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ABSTRACT

W hen ahigh voltage is applied to electrodeimmersed in air and prowd astrongly non
uniform electric fieldcharged species such as free electrons positive and negative ions
can be createdn gasdue to corona dischargetharged species will drifin the field from one
electrode to anotherand eventually will be collectedbn dielectric surfacesf solid insulating
elements are present in thdischarge volume. The accumulated surface charges may strongly alter
the electric field distributionin the entire system intensifying insulati@geing andncreasing iskfor
flashovers.Such barge accumulations an inherent phenomenorfor DC applicatins and is also
essential in cases of varying voltages when the dimension of the air gagalerthan the travelling
distances of the charged specid®ecently,experiments have been carried oat ABB Corporate
Research in VastergSweden) where alarge scalecoaxial electrode arrangement was used to
measure the level of the corona discharge current widamgular voltage of different frequencies
were applied. The experimerg were carried out bah for free air and when dielectric barrierwas

introducedin the discharge gap

In the thesis, the experimental results obtained for the case of coronas with dielectric barrier are
analyzed lg means of computer simulations.modelwas developedhat couplespartial differential
equations describing drifand diffusion of charged species with2 A & & 2 y Q %or cBnijpdiihgi A 2 v
space charge controlleglectric field. The model accounts fiield dependentgeneration and loss of

free charges in gas and their accumulation of solid surfades modelwvas implemated in COMSOL
Multiphysics Simulations were conducted for conditioas closeas possiblgo those used in the
experiments including electrode system geometry, environmental parameters (temperature,
pressure) and shapes of the applied voltages. Speitaitaons was paid to correct representations

of boundary conditions that was found to be a key for reproducing experimental results for voltages
of low frequenges when the travelling length of ions was larg&he results obtained from the
performed simulations are in agreement witthe experimentalcoronacharacteristicsacquired ly

ABB The performed computational study allows for analyzing experimental data and provides insight

on physical mechanisms leading to experimentally observed phenomena.

Keywords: corona discharge, discharge modeling, corona cuuetdge characteristics, barrier

charge accumulatiortriangular voltage, corona discharge simulation.
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CHAPTER
1

INTRODUCTION

orona discharges have been a topic of studies for a long time, and while being nuisance for
Ctransmission companies, it has a wide arrange of industrial applications. Excessive studies of
the phenomenonhave rendered a extensive amount of empirical data moerninggaseous media.
This thesis aims to shed some light upon the topic of modelling of corona currents. In the
introduction chapter, a background to the problem as well as the aim of the thesis and the method of

executionare described.

1.1. BACKGROUND

Compehensive studies have been carried out on the impact of charge accumulation on dielectric
surfaces and their effects on the electric field strength whdrighn DGvoltage is used. In contrast to
that, not as many studies have been performed faternating voltages of different shapes
(triangular, squared, PWM) which appear in emerging applications due to the used op power
electronic devicesThis is of greatmportancewhen it comes todesigning such componentike
bushings and bushing insulation. It tteerefore necessaryto study how charges accumulatan
insulating materials, and to conclude how these charges affect the mabtatianlyin a long run but

also in shorterm with an increasing risk for flashovers.

ABBCorporate Research in Vasterdas conducted experiments where the dynamic behavior of
charge carriers produced by corona has been studied. The experiment was carriedasgestale
coaxialgeometry, utilizing a thin wir@as a corona electrode surrounded by an extergajunded
cylinde (1 m in diameteyfurther details are provided ithapter 3) The experiment waperformed
with two setups one where both electrodes were immerseit free air and one where the wire was
suspended inside a cylindrical insulat@VCtube), separatingthe gas gap into two parts

A triangular voltage of different magnitudesnd frequencies was applieloetween the wire and

external cylinder andesulting corona currents were measured.



To evaluae the results of the experimenand to be able to draw conclish on how different
parameters influence the resulit is complicated to only use the experimental results. Therefore, a
FEMmodel is constructed, where variables easily canaliered and the resulting impact on the
corona discharge current can be asss(FEM, or Finite Element Method, is a numerical method to

solve partial differential equations

In a previous thesis, carriedut by Georgii Karman ifl], a FEMmodel has been developed to
analyzethe experiments forcorona fromthe wire in free ai under triangular voltagesf higher
frequencies The presenthesis can be viewed as a contaiion of the work byG.Karman, but focus

will instead be directed to modelling of lower frequencies with anthatt the cylindrical insulator.

