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Abstract

Charged species can be generated in air due to corona djsshi@om sharp elec-
trodes. They are of great concern in practical applicatdresto their ability to drift in
the electric field and to accumulate on dielectric surfacedifying electric field distribu-
tions. To understand better regularities of dynamic bedravi charge carriers produced
by corona, series of experiments have been conducted at ABBBoCate Research Center
in Vasteras, Sweden. For this, a coaxial large scalereldetarrangement was utilized.
Corona discharges were initiated by applying trianguldrages that allowed for study-
ing drift of ionic species under controlled conditions. Téerimentally obtained data
required physical interpretation and this was the mainaibje of the present MSc thesis
work.

In the thesis, a computer model of corona discharges in g@resented and its im-
plementation in COMSOL Multiphysics is described. The deped model is utilized for
simulations of corona discharges in the set-up used in tpergrents. The computed
current-voltage characteristics are compared with theexyental results. Influences of
different model parameters, including the effect of bougd@nditions, on corona char-
acteristics are studied and a set of parameters providengehkt fit between experiments
and simulations is identified. An analysis of physical pssas in corona discharges in air
under triangular voltages at frequencies 1-50 Hz is presefticusing on interpretation
of experimentally observed phenomena.

Keywords: AC corona, corona discharge, large scale coaxial electyadangular
voltage, corona mechanism, corona model for simulaticor®ma discharge current,
corona current-voltage characteristic.
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Chapter 1

Introduction

1.1 Corona background

Corona discharge is an electrical discharge usually acaareg by ripple noise and lu-
minosity. This phenomenon appears in two or multi-elearegstems, providing non-
uniform electric field, where at least one electrode is gdmahand the other one is sub-
jected to high potential. The electric field establishedveein electrodes must be high
enough to cause ionization of the isolating media that sunds high and ground potential
electrodes. Under corona occurrence the formation of weaakized gas (plasma) takes
place. The field distribution confines the ionization preesswithin ionization region,
close to high potential electrode, whereas the remainigignebetween two electrodes is
dominated by electron and ion drift and conversion processe

For the study purpose, corona discharge is commonly olat&rstrongly non-uniform
electric fields created by rod-plane or coaxial cylindecetele geometries. This type
of discharges may also appear in high-voltage apparatug l@iposed to high voltage
stresses. It is rather due to poor design that leads to egmipmalfunction and eventu-
ally to permanent failure. Audible and radio-frequencyseds another undesirable effect
of the corona. In the indoor installations, ozone and NOxegated in air as by-products
of corona, may also endanger humans lives.

1.2 Overview of corona mechanisms in air

Corona discharge occurs due to self-sustained electréarayee development under high
voltages in an atmospheric gas. High electric field at onke@étectrodes above an ioniza-
tion threshold causes decomposition of the air atoms indogehcarrying ions, electrons
and metastable molecules. The inter-electrode space nsdiveled into two regions,
namely ionization and particle drift regions. The thickhe$ionization region as well as
particle drift and association in inter-electrode spageetels on voltage polarity applied
to the electrode of small curvature (potential electrode) aelectrode geometry. Thus,
corona mechanism, studied as early as 1929, is distingliifgiegpositive and negative
DC voltages as well as for AC voltages. The overview of eadbre® mechanism are to
be presented in this Section.

The positive DC corona may exist in several forms: burstatids, steady glow, onset
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Chapter 1. Introduction

streamer and breakdown streamer [1]. Among all these cdoynes the burst pulsation
is the corona initiation stage that disappears if applidthge goes below the onset value.
Increasing voltage from the burst pulsation stage leadsltesastained corona discharge
characterized by electron avalanches in ionization redibiese electron avalanches ex-
cite gas atoms and molecules on its way towards anode. Tlte@&atoms and molecules
turning into a stable form emit photons that give luminodsafof a discharge process as
well as cause secondary electron avalanche emission bgiphation. The discharge
process near the anode gives rise to a cloud of positive lagtift towards cathode but
their continuous production rate in ionization region ferepositive space charge that
decreases electric field strength at the anode. The elscaruh negative ions in positive
corona are swept immediately into the anode. For burst ppalsaorona form it means
extinction of ionization processes due to electric fielémsgth below the ionization level.
Once the positive space charge is swept away from the anodthea burst of discharge
will take place in reestablished ionization region. Thetar increase in voltage will lead
to space charge accumulation near the anode. The electdd&éveen positive space
charge and anode surface reduces significantly whereasotiteof this space charge cre-
ates relatively high electric field strength so that it elssqles another ionization region
nearby. As a result, new electron avalanches will grow imtfiaf the space charge and
plasma channel will develop towards the cathode. This pdadmannel is luminous and is
otherwise known as streamer. With the streamer developthembnization region prop-
agates towards the cathode. At a certain distance from thdeatne weakened electric
field strength establishes the border between ionizatidrdaft region. In the drift region
no electron avalanche development takes place and onlgntg@nation and attachment of
ions and electrons is dominant. The electrons that appeatodoackground natural pro-
cesses will be attached to the positive drifting ions nédiatrey the space charge. However,
the complete vanishing of the space charge depends on thgrbaad ionization rate.

Further increase in voltage will create conditions for glmwona discharge. It occurs
when burst pulses merge and become no longer distinguesiabé prominent character-
istic of a glow corona is the constant electric field streradttme anode surface irrespective
of further increase in voltage until breakdown streametags threshold is reached. The
breakdown streamers develop for longer distances and neyeally cause the break-
down of the air gap between electrodes. It happens whemstrdauches the surface of
the cathode.

The negative corona mechanism is similar to the positivewaitte some minor dif-
ferences. It may also exist in several forms: Trichel pulsesned after G. V. Trichel
who first studied this form of corona), negative glow, negatr positive streamer [1].
With the negative voltage applied to the small curvaturetedele the established electric
field accelerates positive ions towards the cathode (higenpial electrode) and repels
electrons and negative ions towards the anode. In the ioizgegion electrons associate
with excited atoms and molecules producing new electronsiphicating in avalanches.
Itis also known that secondary ionization process in negatrona exists in which emis-
sion of electrons occurs by impact of positive ions and ph®tmombarding the cathode
surface. By nature, negative ions exist only in electrotiegg@gases such as atmospheric
air. This is due to ability of oxygen molecules to attach &tats in low electric field drift
region forming the negative ions. The negative space chargemulating in the drift re-
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1.2. Overview of corona mechanisms in air

gion reduces electric field strength in ionization regioo, f8r the initial corona Trichel
pulses it causes the discharge extinction. Another ioioizairocess will take place only
when the cloud of negative space charge drifts away fromatiede. With an increase in
voltage all the aforementioned negative corona forms irénosn one stage to another as
was described for the positive corona mechanism. In thaitran from the glow form to
the spark breakdown the negative streamers may appeaafighthe positive streamers.
This negative streamers develop towards the anode out gfdlaecorona region.

Both negative and positive DC corona inherent processeartitfes association con-
sist of the same composition. This composition embracagation, attachment, recom-
bination and detachment processes. These so called pantociuction and loss processes
are numerously studed and presented in a wide range in fieloroha discharges. How-
ever, for simplicity and model accuracy reasons the presdssted below are considered
fundamental.

lonization in discharge plasma may be described as thereteatom or molecule
collision in which the following reaction takes place

e+ AB — ABT 4 2e

Another possible electron association with an excitedgaris described in the fol-
lowing relation

e+ A* = AT 4+ 2

The ionization process in plasma may be triggered by phaisnsell. However,for
simplicity reasons, photons will not be treated in this azsk.

The discharge in electronegative gas such as air would b&yahlaccompanied by
formation of the negative ions. This is due to ability of theygen molecules to attach
free electrons. The attachment process may be describéxt iglkowing relation

e+AB —- A+ B

For the atmospheric pressure air the attachment proceaByuswolves three bodies
association (electron, oxygen and impurity gas molecutesent in air) instead of two
(electron and oxygen molecule) for low pressures.

