het positieve ion beweegt naar elektrode 1. 

Dit proefschrift, hoofdstuk 2. 

-Il-

Naarmate het gedissipeerde vermogen in een gepulste coronaontlading groter wordt, vertonen 
positieve en negatieve corona ontladingen meer gelijkenis. Bij lagere vermogens treden wel 
verschillen op. 

Dit proefschrift. o.a. figuur S .10 
Sigmun, R.S., "Corona discharge", Electrical brea/1:4ûJwn of gases, Eds. JM. Meek and J.D. Cragss, John Wiley 
&Soos, 1978.pp. 319-384. 

Loeb; L.B" Electrica/ coronas, University of Califonia Press, 1965. 

-III-

Aanvankelijk is een bliksemontlading een gelijkspanningsontlading. naarmate de ontlading zich 
verder ontwikkelt gaat deze meer gelijkenis vertonen met een snel-gepulste ontlading. 

Berger, K., "The Earth flash", LJghtning, Vol. 1, Ed. R.H. Oolde. London: Academie Press, 1977, 
pp.119-190. 

-N-

Bij het zoeken naar een meer cprrect model heeft men de neiging het aantal parameters te 
vergroten. Daarbij wordt het aantal vrijheidsgraden van het model groter .. We kunnen dan 
verwachten dat het model en het experiment meer gelijkenis gaan vertonen, wat nog niet 
betekent dat het model correcter geworden is. 

-Y· 

Met de moderne telecommunicatie middelen lopen we het risico dat we in de toekomst alleen 
nog maar verbaal communiceren, cultuur gebonden non-verbale communicatie gaat daarbij 
verloren. 



-VI-

Het leefklimaat in het bedrijfsleven is beter geworden sinds de invoering van de computer. De 
computer heeft namelijk de rol van zondeook overgenomen van de werknemer. 

-VII-

Voor wetenschappelijke problemen zijn vaak meerdere beschrijvingen mogelijk. Men moet 
daarom accepteren dat er verschil van mening kan bestaan tussen wetenschappers onderling. 
Bij een wetenschappelijk dispuut waar de verschillende "filosofieën" rotsen, dient men uit te 
gaan van de meestal meer eenduidige resultaten van experimenten. 

-VIII-

De mate waarin mensen TV-reclame appreciëren lijkt omgekeerd evenredig met het vocht 
absorberend vermogen van het getoonde produkt. 

-IX-

Studie van mierenvolken stimuleert van oudsher grotere activiteit, maar kan ook leiden tot 
meer inzicht in het subtiele evenwicht tussen groeps- en individueel belang in de menselijke 
samenleving. 

Spr.6:6. 

-X-

Liefde maakt blind, software ook. Is men éénmaal gewend aan een bepaald software pakket, 
dan is men vaak. bereid om de gebreken van dit pak.ket over het hoofd te zien. Daarnaast kent 
software ook het verschijnsel.van onvoorwaardelijke liefde. Is men éénmaal verknocht aan een 
pakket dan wordt dit pakket te vuur en te zwaard verdedigd, soms zelfs tegen beter weten in. 