1.2. AM
The aim of the thesis is to develdpe model further by refining boundary conditions and
computational paameters to provide result focorona at alternating triangular voltages tiw
frequency (below 10 Hz) Since low frequency voltages provide a more intricate simulation
environment it is of outmost importance that correct boundary conditions are provideidice the
voltage utilized ishangingpolarity, it imposes further problemmof how to deal with the change of
the electric field. This is one of the problems this thesis aims to provide a solutioWfem a PVC
barrier is included in the discharge volume, it is even more important that the boundary conditions at
its surfacegunction in a satisfying way, making sure that charged species are allowed to accumulate

and move awayvith change opolarity, as they should.

Another problem when modelling this type of corona dischargesthe great amount of
computational power and time needed to resolve a solution. By refining the meshing in certain
computatioral areas an@llowing for a coarser mesh in othareas the computational time can be
reduced. However, it is still important to allow a me&h be fine enough to get an accate

resolution to the solution.

1.3. LAYOUT
The master thesis project will be divided irfige parts. Thefirst part describes and decusses the
theoretical physics involved and describes the processes of greater interest in a corona discharge.
The second part describes an experimental setup of corona discharge geometry anestitts
obtained from this experiment. Ehthird part descibes how a mathematicalsimulation modelis

constructed and implemented intthe FEMmodeling software. In the fourth part results obtained



from the simulationswill be presentedand discussd. Finally, in the fifthpart, conclusionsare drawn

and ashort discussiolis providedabout how the model can be developed further.

During project executiorliterature studieswere carried out to collect information about the physical
processes involved in the corona dischamyed how these are described matmatically. Also,

different available sets afatafor parametersof the modelwere analyzed






CHAPTER
2

CORONATHEORY

n a uniformelectricfield, exceeding thelielectric strength of the surrounding media usually leads
I to a conplete electric breakdowi2]. If the field distribution between electrodes is stronglgn-
uniform, e.g.in point-plane, sphereplane or coaxial cylindsgeometries,electrical discharges will

be observed befora completebreakdown takes place. These discharges, or partial breakdowns, are
O2YY2ytfée RSAONAROSR o6& GKS GSNY WO2NRYI Qo

Certain conditions must be met for corona discharge to take place. As mentioned ahevigld
distribution must be noruniform, thus preventing complete breakdown of gap. The voltage applied
to the corona electrodemust be high enough to ensure electrifield strength high enough to
initializeionization of the msulatinggasmedium. In practice,coronadischarges areommonlyfound

at high voltage power lines, or in apparatus begxposed to high voltage stressd areusually
consideredio be aproblem. However, coronaanalsobe utilized in certain industrial applications,

e.g. highspeed printing, electrostatic precipitators or Geigeuoters|2].

Coronas care dividedinto impulse coronas and static field coronas. The first takes place when the

voltage level surpasses corona onset voltage for a short duration of time, while the latter occurs
when the onset voltage is surpassed over a longer period of time. With the longer time period

phenomena of space charge drift and accumulattan be obserd. Coronas can also beassified

aspositiveor negativedepending orthe polarity of the potential appliedto the corona electrode

This chapter aims to describe physical proges®orona discharge, as well asgive a brief overview

of the underlyirg theory.Physical processes that are of greater significdnceorona in airsuch as
ionizationof neutral moleculesformation and destruction of negative ion®nic recombinationwill

be defined and discussed togethesith descriptionsof how theseprocesses can be applied in a
theoretical drift-diffusion corona model/ 2 STFFAOASyYy (ia 2F AYLERNILIyOS:

second ionization coefficient will be briefly introduced, as well as physical occurrences such as the

Q)¢



importance of the electd field strength, surface chargad space charge arfllixes of ions and how
these must be combined to formulate suitable boundary conditions. Firatheory of how corona

discharge currents can be calculated willdresented

2.1. GASLAWS
To get a betterunderdanding of corona discharget is important to have a clegpicture of the
physical processes involvaldost gaseexposed tonormal temperature angressure abideslassic
thermodynamic lawslf no external electric or magnet field applied to ggaseousnedium,the gas
is in equilibrium meaning that equamount ofionizing and decagg processedake place.Classic
gas laws state thdor a constant amount of gas at constant temperature, the product of presgure

and volumenis constani.e.