The electron-ion dissociative recombination processrdmrties to electrons and pos-
itive ions loss in the corona plasma. It is described as\idlo

e+ ABT — A+ B*

For atmospheric pressure air, electron-ion recombinatcars primarily in two body
collision whereas for high pressures it may involve treeibsdElectron disappearance
may also occur in radiative electron-ion recombinatiort fflays major role in highly
ionized spark channels. In this project, however, dissvei@ecombination of electrons
and ions will be considered only.

The ion-ion recombination involving positive and negatoes, similar to the electron-
ion recombination, may occur either in two or tree body asdimn. The rate of ions as-
sociation is pressure and temperature dependent [1]. Earuthrent study the following
two body ion-ion recombination process will be considered
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A"+ BT" > A+ B*

The excess of energy in such two body collision is absorbedr®y of the ions in
transition to the excited state.

The inverse process for attachment is the electron detadhritenay be of three
different origins. First one is an associative detachmehen electron is produced out of
the oxygen ion and oxygen atom or carbon dioxide moleculeticea

A"+ B — AB+e

Another origin is for collisional detachment, when ion areltral particle collide
producing electron

AB™+M — AB+ M +e

Finally, photodetachment described first time by Masse@B8Imay be considered as
the secondary feedback mechanism in electron productidmeagative ion loss process.
Many authors have given rather versatile conclusions daggudetachment processes in
air plasma. Therefore, for the simulation model used intés&arch, necessary approxi-
mations will be stated.

Talking about particles movement when subjected to anreddatld, two distinctive
transport mechanisms affect the electrons and ions rébogatamely drift and diffusion.
Drift of electrons and ions is a transport of mass, parafiedr electric field vector lines
and with a velocity proportional to an electric field. In a e electric field electrons
and negative ions as carriers of negative charge drift tdsvanode (potential electrode)
whereas positive ions drift towards cathode (groundedtrelée). The opposite direc-
tion of particle drift occurs in a negative electric field fiDsion is a natural phenomena
of particle redistribution from the region of higher contration to the region of lower
concentration. In mathematical model it is characterizgdliiffusion coefficient being
negative gradient of the particle concentration.

1.3 Research objectives

To understand physical mechanisms and to explain the sesbittined experimentally,
computer modeling of the corona discharges is to be condurcthe present MSc thesis
work. It is expected that the developed computer modelagbegrified against the exper-
imental data, will provide an accurate description of theona physics for the specified
conditions. The overall analysis and mathematical deseripf the simulation model
will be of great use for solving large scale HV equipment gegiroblems.

In order to build successful corona simulation model thdt aliow to analyze the
corona measured data for large scale coaxial cylindricstesy the following steps will
be undertaken in the scope of this thesis:

e Studying existing corona modelling approach

e Developing a computer model



1.3. Research objectives

e Simulations of corona under triangular voltages in thedacale electrode system
¢ \erification of the simulation results against measuredarcurrents

e Investigation of parameters affecting corona currents
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Chapter 2

Experiments on corona in air under
alternating voltages

2.1 Corona at power frequency and other types of stresses

The AC corona is usually considered as the power frequenneoin the range of 1-
60 Hz alternating voltages. High-frequency corona studresalso of particular interest
in scientific world, however, are not to be discussed in threetu thesis.

Alternating voltages give rise to corona discharge cusrexst frequency and space
charge build-up [2]. The magnitude and the distributiorhef fatter are changing in time
with the change of voltage polarity. Moreover, the spacegdanovement under alter-
nating voltages is registered as the displacement cumeatidition to the conduction
current. Apart from displacement current, the change dbga derivative in time causes
capacitive current component defined by the geometricalatgnce of the system.

The frequency of the applied voltage and the gap length tweo electrodes play
major role in shaping AC corona discharge currents. If eiffeguency or inter-electrode
distance makes electrons and ions unable to cross the gaff ia tycle, the accumula-
tion of a space charge will take place leading to field digtarind lowering of corona
onset voltage [2]. If electrons and ions have sufficient ttmé&averse the gap between
electrodes, the discharge behavior would be similar to eneustatic conditions. This
way, the field distribution would become more uniform andrabination losses would
increase due to longer time of particle association in thfereigion.

2.2 Corona under triangular voltages

Series of experiments have been conducted recently at ABBoCate Research (Vasteras,
Sweden) to investigate behavior of space charges in conoder wvell-controlled condi-
tions. For this, discharges were arranged in a large scaldalelectrode system with di-
mensions, which are of interest for industrial applicasiofhe inner electrode used was a
thin wire of diameterl = 0.26 mm. As an outer electrode the cylindrical metallic cage was
used with diameteD = 1000 mm. Additional outer cage of the diametBy,,; = 2.5 m
was used for noise elimination in the measurements. Théheighe coaxial system was
2.5 m. With such electrodes dimensions the highly inhomogesetectric field distribu-

7



Chapter 2. Experiments on corona in air under alternatirtgges

tion was achieved. The measurement of the current at the gudended electrode was
performed by Keithley electrometer 6517A and was recordagieCroy oscilloscope.
The principal drawing of the experimental system set-upn@a\s in Fig. 2.1.

outer electrode .
(grounded cage) ¢’

- current amp.

Fig. 2.1 Coaxial electrode setup for experiment

Although the experiment on coaxial arrangement has beeduobed with the test
voltages of DC and AC origin, the latter with varied frequgnange from 1 Hz to 50 Hz
is of particular interest for the current research. The AGage applied to the wire was
of triangular shape and of 20 kV magnitude. This way, the toriggrow and decay rate
of the potential made it possible to use the recorded cunu@tage characteristics for an
accurate analysis in the simulation stage. The curren&gelcharacteristics of selected
frequencies are shown in Fig. 2.2.

As seen, the triangular shape voltage applied to the coabdelrode system results in
“butterfly-like” shape of the current-voltage charactecisf the AC corona discharge.

200 -

150F| —~ 10 Hz '

100 | /

Current (uA)

-100 [t / .
|
|
!

-150 -

-200 [ i L I L L 1

5 0 5
Voltage (kV)

Fig. 2.2 Current-voltage characteristics obtained in ttpeament



2.2. Corona under triangular voltages

Itis clearly illustrated that the higher the frequency,ltwer the corona onset voltage.
This effect is caused by space charge accumulation and tiameement of the electric
field at the wire [2]. Besides the higher magnitude of theenirrthe bump at the positive
half period (in the transition between steep current risg i flattening) is observed
which becomes more pronounced at higher frequencies.

The presented records of AC corona currents will be furtilsedun simulation stage
as the material to study and analyze the charge carriersvdgady means of different
characteristic dependencies plotted in time, space awtrieléeld domains. Ultimately,
the match of experimental current-voltage charactesstitd the ones obtained in simu-
lation is expected by adjusting the corona model parameters
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Chapter 3

Model description

3.1 Hydrodynamic (drift-diffusion) model

In this section the general approach of corona dischargelnuoglis to be described. For
simplicity reason all the relations that embrace the erogily obtained parameters and
their references are to be presented in section 3.3.

The physical system of corona discharge can be describedlbpde equation. The
general form of such equation is as follows

Ziv.r=s5 (3.1)

wheren stands for particle species densifystands for flux and is the source term.
All the variables stated in (3.1) are functions of space and.t
The fluxI" in (3.1) consists of two terms, namely drift and diffusivexgis.