N Q¢ &8 o ()
Through mathematical deriviains,e.g.[2], the equation(1) can be expressed as

n 07QY @

where 6 denotes gas densityQ A a . 2f (1 YI y ¥ Q8804002 /&K, landity is the

temperature.

Since agreat numberof reference values usefbr high voltage computationssiderived from
empirical data, itmight benecessary to make corcgons for differences in atmospheric conditions
between different experiments. Corrections for discrepancies in temperature and pressure are
accounted for bythe usageof the relative air densityfactor. The elative air densitys denoted by

and is calculated as

1T = 3)

where Y isthe reference temperature € 293 °K)i) is thereference pressure£ 101325 kPa), and

“Yandn arethe actual temperature and pressure respectively.

2.2. BACKGROUNDONIZATION
Air, at normal temperature and prasire,acts as goodinsulatorwith the electric conductivityn the
region of10™ ¢ 10™ S/m[2]. This background conductivity exists dueattinal number (~1om?) of
free charged species (typically ions) createdcbgmic radiation and radioactivaibstancesthe so-

called backgrouh ionizationwith a characteristic ratey,. The rate of background ionization differs



depending on thesurrounding environment. Thus, for electronion pair appearancen air with
normal concentration levels of radorit is 'Y ¥ 1 - 10 ion pairs crit s*, with a corresponding
maximumion pair concentratiore ¥ 3wgl0* cm® at equilibrium [3][4]. In the absence of an
externally appliecklectric field, the ionizatioprocesds counteracted byadecay processesndthus

equilibrium is gstained

Eachion pair carriesa chargey that equals to the elementary charge @f6-10"° C assuminghat

singly ionized atoms/moleculedominate t dzNB dzk yiG (2 [/ 2dZ 2Yo6Qa 62

experiencean electrostatidorces whensubjected toan electric field F according to

3 N8 @)

The forceq will create a drift motionfor the ions in the gas. Theorrespondingvelocity < of the

drifting particles igjivenby
- ®)

where ' is the mobility of the particleParticles moving randoiyin the gasexperience collisions
which can beelastic or inelasticln a weakelectric fidd, elastic collisions dominate. This meahat

the collisions are purely mechanicatsulting inkinetic energy exchange. Inelastic collisions means
that there is an energytransfer from kinetc energy into potential energgetween the strikng and
colliding particle and vice versalnelastic collisions include for example ionizatiaiectron

attachment and detachment.
The eergyw gained by a particléhat ismovinga distance_isdescribed by

w no_ ©)

wherethe free path_is

_ 0, 8 ™

Here,b isthe density of gas moleculesd, isthe crosssection of the proces®By using2) in (7)
together witha typical scattering crossection,, ¥ "M am’ at normalpressure and temperaturet

yieldsa free path_=4-10*cm[3].

By combinind KYQa f I &

o IF (8)

0 K



and the expression fahe total current density

o ©)
Theconductivityof the gass obtainedas
gn: 8 (10)

Snce air isa fairly electronegativegas, free electronslo not existfor a longtime and, hence the
mobility of electrons can be disregardedy wsing(10) to calculatethe conductivity of air, due
to the backgroundonization’y , the magnitude of p m S/mcan beobtained. This values agood

matchwith existingliterature [2][5].

2.3. IONIZATIONDETACHMENTATTACHMENTAND RECOMBINATION
If an external electric fidlis applied, charged particl@sthe gas will start to movim the direction of
the field. With an increase of field strength, the velocity of the charged particles will increase
according to(5), thus allowing particles to accumulate higher energigsle travellingthe free
path_. At high enough energy levelsollisions will witch from beingmostly elasticand insteadbe
dominated by inelastic oes, i.e.an energy transfer between thavolvedparticles will take place.
The procesghat is of greater interestwhen studyingelectrical discharge is the ionization of gas

molecules takig place due to electron impaff].

Equation(6) can be used to describe the average enabggn electron gairover themean free path
_fin the diredion of the field, according to 1} Q. If the meanenergyw exceeds the ionization
energy of the moleculegzy, when impact takes place it will eventuate in ionizatiolf the energy
insteadis not high enough, thetruck particle may get exciteghdtherefore render the opportunity
to get ionized upon impact with aext electron of less energy. Thelectron impactionization

process can simply be describasl
Q b80Q Q o

where'Q 6 and o denotes electron, atom/molecule and positive ion respectivélg. mentioned
earlier, electron impact will naalways result inonization, but insteadgnight lead toexcitationof the

struck particle. The excitation process can be described as

Q 8 Q0 MEWHOm b’



where 6° denotes a excited atom or molecule. If the exited particle is once again struck by an

electron in what is known as stewise ionizationijt can get ionized according to
Q 6°°Q Q 88

Another scenario is that the excited particle will recover from the excited sthtes, radiate energy
as a photori®. Thishappens within a time range dfo’ ¢ 10™ s. If the radiated photon strikes a

particle with ionizing energy low enougionization will take place according to
0 WoOo 0Q

which is known as photoionizatiokdditional ionization processeghat may lead tooccurrence of

free electronsare associative ionization, which is described by

z

6 6086 Q

Associative ionization will not be paid any further attention here, but could be studied from literature

as for exampl¢6].

If negative ions argresent in gas, associative detachment may occur. This is a process where a
negative ion interacts with an atom/molecule, thus render another type of molecule and a free

electron, according to
06 060006 Q
The rate of detachment is described by
Y Q ¢0 (12

whereQ is a detachment coefficient, the concentration of negative ions, aridthe density of
the gasthat can be derived from(2). The detachment coefficientQ is described further in

section2.9.

The varieties of ionizatiomechanismgan be treated as genericprocessthat is the casdor this
thesis.The rate at which thénization process takes place,,,is described by
Y [ €0 (12

wherel Aa ¢2g¢6yaSyRQa 7TAN& ihe deasifyof eledirang ghd &2h8 &ldctho®A Sy i =
drift velocity in the applied field as described B)® ¢ 26y aSyRQa TFANRG A2yAl

described further irsection2.7.



Thetypes of collisions described above gm®cesses that generate free electrons. Naturally, there

are also course of eventghere free electronsare insteadattached to ionsor atoms/molecules, i.e.
deionization. One such processeiectron attachmentwhich takes place ielectronegative gases
These arggases that lack one or two valence electr@am have a strong tendency to attract free
electrons in order to form stable ions. One such gas is oxygen, which lacks two electrons in its outer
shell. Attachment can occur iseveraldifferent ways.Radiative attachmentwhich isthe inverse of

photodetachment, can be described by
Q 0P 0 @8

The praess of dissdative attachment, which is predominaim molecular gases, utilizes the excess
energy of the electron to split thmolecule intoa neutral particleand a negative iofi2] and can be

described as
Q 66006 6 8

According td 3], for reasons of conveancethe intensity of electron attachment can be described by
introducing a generic attachmebefficient—, which is described as the number of attaching events
occurring onl cm of length travelled by the electron in the direction of the fiflitie attachment
coefficient— will be discussed further isection2.8. Notice the similarityof the ionization coefficient

| utilizedin (12). Analogcallyto (12), the rate of attachment¥ is described by
Y £ 0 8 (13

It is important to noe that the above described approach is only validsinch caseswvhere
attachmentcan be treated as a lumped parameter. If the kinetics of each individual species is of

interest, the corresponding rates fahe reaction ofeach speas must be considereld].