I'=puEn— DVn (3.2)

The drift flux in (3.2) is characterized by the particle makil, and is proportional
to the applied electric field. Diffusive term in (3.2) is characterized by gradient of the
particle density and the diffusion coefficiebt

The source term in (3.1) accounts for multiple reactions thke place in corona
plasma. In these reactions, particles are either creatddstroyed. Each reaction would
be described later considering particular particle sgecie

Summarizing continuity equation for each particle spearas taking behavior of the
particle fluxes into account, the final hydrodynamic modellbadescribed by three equa-
tions as follows

8871"’ + V- (—naw, — D.Vn,) = S, (3.3)
ony
W + AV (npwp — Danp) = Sp (34)
on,,
T +V - (=n,w, — D,Vn,) =5, (3.5)

wheree,p andn subscripts denote electrons, positive and negative iapectively;
w is the product of: £ which gives the particle drift velocity in the field applied.
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Chapter 3. Model description

The diffusion coefficient for positive and negative ions 32) is defined by the fol-
lowing relation

T
q
whereT' is the corresponding ion temperatukg, is the Boltzmann constant and
is the elementary charge. The field dependent ion temperataumr be evaluated by the
following relation

1
kpT = kpT, + g(mi +m)w? (3.7)

here,m; andm are ion and molecule masses respectivélyis the air temperature
andw is the ion drift velocity in an electric field.

The diffusion coefficientD, for electrons is used as in tabulated values for a specific
reduced electric filedZ/n and interpolated for the whole range of electric field values
established between electrodes. The reference valueBusidn coefficient are given in
Appendix A.

Since electric filed between electrodes will experienceodi®n by the space charge
accumulation in an inter-electrode space, it is to be catedl solving the Poisson equa-
tion

V- (eVo) = —q(n, —ne —ny,) (3.8)

wheree is the absolute permittivity of an air.

E=-Vé (3.9)

Source terms in (3.3), (3.4) and (3.5) as was mentionedeeaalie the sums of the
relevant reactions during which particle species are eceat destroyed. Even though
there are tens or even hundreds of reactions that occur amagrocess, some of these
reactions dominate over the others. Therefore, for eachyebaspecies the following
approximation holds true

Se - RO + Rion + Rdet - Riic - Ratt (310)
S, = Ro + Rin — R — RYI. (3.11)
Sn = Ray — Raer — R:«iec (312)

here, R, is the rate of background ionizatioR,,,, is the rate of ionizationR.; is
the rate of electron detachment from the negative ion whtarlaollides with a gas
molecule,R,; is the rate of electron attachment to the neutral particde gives birth to
negative ion R is the electron-ion recombination rate aRf],. is the same for ion-ion
recombination.

Each of the reactions mentioned are the products of theinggmarticle densities and

the rate coefficient. Thus, the rate of ionization is cali®daas follows

12



3.2. Calculation of discharge current

Rion = anw, (3.13)

here,« is the first ionization coefficient tabulated values of whare given in the
appendix.

The rate of electron attachment in turn is the product of titechment coefficient,
electron density and electron velocity. The attachmentfictent  is also given in the
appendix.

Ratt = NNeWe (3 14)

Rates of ion-ion and electron-ion recombination are cateul by the following rela-
tion

R, = Binpn, (3.15)
Rifﬁc = BEinenp (316)
whereg;; andj,; are the ion-ion and electron-ion recombination coeffiggrspec-

tively.
The last significant reaction in corona plasma is the ratdéezt®n detachment from
the negative ions. It is calculated as follows

Rdet = kdethn (317)

here, k. is the detachment coefficieny] is the gas density. Multiplying by the gas
density in (3.17) the detachment of electrons due to coliisif negative ions with gas
molecules is considered.

Some of the parameters in the model depend on the air preasdréemperature.
These are gas density and ion mobilitieg:, andy,,. Therefore, the following holds true
for gas density

P
N = T (3.18)

where pressur® is given in [Pa] and temperatuieis in [K].

The ion mobilities values, in turn, need to be divided by treéaair densityd calcu-
lated as follows

TO P
0= TT (3.19)

here, T, and P, are reference values of temperature and pressure, whErand P

are their current values.

3.2 Calculation of discharge current

The current that is measured at the grounded electrodestsrtdi several terms. The
first, called conductive, is caused by movement of partictessing the inter-electrode
distance and flowing into the ground through the amperemietserdescribed as follows

13



Chapter 3. Model description

A- q- E(np,up — Nelle — nn,un) = dcond (320)

whereA is the area of the grounded electrode.

Another term contributing to the total current is the digpl@ent current. This current
itself may be divided into two contributing terms, namelypaaitive term and charge
term. The former exists only if the time derivative of the kg voltage is greater than
zero. The latter exists when moving particles are presahtimir gap between electrodes
that causes the variation of electric field. These two dptzent current components are
described as follows

dU 2 -H dU

T R dE e (3-21)
OF
A- (EW) = Liisy (3.22)

Thus, the actual total current that can be measured at thgade is the arithmetic
sum of three contributing terms

Itotal = Icond + Idisp - Icap (323)

3.3 Selection of input parameters

Numerous scientific publications are available today bénmegsource for corona model
parameters. These parameters (ion mobilities, rates ofrreination, electron mean en-
ergies, etc.) have been extensively studied so that theurate values is just a matter
of choice. Therefore, all of the parameters and constamengn this section have been
selected on first choice basis with intention to alter thenttie best fit of experimental
results into the simulation ones.

To begin with, the field-dependent electron charactedshcir can be analyzed for
selection purposes. There are definitely discrepancies@rdiferent author’s stating
the experimentally obtained electron characteristica.déttese discrepancies may be no
more than just a consequence of different equipment usectauodlation techniques.
Some authors [3] [4], however, are considered to give thet mebsble data that have
been adopted for the current studies.

Yet another problem in selecting the right electron fielgetedent characteristics lies
within the value of air humidity for which these parameteasl lheen obtained. Humidity
of air increases attachment of electrons in corona plasomréducing the intensity of
corona and altering an onset voltage [5] [6]. It also affélesionization coefficient and
electrons drift velocity [6] [7]. Later, considering humar as a mixture of dry air and
water vapour, the mathematical approach to derive exactrefeparameters for different
relative air humidity values had been proposed [8] [9] [10]order to use this approach
in current studies the electron parameters for dry air artdiwapour must be available in
broad range of electric field. Unfortunately, the attemptsdnduct such measurements
in water vapor were made for narrow ranges of electric fietdd,applicable to current

14



3.3. Selection of input parameters

studies. Therefore, the approximation will be stated heredat the air dry for all the
electron parameters used further.

The reduced ionizatiom(/ N) and attachment;)(/ N) coefficients, electron drift ve-
locity (w.) and characteristic energy)( 1) as functions of reduced electric field are re-
produced in Fig. 3.1 through 3.3. The tabulated values cfelparameters are given in
Table 1, Appendix A. They will be used in derivation @f n, electron mobility.. and
electron diffusion coefficienD, for the given stresses in the inter-electrode space.

T T T T

—— eta/N
10720 | | — alpha/N

10'21 =

10-22 -

alpha/N (m~2)
/

10-23 -

10-24 =

1 +H
10° 10! 10? 10°
E/N (Td)

Fig. 3.1 Calculated values of/ N andn/N as a function o /N for dry air
The Townsend breakdown mechanism incorporates secorataraiion coefficienty

(for negative corona). This coefficient is the fraction o fhositive ions bombarding the
cathode and thus dislodging new electrons out of the cathodace.

500000 ! ! ! A

T

200000 B

T

T

100000 b

(m/s)

T

50000 b

Drift velocity

20000 - B

10000 - b

5000 [ B

1 1 1
10° 10* 10? 10°
E/N (Td)

Fig. 3.2 Calculated values of electron drift velocity as adtion of £/N for dry air
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x1072°

100 - b

50 - b

D/mu (eV)

20 - b

10 - b

5 |- —
1 1 1
10° 10* 10?
E/N (Td)

Fig. 3.3 Calculated values of electron characteristicgnér/p as a function of2 /N for dry air

It may also be a result of metastable molecules bombardnfemtcathode or even
photoeffect caused by photons. Studies presented in [fbjest thaty strongly depends
on electrode material and its surface roughness. Whera@asioa values fory are scat-
tered within10~ to 10~* range, some authors suggested be less tham0~*. Therefore,
this coefficient value is to be verified and model sensititatyariations ofy coefficient
is to be presented in Section 4.2.

lon mobilities are considered to be independent of elefitrid [12]. According to [12],
mobilities of positive and negative ions a2e) - 10~* and 2.7 - 10~* m?/V-s respec-
tively. Another research [13] has revealed the average iohilities to be1.36 - 1074
and1.56 - 10~* m?/V-s for positive and negative species respectively. Thegefirese
mobility values are also to be verified at the simulation stag

The ion-ion recombination rate is defined by the followinigtien [14]

1.5
By =2-107" (?’T@) [m ™25 (3.24)

where ion temperaturg can be calculated by (3.7).

For the electron-ion recombination rate in (3.16), difféaneecombination coefficients
exist depending on whether ions are of simplg (ND;, NO™) or complex (NI, Of,
N,Oj ) structure [15]. The ions of simple structure gi%ie = 5-10~* m=3 s7! coefficient.
This value will be considered in current studies.

The ion-molecule association in corona plasma gives @ectetachment from nega-
tive ions with the rate determined in (3.17). The detachroeefficientin (3.17) is defined
as follows [16]

kger =2 - 10 %exp (—62?0) [m 3571 (3.25)

whereT; is accounted for by (3.7).
All of the parameters covered in this Section are basichliymariables that are to be
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3.4. Computer implementation

verified and sensitivity analysis is to be made in order testigate their contribution to
the simulation results.

3.4 Computer implementation

In this section all the aspects of corona modelling in firkkement package COMSOL
Multiphysics is presented. For the reasons of flexibilityl @ase of model parameters
handling, COMSOL Multiphysics is considered the number dmaice for coupled par-
tial differential equations problem solving. For the cortggisimulation, the version 4.3a
of COMSOL Multiphysics was used, thus all the stages and piesrof the model im-
plementation would be explained accordingly.

At the initiation of a multiphysics problem set-up one slibaarefully consider the
dimensionality of a problem. In case of cylindrical coaveééctrode geometry the prob-
lem can be accurately resolved in 1D axisymmetrical domElis way, the left and the
right boundaries of the computational domain will reprédbe surfaces of the coaxial
electrodes whereas the whole line connecting in betwednepitesent the air where all
the corona discharge processes develop.

To begin with, in theModel Wizardwindow thelD axisymmetricspace dimension
must be selected. At the stage of adding phy&te;trostaticsnterface inAC/DCmodule
should be selected solving for (3.8) together WitAnsport of Diluted Speciesterface in
Chemical Species Transpartodule, one for each equation (3.3)-(3.5). Finally, Tivee
Dependenstudy type must be selected.

After Model Wizardstage has been completed, one can switch to specifying tdelmo
geometry inModel Buildertab. In coaxial electrodes arrangement the computatianal d
main is a straight line as shown in Fig. 3.4.

o Y R By T oy T TR R T Ty
L high potential electrode grounded electrode

Fig. 3.4 1D axisymmetrical computational domain: coaxidindrical electrodes

For the convenience purpose, the dependent variablesdsfuven eachTransport
of Diluted Speciesnterface can be renamed & pos and neg denoting concentration
of electrons, positive and negative ions respectivelys lalso important to change to
Conservative fornin Advanced Settingsb provided that advanced physics options are
shown in the model window. The conservative form option nsake drift flux term in
(3.2) appear under differential operator as in (3.1).
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Chapter 3. Model description

Next step is to specify the model parameters. This is donerégtiog a group of
nodes inGlobal Definitiondbranch. Here, nodearameterswill contain all the constants

provided for the model as shown in Fig. 3.5.

Pi Parameters

~ Parameters

Name

| Expression

Value

Description

kb

q

po

TO

Pg

tg

N

delta
no

RO
gamma
mu_p
mu_n
beta_ei
m_n
m_e
m_g
m_p
ad_p
w

f
u_amp
eps0

1.38E-23[J*K~-1]
1.6E-19[C]

101325[Pa]

293[K]

760

293[K]
(pg*133.3[Pa])/(kb*tg)
TO*(pg*133.3[Pal)/(tg*p0)
1000000000
17000000[m~-3%s~-1]
0.00001
(2.0e-4[m~2/(V*s)])/delta
(2.7e-4[m~2/(V*s)])/delta
Se-14[m~3/s]
5.3E-26[kg]
9.109E-31[kg]

m_n-m_e

m_g-m_e

0.4

2*pi*f[rad*s/s]

50[Hz]

20000[V]
8.85418782e-12

w0 E

1.3800E-23 J/K
1.6000E-19 C
1.0133ES Pa
293.00K

760.00

293.00K
2.5055E25 1/ms*
0.99983

1.0000E9
1.7000E7 1/(m3°s)
1.0000E-5
2.0003E-4 m2/(V's)
2.7005E-4 m2/(V's)
5.0000E-14 m3/s
5.3000E-26 kg
9.1090E-31 kg
5.2999E-26 kg
5.2998E-26 kg
0.40000

314.16 rad/s
50.000 Hz
20000V
8.8542E-12

Boltzmann constant

elementary charge

reference pressure, Pa

reference temperature, K
current pressure, Torr

current tempreature, K

gas density

air relative density

initial concentration of ions

rate of background ionization, 1/(m3s)
coefficient of secondary emission
mobiity of pos ions, m2/Vs
mobiity of neg ions, m2/Vs
electron-ion recombination coefficient, m3/s
mass of 02-ion

mass of electron

mass of 02 molecule

mass of 02+ ion

stabiization factor

angular frequency

wave frequency

voltage amplitude

permittivity of free space

Fig. 3.5 Model parameters in Global Definitions menu

|» |

Another nodeVariablesshown in Fig. 3.6 will contain all the parameters and ex-
pressions that directly or indirectly depend on electrildfighus, the COMSOL in-built
variable namess.normErom Electrostaticanterface is used to build such expressions.
The boundary conditional expressions that formulate tHd iependent direction of a
particle conductive flux can be also defined in Magiablesnode.

Some of the variables such asandn coefficients, electron velocity and elec-
tron diffusion coefficientD, used in (3.3) and (3.13)-(3.14) are to be calculated from the
available functions where reduced electric fieliN, Tdis an argument. For this purpose,
tabulated values of ionization/ N (£ /N) and attachmeni/N (E/N) coefficients, char-
acteristic energyD. /u.(E/N) and electron drift velocityw.(£/N) can be defined as
Interpolationfunctions in corresponding nodes. Configuring interpolafunctions, the
Piecewise Cubimterpolation andConstanextrapolation methods must be selected. Dur-
ing the problem computation stage the dependency of thétsaguon correct units for
ArgumentandFunctionfields in interpolation function set-up was noticed. Theautated
values of the variables defined as interpolation functisagg&ven in the Appendix.

The last useful node to create at tBbal Definitionsbranch is theNavefornfunc-
tion that can be greatly utilized for potential waveform kgxbto the high voltage elec-
trode. This waveform function gives possibility to smodth transition zone of the wave-
form where function derivative changes sign, for instaeettiangular shape function.
Otherwise, having sharp edges of the potential waveformaveneate computational in-

stabilities.
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3.4. Computer implementation

Now that all the expressions, variables and parametersedireed, one can assign the
corresponding names of the parameters in the default nGdasection and Diffusion
andInitial Valuesin Transport of Diluted Specidaterface. Then, create new nod&e-
actions to specify the source for the particlelux, to assign the boundary conditional
expression, one for each boundary. Repeat the procedutieefiectrostaticanterface,
specifying the parameters Electric Potentia] GroundandSpace Charge Densityodes.

After configuring physics interfaces, the model geometrysithe meshed with fi-
nite elements. Due to inhomogeneous distribution, thepsgeadient of the electric field
close to the high potential electrode is expected. Thust nfdke reactions and particle
movements must be accurately resolved by mesh high resolirtithis ionization re-
gion. The mesh density for the rest of the domain is prefeiwdzke kept low. To achieve
fine meshing, thdistribution node must be used iMeshbranch. This particular node
makes it possible to create adaptive meshing through dgfidinmber of elementiseld
and then setting uglement ratidor the high potential electrode boundary to increase the
distribution density at that boundary.