A process that gives rise to loss aéctrons and positive ions gissociativerecombination. This
processoccurs mainly in gases withoth large populations of ionized particles, such as plasmas
under atmospheric pressur@&riefly, it can be described as theerging of an electron with a positive
molecular ion, hence leaving two neutral particles, according to

Q 6600 68

The electroron recombination rateY depends on the concentration of electroas and posiive

specieg in the gas and an electreion recombination coefficient acacording to

10



Y 1 &¢8 (14)

Not allprocessesncludefree electrons.lon-ion recombination, which involves positiaad negative

ions, may occur as either twloody or threebody collisions; twebody collisions according to

6 6 0°8 8
6 6 008 &
5 60086

and threebody collisions as
6 6 090 6 08

In a twobody collision, the excess internal energy is absorbed by one of the participating ions, while
for a threebody collision the excess energyiristeadremoved ly the third participating body6].

A generalized rate for ieion recombinatiolY can be expressed as
Y 1 ¢&¢8 15

Thisrate dependson the concentration of positive and negative iods,ande;, as well asnion-ion
recombination coefficient.,,The ecombinationratesf andt will be discussed further in

section2.10

It is important to know that all the above described collisions are just a selection of the total amount
of processes included ithe ionization/recombination patterrthat is playing afundamental part in
corona glow discharges. They are in some cases also simplified and generalized to facilitate the
understanding and modelling of the aggregated discharge process. For a deeper understanding and

more complete descriptionsf the processefor example[7] can be reviewed.

According to[2], the theoretically derived ionization constants rarely conform to experimental
values. The reason for this is the theoretical assumption that every electron with an energy level
transcendingthe ionization energy level will automaticallyad to ionization. In realitpnly a small
amount of electrons at the threshold level will cause ionizing collisions. Only at energy lévels 4

times the ionization energy, a maximum 50 %hafcollisions vill cause ionization.

2.4. |ONICDRIFT,MOBILITYAND DRIFTFLUX
As mentioned earlier, when a swarm of electrons or ions are subjected to an electridt figltistart
to drift in parallel with the direction of the field The center of theswarm mass willgain a

velocityd ¢ ‘'Oas described if6). The nobility for any species in gaan bedefined as

11
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(16)

where r; is the charge of the specied, the mass, and) is the momentum transfer collision
frequency By wsing(5), the mobility of each species calsobe described as
0 1
5 an
where v is average drift velocity of the particular species &nid electric field strength. Mobility of

the species is in general a characteristic of the specific gas theomssitute.

To make correctiondor the differences in atmospheric odlitions, the ionic mobility is divided
with the relative air density factgr. The correctedanobility coefficient is used to calculatke flux of

eachspecies due tthe appliedelectric fieldaccording to
3 ‘&8 (19

Drift together with diffusionare the components that make up the total flukat setsions and

electrons irmotion indischargeplasma.

2.5. DIFFUSIONAND DIFFUSION-LUX
Diffusion is a general term thad used to describthe movement of particles/mass from an area of
higher concentration to an area of lower concentration. Diffusion is a natural occurring phenomenon
which eventually will lead tequilibriumin any steadystate process. lcoronadischarge, difision
will take place whenever aon-uniform concentration of charged species, i.e. a concentration
gradient exists. Thesubsequent impaatvill be an ionizing effect in regions of low concentration, and

acorrespondendeionizing effect in regions of high concentoats.

In the case oflow field strength i.e. when the velocity obtained from the external field is lower than
the average velocitythe influence ofdiffusion on velocity will have greateimpact The ion
concentration gradient will imposefarce on the charged particlegsulting in drift elocityin a way

analog tothe effect of theelectricfield in (18). Flux caused by diffusian is described by
3 ong (19

where O is a diffusion coefficient ande isthe concentrationgradientof the speciesn question.
The dffusion coefficientO for eachion speciesis linked to mobility through what is known as
9 Ay ailSAywhih isd&dribed by2 y >

12
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Here* ,’Q, andfistandforA 2y Y20Af AGex .2t G1T YlFyyQaespdivgla G yi |
and "Ydescribes theionic temperature which is field dpendent, and can be evaluated through the

expression

@1

QY QY v 8

Ql©
Q
Q

Here"Y represents ambient air temperaturg andda  are ion and molecule mass respectively,

andu isthe particle drift velocity describebly (5).