2= Variables
@
~ Variables 2
Name | Expression | Unit I Description -
EN_td abs(mod1.es.Er)/N*1e21 V'm2 reduced electric field
mu_e W_e(EN_td)/max(1e-20,abs(mod1.es.Er)) m2/(V's) mobility of electrons
D_e Dmu_e(EN_td)*mu_e m2-A diffusion coefficient for electrons
alpha N*alphaN(EN_td) 1/m ionization coefficient
eta N*etaN(EN_td) 1/m attachment coefficient
T_n tg+(m_n+m_g)*((mu_n*abs(mod1.es.Er))*2)/kb/3 K temperature of negative ions, K
D_n mu_n*kb*T_n/q m2/s diffusion coefficient for negative ions
T_p tg+(m_p+m_g)*((mu_p*abs(mod1.es.Er))*2)/kb/3 K temperature of positive ions, K
D_p mu_p*kb*T_p/q m2/s diffusion coefficient for positive ions
beta_ii 2e-1: ion-ion recombination coefficient, m3 s-1
k_det detachment constant, m3 s-1
Rion abs(alpha*mod1.e*W_e(EN_td)) mol/(ms-s) ionization rate ]
Ratt abs(eta*mod1.e*W_e(EN_td)) mol/(m3's)  attachment rate
Rrec_ei  abs(beta_ei*mod1.e*mod1.pos) mol2/(m3's)  recombination rate e-i
Rrec_ii recombination rate i-i
Rdet N detachment rate
source_e source term for electrons
source_n Ratt-Rde source term for negative ions
source_p r source term for positive ions
rho g*(abs(mod1.pos)-abs(mod1.e)-abs(mod1.neg)) s’A'mol/m®  space charge density
pfux_in 0 zero boundary flux
pflux_out mod1.chds_positive.cfluxr_pos mol/(m2s) boundary convective full flux
nflux_in 0 zero boundary flux
nflux_out mod1.chds_negative.cfluxr_neg mol/(m2°s) boundary convective full flux
eflux_in  -gamma*pflux_out mol/((m2°s)  secondary electron emission flux
eflux_out mod1.chds_electron.cfluxr_e mol/(m2°s) boundary convective full flux
nflux_c... nflux_in+(-nflux_in+nflux_out)*(mod1.Esc>0) mol/(m2°s) neg ion flux at the cage boundary
pflux_c... pflux_in+(-pflux_in+pflux_out)*(mod1.Esc<0) mol/(m2s) pos ion flux at the cage boundary
eflux_c... eflux_in+(-eflux_in+eflux_out)*(mod1.Esc>0) mol/(m2s) e flux at the cage boundary
nflux_wire nflux_in+(-nflux_in+nflux_out)*(mod1.Esw>0) mol/(m2°s) neg ion flux at the wire boundary
pflux_wire pflux_in+(-pflux_in+pflux_out)*(mod1.Esw<0) mol/(m2s) pos ion flux at the wire boundary
eflux_wire eflux_in+(-eflux_in+eflux_out)*(mod1.Esw>0) mol/(m2-s) e flux at the wire boundary
wave voltage waveform Ll
I 0RE |

Fig. 3.6 Model variables in Global Definitions menu

Finally, the time-dependent solver must be configured fisrdpecific problem. Some
of the solver parameters are crucial to specify in order tom@mise computational time
and result accuracy. To begin with, several nodeStudy— Solver Configurations—
Solver— Time-Dependent Solveontain all the set-up fields to be changed if the default
parameters differ. By default, tHeirect robust solver node is offered. In this node one
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Chapter 3. Model description

can opt for three different solver types@eneraltab, depending on available computer
resources. Here, tiRARDISOwas found to outperform tltdUMSandSPOOLSsolvers.
Another important node to configure is tRally Coupled With this approach the results
of one physics fully affect the other in multiphysics prahlen this node, the nonlinear
method is the best to be set dwtomatic(Newtonn Method and Terminatiotab with
the rest parameters left unchanged. Moving one level ugrakgonfigurations must be
also done ifTfime-Dependent Solveinde. These are all the parameter3ime Stepping
tab. First of all, for the BDF method selected, free stepsridky solver together with 1e-
12 initial step are to be specified. Secondly, it is of good@ito fix the number 5 and 1
for Maximum and Minimum BDF order respectively. All of the ntened solver settings
and many others are listed in Table 3, Appendix B. On the wladter configuring all of
the aforementioned solver fields the optimization of thepted PDEs solving must be
achieved.

3.5 Computational domain and model settings

Most of the settings and parameters for simulation of commuraents under triangular
voltages are given and explained in Section 3.4. Some regessodifications of the
model though will be presented in the current Section.

For large scale coaxial geometry used in experimental satdpdescribed in Sec-
tion 2.2, the computational domain is symmetric and 1D regméation is enough for
accurate result. Thus, @eometrynode undeModelsubgroup the interval geometry el-
ement should be selected with specified left and right emdpaif 0.00013 and 0.5 m
respectively.

In Global Definitionsnode theWaveformfunction must be added for specifying the
parameters of the triangular shape potential applied tavires In particular, th@riangle
type with Smoothingset to 0.001 must be selectedRarameterdab. As for the angular
frequency,2«pixf must be indicated wherk is waveform frequency that is subject to
vary according to the experiment. The amplitude of the wawefcan be either left at the
default value 1 and controlled as a variable named, for el@mm@vewith expression
stringampxpotential(t) or directly specified in thémplitudefield. In the former option,
one should create a constant naraetpfor indicating the amplitude of the waveform and
name théWaveformfunction potentialthat, according to the aforementioned expression
string, uses timé as an argument. The triangular waveform for 20 kV amplitude a
50 Hz frequency, implemented as waveform function, is ptbih Fig. 3.7. Fig. 3.8 shows
the transition zone at the tip of the waveform, that in thisecaet to 0.001.
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20F T T T T T T T =
203
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201
10+

20+
19.9f
19.8F

19.7

Voltage (kV)
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196
19.51-
194
-10
1931

sk 192f

19.11
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.0044 0.0046 0.0048 0.005 0.0052 0.0054
Time (s) Time (s)

Fig. 3.7 Triangular voltage waveform: 20 kV, Fig. 3.8 Transition zone at the triangular wave-
50 Hz form tip

The created waveform function is further usedBlectrostaticsinterface to specify
the Electric Potential applied to the wire.

Another modification specific to the alternating voltageotar discharge modelling
is the current calculation approach. For this, in Befinitionssubgroup one can create
new Variablesnode for the entire model, where all the related expresdimnsurrent
calculation are to be specified according to the theory ptesan Section 3.2. Thus, the
variable named_tot_cagecorr in Fig. 3.9 is the implementation of the formula given
in (3.23) for the total (compensated) current measuredeatadlye of the coaxial electrode
arrangement.

a= Variables [l Mode! Library =8

Geometric Entity Selection

Geometric entity level: |Entire model ﬂ

v Variables

Name | Expression ‘ Unit ‘ Description |
J_cap -eps0¥d(Vr,t) m... sign convention!
1_cap_wire 2%pi*0.00013[m]*2.5[m]*]_cap m...

1_cap_cage 2%pi*0.5[m]*2.5[m]*]_cap m...

I_cap 0 sign convention!
Ceyl 2%pi*2.5%eps0/log(0.5/0.00013)

J_ion_cage -q*(eflux_cage) A...

J_ion_wire q*(eflux_wire) A...

I_ion_cage 2%pi*0.5[m]*2.5[m]*]_ion_cage A...

I_ion_wire 2%pi*0.00013[m]*2.5[m]*]_ion_wire A...

1_tot_cage

1_tot_cage_corr

T L RO E

Fig. 3.9 Variables and expressions specified in Definitiaderfor current calculation

The total current indicated as the source for the y axes ltegetith potential wave-
form function as the source for the x axes will generate thieeot-voltage characteristic
of the corona discharge, being set up asRbmt Graphin 1D Plot Groupof the Results
subgroup.
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Chapter 3. Model description

Besides thé/ariablesnode for the entire model, two extkéariablesnodes must be
created at th®efinitionssubgroub, that will provide the information regarding éliec
field value at the boundary, one for the wire and the other onéhke cage. For this, the
Geometric entity levdield must be selected &oundaryfor each of the two nodes. For
convenience purpose, the variable nodes can be renantsaltmarywire and bound-
ary_cageaccordingly. At theNamefield of the variables one can specify , for example,
Esw for the wire ances_c for the cage. These boundary variables are to be used iralogic
expressions for the particles convective fluxes movemehedboundaries.

The boundary conditions in computational domain are to leeifipd by the logical
expressions defined either globally or locally. There axdagjical expressions, three for
each boundary embracing three different species of pastiélll the expressions defined
globally are listed below

for negative ions at the cage boundary:
nfl ux_i n+(-nfl ux_i n+nfl ux_out) *(nodl. Esc>0)

for positive ions at the cage boundary:
pfl ux_i n+(-pfl ux_i n+pfl ux_out) *(nodl. Esc<0)

for electrons at the cage boundary:
ef l ux_i n+(-efl ux_int+tefl ux_out)*(nmodl. Esc>0)

for negative ions at the wire boundary:
nfl ux_i n+(-nfl ux_i n+nfl ux_out) *( nod1. Esw>0)

for positive ions at the wire boundary:
pf I ux_i n+(-pfl ux_i n+pfl ux_out) *(nodl. Esw<0)

for electrons at the wire boundary:
ef l ux_i n+(-efl ux_in+tefl ux_out)*(nmodl. Esw>0)

Here,nf |l ux_i n andnf | ux_out denote the conductive fluxes of negative ions
with particular sign depending on whether ions inflow or awfthe boundary. The same
applies to the fluxes of positive ions and electrons. Theeefaccording to the expres-
sions, the sign of an electric field at the boundary contiwésdirection of the particles
movement. If the electric field is positive, the convectivfbf the negative ions inflows
the boundaries. No inward or outward flux exists for the nggabns at the boundaries
once electric field becomes negative. The opposite worksdsitive ions. As for the elec-
trons, these behave the same way as negative ions excefirthagative electric fields
the boundary expressions provide the mechanism of secpratazation through incor-
poratingy coefficient. The necessary constants that will help to amellge syntax in the
logical expressions can be obtained from Fig. 3.6. Ultityatkee names given for the log-
ical expressions are to be used for specification of inwarsdgefun Transport of Diluted
Speciesnterfaces, one Flux node for each boundary in each pattipkeinterface.
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Chapter 4

Simulations of corona discharges in a
large scale geometry

4.1 Model validation

Now, when the computer model based on theory described itioec3.1 through 3.3
has been implemented in COMSOL according to Sections 3.8 &ndhe first simulation
results can be obtained and analysis made on several plots.

It is quite illustrative to use 50 Hz triangular voltage ftwetmodel validation and
analysis. To begin with, the first four periods of the curresitage characteristic shown
in Fig. 4.1 can be studied. The discharge periods are imteaity separated by different
line types. It is clear that the first period gives small magghe of a discharge current due
to space charge created by positive and negative ions irchalige process.

T T T T T T T T T

200 -

-—-= 1st period
—— 2nd period
1501 ... 3d period

—— 4th period

100

50

Current (uA)
o

50/
-100 f
-150

-200

20

5 0 5
Voltage (kV)

Fig. 4.1 Discharge current for 50 Hz triangular voltage (#réull periods)

However, the background ionization value and initial coricagion of ions artificially
introduced into the computation domain certainly affebts $hape of the current in the
first period. Positive and negative ions accumulate in aarielectrode space forming
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Chapter 4. Simulations of corona discharges in a large gegimetry

the space charge that oscillates under alternating pateftie space charge affects the
corona onset voltage as well as the magnitude of a displatetnerent. It was noticed
that first four cycles were enough to reach the so called gt&tatk in a discharge process
when all the subsequent discharge cycles were identichetéourth one.

Another illustrative plot is given in Fig. 4.2. It is the disarge current decomposed
into three components described in Section 3.2. One magenthtat the capacitive current
has bounds at the corners. According to (3.21) the derwafithe applied triangular volt-
age should result in a capacitive current being a horizéinaht maximum and minimum
values resembling parallelepiped. The bounds, howevieg iom the voltage transition
function used to smooth the tip of the triangular wave. Thaliagtion of the smoothing
function has been described in Section 3.5. The shape obltege tip also affected the
displacement current. It is logical to conclude that thee#nansition zone over the tip of
a triangular wave potential has been present in the expetifibus resemblance of the
experimental current-voltage characteristic and the dn@wed by the simulation can be
justified in the aforementioned zone.

As for the conductive current component, it was found to gam® contribution mean-
ing that no charge carriers had been flowing into the cagéretéethrough the ampereme-
ter circuit.

T T T T T T T T A
250 | — conductive ,
- displacement
200 capacitive i
150 ‘_
100 : H
Nt A
= sof T — 1
E) I A
= off —
I [ !
5 sobh
P Y
-100 £ A
150 £ |
200, |
250 F |
_3007; L 1 1 I | L i i
20 -15 10 10 15 20

5 0 5
Voltage (kV)

Fig. 4.2 Discharge current components

The plot of reduced electric field variation at the electreddaces, shown in Fig. 4.3,
explains the behavior of a space charge yet reveals thegmalbic nature of a compu-
tation for such simulation problem. The space charge thatraalates during discharge
cycles retards the electric filed zero crossing at the caggrebe. The time difference
in zero crossing between two electrodes is growing with tlesving space charge until
the size of latter reaches steady state, in this case théhfpariod and later. During the
positive half-cycle positive ions move towards the cagehesy the furthest point when
the applied voltage changes sign. Therefore, while thetivegapplied voltage immedi-
ately changes the sign of the electric filed at the wire, iesagome time for the positive
ions to reverse their movement direction and let the elefiid at the cage to be negated
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4.1. Model validation

by electrostatic conditions. The presence of a positiveesgharge in a proximity of the
cage keeps the electric field positive in the weak field regi@spective of applied volt-
age sign. The same behavior is observed during negativgbatid involving negative
ions. The length of the weak field region and none-uniforraftthe field distribution for
the simulation electrode arrangement can be observed idHig

600 [T l T T T T T T T

—— wire
—— cage (x800 scale)

|
500

|
400 - ,,
300 |
200 -

100, /

E/N (Td)

-100 |
200 F
|
-300 F |
|
|

-400 -

1 | = 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.0€
Time (s)

Fig. 4.3 Reduced electric field variation at the electrodéases

One may also notice the characteristic bound of electrid frethe beginning of dis-
charge process in each positive half-period. This boundused by local enhancement
of electric field in ionization region when negative ions aggeh the wire. It is just a
concurrence of time and spatial position of negative iomé isads to such bound in a
positive half-period and not in a negative. Consequernttly, iound in an electric field
will be reflected on a corona discharge current.

600 f T T T T .
——0.00496 s
550 H
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Inter-electrode space [m]

Fig. 4.4 Reduced electric field distribution (at first pealb@fHz waveform)
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The zero crossing of the fields at the electrodes were noticbd the cause for com-
putation slow down. Zero field in the computation domain dirmpeans zero velocity for
the charge carriers. Approaching zero field makes solvesrisiderably decrease the time
step taken to produce solution. Unfortunately, the zeresing of the field is unavoidable
and therefore such simulation of the corona discharge ualtkernating voltages takes
great resource of time. In total, it was noticed that 80% efdbmputation time was spent
on the solver finding solutions at zero field approaches.