2.6. HYDRODYNAMICSBND SOURCHERMS
In a closed system, if all quantiti@svolved are conserved, thie transport can be described by a
continuity equation. In a system where particle movement is governed by drift and diffusion, the

continuity equation can be formulated in a general way oy Emoluchowski equation as

W - .
nowe o Y (22

T_T
1o
where @is the variable of interestQ is the diffusion coefficient described i(20), = the velocity
variabledescribed in(5), and"Yis a source or gk termwhich describes the increase or decrease of
the quantitydenotedby & For derivationof the drift-diffusion balance equatiorior example[8] and

[9] can bestudied

The source terniyis made up by th@rocessrelevantto the plasma physgdescribed in(12) - (15).
As previously stated, the corona discharge is constituted by multiple processes, although some
makes a more significant contribution. For eacharged species; electrons, positive isrand

negative ions, thig respective source termsan be approximateds

Y OY Y Y Y 23
Y Y Y Y Y (24)
Y Y Y Y 25

By using the source terms (B2), the dynamics of the charged species in the discharge plasma can be

described by tk set of PDEs

13
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Te ; i .

— ng o o ng Y (27)
T o

TS_‘ n & o Ong Y (29)
T o

for eachtype of speciesrespectively. Thedrift componentin (26) and (28) is implemented with a
negative sigrto signify movement against the electfield. Formation of positive ionand injection
of ions mostly take place in the high field region, whidarfation of negative ions in air is ergly
due to the oxygen content and occurs mostly in the low field aEgeergy of species are not included

in this model, hence there is rion or electron inertia either.

2.7. T/ 7. 3 %. BRSBIONIZATIONCOEFFICIENT
¢t26yaSyRQa A2y A islddiided g5 th® BufnBeF of @nhiZhy dollisions calubg one
electron while moving oneentimeter in the direction of the electric field. The total number of

electronst produced by one initial electron over a distarees then given by
€ £€0Q (29

where ¢ is the initial number of electrons. Althoughis a well investigated parameter, it cannot
easily be calculated. As is used to describe the behavior af swarm of electronsadditional
information about drift velocity and energy distribution for participating electrons must lwavkrto
perform accuate calculations[6]. For a constant temperature of a gaseous media, the energy
distribution & only depends on the field/pressure rafi@m. Therefore, for a given energy
distribution the ionization probabity will be dependent on the gas pressuig2]. Thus the first

ionization coefficient can be expressed as

| nQom (30)
or

| 7 QO 8 (CHY
Since pressurg is proportional to gas density, ) @ 0, equation(31) can berewritten as

| T6 QOTG 8 32)
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This relationship betweethe ionization coefficient and the reduced field strengttory has been
verified throughexperimentsas well as values derived through calculatiofsr examples of how

experimentalmeasurements are performe@] can be consulted

2.8. ATTACHMENTCOEFFICIENT
Attachment of electrons is the process in corona discharge ldeads to adepletion of electrons in
the ionization regionThe attachment process in air can be described by four processes; dissociative
attachment, ion pair formation, thredody attachment and radiative attachment. The first and last
of the aforementioned processes depends the ion density( in the same wayas , while the
three-body process depends dn . The ion pair formation process does not remove electrons from
the swarm;henceit does not have any effect on[9]. The rate of attachment in air is different than
the rates of separate components, and depends fom example humidity as water moleculewill

also attach electrons.

According td10Q], the attachment coefficient can be calculated as

[ 33

where® and o aretwo arbitrary points making up the edges of the geometry &mis the ratio

of currents meaured in the respective point$dowever, this approach will not be utilized in the
model developed in this thesis, but is mentioned more as a theoretic reference. Instead the
attachment coefficient utilized in the model will be implemented through tabulated values, and is

described furher insection4.6.