Additionally, simulation for 1 Hz waveform showed incortsiscy of the applied
boundary conditions and resulted in computation errorgofdaing to the boundary log-
ical expressions given in Section 3.5, positive electrittlfeg the cage makes the cage
side boundary blocked for positive ions to cross it. The shassbeen applied to negative
ions with negative electric field at the boundary. Such ctowl$s worked perfectly well
for all the frequencies except 1 Hz. At low frequencies whamsiare able to cross the
inter-electrode space in half-period, in a proximity of tage they automatically block
the boundary with positive field and their excessive pilipgatithe cage occurs. The pil-
ing up of the ions at the boundary results in sharp gradiehteeoconcentrations and
ultimately solver stalls with computation error. There espiling up at the ground elec-
trode in real physics and therefore more time should be speetaborating sophisticated
boundary conditions allowing to avoid aforementioned peob

To visualize the dynamics of ions, plots of their concemrat in the gap are shown
in Fig. 4.5 through 4.8. The curves of ion concentrationsegpond to the time instants
at zero voltage, so that relative position of ions can berkleseen for different wave
periods. The growth of concentration is observed from fogbtrth period. The growth
of ions concentration justifies the growth of the displacet@irrent magnitude from
period to period, shown in Fig. 4.1. As was mentioned eather size of the space charge
formed by positive and negative ions reaches steady stéderdh wave period resulting
in identical discharge current curves for later periods.
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Fig. 4.5 Concentration of positive ions at zero voltage (2Q H
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Fig. 4.6 Concentration of positive ions at zero voltage (20 H
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Fig. 4.8 Concentration of negative ions at zero voltage (8P H

The presented characteristics in this Section proved thsistency of the developed
simulation model. The boundary conditions were succdssfalified for 50, 20, 10 and
5 Hz voltage waveforms. Simulations for 1 Hz and lower fretuies, however, should be
performed with more sophisticated boundary conditionswhkhreflect the real physics
of the ion interaction with electrode surfaces.

4.2 Sensitivity to variations of input parameters

Prior to comparison of the experimental results, preseint&eéction 2.2, with the simula-
tion, the series of tests that reveal the sensitivity of tlelehto different input parameters
need to be performed. These parameters, however, aredibytabsolute value variation
range. The range for parameter variation comply to the mstged in the literature by
different scholars.

Among the parameters that affect the voltage current ctextatic shape, the ion-ion
recombinations;;, detachment,.;, gammay coefficients together with positive, and
negativeu,, ion mobilities were selected. All the tests were perfornadD Hz triangular
voltage for the reason of the most characteristic shaps @VC.

The formula for ion-ion recombination rate in atmospher&sgsure air reported in [14]
and reproduced in (3.24) for this particular test will appeahe following form

15
Bii =k -107" (?)TE) [m=3s™] (4.1)

where k. substitutes the constant value in (3.24) and is subject teabed in the
following test.
The results of the variation of parametein (4.1) are plotted in Fig. 4.9
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Fig. 4.9 Corona CVC. Sensitivity to ion-ion recombinatiarefficient

The formula for calculation of detachment coefficient, mad in [16] and given in
(3.25) will take following form

6030
kger = k - 10" %exp <— T ) [m_33_1] (4.2)

here, parameteék is subject to be varied.

Performing the test on detachment coefficient it has beesated that the value of
k in (4.2) that originally equaled 2 in (3.25) was too high telgi coherent result. The
reason for lowering the parameteiin (4.2) is the previous assumption that detachment
of electrons from the negative ions would occur due to dolti®f negative ions with the
gas molecules. Obviously, this assumption had been gieimgigh values of detachment
rate. Thus, the parametemwas greatly reduced meaning simply that not all the molecule
dislodge the electrons from the negative ions.

Results illustrating the effect of parametein (4.2) are plotted in Fig. 4.10.
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Fig. 4.10 Corona CVC. Sensitivity to detachment coefficient

The gamma coefficien that is used to describe the second ionization effect was
another effective parameter that affected the shape ofahena discharge CVC. The
values ofy were justified in Section 3.3. The resultant curves of CV@@#d by variation
of v are plotted in Fig. 4.11.
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Fig. 4.11 Corona CVC. Sensitivity to gamma coefficient

Different authors reported rather scattered values fornmabilities in atmospheric
pressure air. This may be attributed to different equipmesetd and experiments con-
ditions. The studies reveal that the mobility of negativesidgs greater than that of the
positive, therefore, this condition is to be preserved i ¢hrrent simulations. Equally
important was to consider the lower and the upper reportegsaf ion mobilities. These
limits are also taken into account in the tests. Fig. 4. 13 4lustrate the affect of ion mo-
bilities on corona CVC. The mobility values tested are givetihe legend and denoted as
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4.2. Sensitivity to variations of input parameters

parametek.
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Fig. 4.12 Corona CVC. Sensitivity to negative ion mobility

From Fig. 4.12 two distinctive effects may be concludedst-increased negative ion
mobility gives higher amplitude of the current at positiedffperiods. This is due to lower
amount of negative ions involved in recombination procesises leaving higher concen-
tration of positive ions affecting electric field that eveally increases the displacement
current. At the negative half-period the magnitude of threemt may be affected by longer
distances ion travel at higher mobilities thus creatingdaarea of dynamically changing
electric field. Second, greater mobility of negative iongédos the corona onset voltage in
positive half-period. This is due to faster return of thadeal negative ions to the wire
after negative half-period. This faster return causes tin@ecement of electric field near
the wire and thus ionization kicks off at lower potential.
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Fig. 4.13 Corona CVC. Sensitivity to positive ion mobility
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Chapter 4. Simulations of corona discharges in a large gegimetry

In case of positive ion mobility variation plotted in Figl&.there is only one promi-
nent effect visible at the positive half-period. The in@®a@ positive ion mobility allows
for larger area of the space charge spreading that in tureases the displacement cur-
rent.

4.3 Corona current-voltage characteristics: experiment
vs. simulation

After the sensitivity analysis of the model has been peréanthe parameters that the
model was the most sensitive to, were adjusted to achieventiieh between the ex-
perimental and simulation results. It was assumed thaetbeuld be no difference in
parameters simulating for different frequencies. Thersfonce fixed at the desired value
testing for 50 Hz wave, the same parameters of the model veexkto produce the corona
discharge curves for other frequencies.

The best fit of the simulation curves to the experimental drassbeen achieved by
altering the parameters summarized in Table 4.1.

Table 4.1: Modified parameters of the model

Parameter Units | Value in literature Modified value
Positive ions mobilityy,, "}"b—i 2.0e? 1.5
Negative ions mobility;., (/”—i 2.7e¢* 1.7¢4
Secondary ionization coeffy, le3 2e°
Detachment rate coeffk,,; mTS 2e 16 . exp (—%) 2.5 . exp (—%”f])
; ; ; 3 —12 { 30 L5 12 { 300 L5
lon-ion recombination ratej;; - 2e (T) 1.5e ( T )

Among the parameters listed only ion-ion recombinatioe Ites been modified to
exceed the value stated in literature. In general, therenmasference found suggesting
possible variation of reaction rates.

The modified values of ions mobilities and secondary ioionatoefficient yielded
satisfactory result being selected within the range rejbbly already referenced schol-
ars [12] [11]. The detachment rate was greatly reduced areete to the literature value
due to the detachment mechanism assumed in the simulatidalnide simulation has
shown that association of all gas moleculésn the detachment process yielded exces-
sive number of electrons in the gap, that distorted the digghcurrent shape too much
to be fitted to the experimental case.

The match between obtained current-voltage charactigging modified parame-
ters from Table 4.1 and experimental curves are shown in4=igt through 4.17. One
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4.3. Corona current-voltage characteristics: experimensimulation

may refer to Table 3 in Appendix B as well in order to realizevhuch time it took to
produce the simulation results for each of the frequencies.

—O— experiment

— simulation

Current (uA)

0
Voltage (kV)

Fig. 4.14 Corona current-voltage characteristic for 50 fidmgular voltage

Looking at the experimental and simulation curves in Fig44ew clarifications can
be made. First, none of the parameters were found affedtmglope of the current rise
in the region after the corona onset. Second, none of them efamnging the shape of the
curve in the current decrementing region after the cororsk.p€herefore, much of the

deviation is observed in these particular regions for 50 NZCThis deviation becomes
less profound for other frequencies.
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0
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Fig. 4.15 Corona current-voltage characteristic for 20 di#mgular voltage
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Fig. 4.16 Corona current-voltage characteristic for 10 f#mngular voltage

The match plotted in Fig. 4.17 reveals inaccuracy in the expntal data as well.
Unfortunately, no rigid statements concerning the qualftthe experimental results can
be made due to the unique set of experimental data availabéath of the frequencies.
Up to a point, there was simply no possibility to select thestraxccurate data set for
the comparison purpose. Records of the potential wave eppdi the electrode in the
experiment could shed some light on the matter as well.

—0— experiment

— simulation

Current (uA)

10 15 20

0
Voltage (kV)

Fig. 4.17 Corona current-voltage characteristic for 5 kangular voltage

It is believed that the voltage waveform used in the expenirbeing compared with
the one used in the simulation could give the answers to whesaf the curves match
perfectly well and others do not. Without sufficient datanfrthe experiment, it is im-
possible to conclude whether the model restriction in tesfmascomplete set of reactions
accounted for between electrons and ions, is responsibtidorepancies.
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4.3. Corona current-voltage characteristics: experimensimulation

On the whole, there was no attempt to justify exact valuesstdd modified parame-
ters for the conditions used in the experiment. Hence, thsgmted fit of the simulation
curves to the experimental ones is considered satisfatderis’ with all the resources
available.
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Chapter 5

Conclusions

After completion of the corona simulations and analysidherlarge scale coaxial geom-
etry several findings can be summarized.

The unavailability of electron swarm parameters measuradiroad range of electric
field for different levels of air humidity and usage of those €iry air instead brings
certain inaccuracy into simulation results. Though thereawaarameters of ions had been
adjusted to the predefined air relative humidity and pressalue.

The computer implementation and simulation of the AC coron@OMSOL Mul-
tiphysics made it possible to scrutinize the physics ofthsge plasma for the experi-
mental coaxial set-up. By plotting studying parametersnret spatial and electric field
domains the formation, transport and recombination pseEsfor three generic types of
charge carriers, electrons, positive and negative ione haen fully examined. Some of
the plots have clearly illustrated the cause for the expemiiad current-voltage charac-
teristics particulars such as the shape of the capacitiuermt,) characteristic bound of
discharge current at the positive half period, etc. In adidjthe detailed sensitivity anal-
ysis of the corona parameters made it possible to achievbesiefit of the simulation
current-voltage characteristics to the experimental dBesides that, the created and val-
idated corona model for COMSOL may be fully utilized for silation and analysis of AC
corona discharges in different electrode arrangementpatshtial waveforms. Though,
the applicability of the model is restricted.

Among numerous approximations and assumptions for thel$icagion of the corona
simulation model, the boundary conditions as they were ddfiproved inconsistency for
1 Hz and lower frequencies AC waveform simulation. The samgage boundary condi-
tional expression does not reflect the real physics of the association with the metallic
surface of the grounded electrode. Therefore, at thosadrezies where ions have time to
traverse the inter-electrode space before being revessdtelapplied voltage of the op-
posite sign, they get accumulated at the cage to extremalp sftoncentrations resulting
in computation errors.

The match of the experimental current-voltage chara¢itesisvith the ones obtained
experimentally has revealed minor discrepancies in sontieeofegions of the discharge
current. None of the parameters, unfortunately, were fdoraffect those particular re-
gions. These discrepancies may be the consequence of thkason model incomplete-
ness in the sense of the particle reaction number accouatedte availability of the
triangular voltage waveform recorded data from the expeminplotted in time domain
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for all the tests conducted could bring some clarity in fimgdime real cause for mentioned
discrepancies.

After all, one should carefully consider the studying freqaies of the AC corona dis-
charges utilizing the finite element method. In order to kesoorona currents with high
accuracy the dense meshing of the geometry is needed. Ifetmee for coaxial electrode
arrangement and 1D domain set-up, this type of the problahresearch objectives set
for the thesis would be treated unsolvable by means of COMBOItiphysics.

5.1 Future work

In order to utilize the developed model for low frequencyctiarges, it is suggested to
modify the boundary conditions that will allow to avoid couatation errors due to unnat-
ural high concentrations at the cage electrode. Additlgnahe can elaborate the current
model to study the effect of air pressure and humidity on mardischarges under alter-
nating voltages. Having this realized, will allow to get ra@ccurate results simulating
for different air conditions and also make the model applie#o solve relative equipment
design problems.
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Appendix A

Table 1: Reduced ionizatiom/N and attachmenj/N coefficients, electron velocityy’
and characteristic energ. /i as a function of reduced electric field/N for dry air

(published by J.J. Lowke [3] and G.G. Raju [4])

E/N
(Td)

95
100
110
120
125
150
175
200
250
300
350
400
450
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600
1700
1800

Processor:

RAM:

n/N

(m?)

1.00E-24
2.00E-24
2.00E-23
6.20E-23
7.30E-23
1.85E-22
3.06E-22
5.21E-22
1.09E-21
1.99E-21
2.65E-21
3.68E-21
4.58E-21
5.49E-21
7.60E-21
9.08E-21
1.09E-20
1.33E-20
1.43E-20
1.51E-20
1.71E-20
1.87E-20
1.98E-20
2.06E-20
2.17E-20
2.29E-20
2.40E-20

Table 2: Characteristics of hardware used for simulations

E/N
(Td)

0.0
0.9
1.9
2.7
3.6
4.7
6.3
9.6
13.3
18.6
26.1
37.4
44.4
51.4
61.7
75.3
90.9
104.7
117.7
138.8
166.5
213.0
249.6
319.3
401.3
504.5
608.7

n/N

(m?)

6.00E-22
4.95E-22
2.46E-22
1.62E-22
1.15E-22
8.10E-23
5.93E-23
3.83E-23
2.67E-23
1.91E-23
1.39E-23
1.13E-23
1.07E-23
1.12E-23
1.48E-23
2.08E-23
2.78E-23
3.45E-23
3.88E-23
4.18E-23
4.22E-23
3.99E-23
3.53E-23
2.97E-23
2.48E-23
2.09E-23
1.84E-23

Intel(R) Core i7-2600K 3.4 GHz
32GB

E/N
(Td)

g wWwiN

16.5
20
30
40
50
70

100
200
300
400
500
600
700

D./n
(eV)
0.29
0.4
0.62
0.85
0.95
1.15
1.25
1.26
1.3
1.35
1.6
2.15
4
5.25
6.5
75
8.6
9.5

E/N
(Td)

0.3
0.4
0.6
0.8

1
2
3
4
6
8
10
20
30

100
200
300
400
500
600
700

W
(m/s)

3600
4000
4910
5780
6580
9520
11360
12760
15500
18260
21000
38000
50000
122000
200000
267000
323000
380000
439000
494000
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Appendix B

Table 3: PARDISO solver settings and approximate time spermalculations of corona
for 4 full periods of triangular voltage

Solver settings

Time stepping configuration

Method BDF

Steps taken by solver Free

Initial step 1E-12 (check)
Maximum BDF order 5

Minimum BDF order 1

Event tolerance 0.00001

Direct entry configuration

Type
Preordering algorithm

PARDISO (Time-Dependent)
Nested dissection multithreaded

Scheduling method Auto

Row preordering Check
Check error estimate Automatic
Fully Coupled entry configuration

Linear solver Direct
Nonlinear method Automatic (Newton)
Initial damping factor 1

Minimum damping factor 1.0E-4
Restriction for step size update 10

Use recovery damping factor Automatic
Recovery damping factor 0.75
Termination technique Tolerance
Maximum number of iterations 10
Tolerance factor 1

Time for simulation frequencies

50 Hz approx. 5 hours
20 Hz approx. 8 hours
10 Hz approx. 12 hours
5Hz approx. 16 hours
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