2.9. DETACHMENTCOEFFICIENT
The rate of detachment is determined by the gas densjtyhe concentration of negative ioss
and the detachment coefficiel . Detachment, as given byhe name, is the process where
electrons detach from ions and thus only negatively charged ions are involved. To determine an
accurate detachment coefficient, the ion composition of the plasma must be known. However,

according tg11] a generic coefficient2  for air can be calculated as

@O

%, . TU
Q capmt A@D y 8 (39

Here an abundance of,0ons is assumed.he parameteiYis the effective ion temperature which is

calculated according t(21).
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2.10. RECOMBINATIONCOEFFICIENTS

Recombination is the process where charged particles, i.e. electrons and/or ions, recombine to form

neutral species, i.e. atosor moleculesRecombination occurs as either electrimm recombination
or as ionion recombinatim. Results presented by Sayéng12] shows thathe coefficient of ioAon

recombinationt is dependent of pressurandcan bedescribed as

f Q0 (39

whereQ,is the corresponding recombinatiaiate constantand the number of molecules in the

gas. Therefor¢, when combined with2), can be written as

I Q= (36)

where ) is pressure’Q A& . 2f 41 YI yy Qiis dadbhftéd températire HowgvRr, at
pressures around atm fluctuations havea small impact on th@on-ion recombination coefficient

andaccording to[13],f can be expressed as

©
i cop T c{.—\:[ (37

where“Yisthe ion temperatureand can becalculatedas(21).

The electroAon recombination coefficient dependsmostly on the composition of the ios
simple ions like N, ;" and NO will yieldone value, while complex ions likg'NO,", NO," will yield

adifferent value.

2.11. T/ 7. 3 %. SEGGNDONIZATIONCOEFFICIENT
Ina positive corona dischargpositive ions will move towas the cathodeas they arebeingrepelled
from the anode. The impact of poisie ions upon the cathodenay induceinjedion of secondary
St SOGNRYyad ¢KS NIGS 27F SYAaadesndiodiZatios do&fiCienNE y &
hasbeenshown that' is dependent on electric field strengtbaspressure, the nature of the gas as

well as the material and state of the electrodés

2.12. ELECTRICFIELD
As might have been noticedhostthe previousy considered processese dependent of the electric
field strengthO. The electric field strength issuallyobtr A Y SR dza A y 3t vhithiisiaPPE) &

S lj dz

of elliptic type.a I E ¢ FIAINBA Sljdzk GA2yAT Dtatmeda Q 1 ¢ F2NJ St SO0
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nN-F " (398

where” is thespacecharge density and the dielectricpermittivity. The electric fielgris defined as

agradient of thescalar eletric potential%.that can be expressed as

F o %o (39
Bycombining(38) and(39),t 2 A & & 2 yofi&obtSitjedas G A

n - - N%o ” (40

where - is the permittivity of free space; is the relative permittivity, and” is the density of

chargescontainedwithin the discharge domain

2.13. SURFACE CHARGE

Surface charge is the charge present at the interface betweemtemia. Surface charge densityis

defined as the amount of charggpresent at a given are@, as
, N7o8 (4D

When a dielectric is placed in the discharge plasma, such an interface emEngesate of surface

charge build up is dependent dluxesof positive and negative species according to

T ”

— N 42
To 188 B3 42

wheren is elementary charge, arel ands is the flux of respective charged particl€&som theory
in [14], it can beassumed that electrons and ions at the surface mbine instantaneously, and

neutral particles are absorbed through the boundary, thus only leaving charges at the surface

Surface charge affectthe electric field Together with the space charge, surface chamgm be
included intothe right hand side bt 2 A & & 2 y Q &0). Shjedatciniulatign of surface charige
therefore of great interesespecially in low frequency application at dielectrics where no penetration
into the material occur. In such cases, the charges have sufficient time to accumulate before
dislodgng in the opposite direction, and therefore might really influence the |dedtl strengthat

the gassolid interface

2.14. SPACECHARGE
During the ongoing process of a corona dischattgeaccumulation of space chargethe garegion

is a continuous process. Space charge accumulhtiea considerable effect on how the electric
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E(x)

a) b)
Figurel. Distortion of the electric field due space charge accumulation @} positive voltage polarity and
b) negative voltage polarity.

field is distributed in gasand lead to either interruption oanenhancement of the coronthat may
evenresultin a complete breattown [15]. The effect of space charge build upaiso crucial for

transformation of arelectron avalanche into a streamer.
The space charge densitys calculated as
SO [ - B - 43

wheren is the elementary charge arng, ¢ and¢ are the concentrations of the charged species.
The nature of space charge in corona is mainly idgliectrors created in a high field region at the
corona electrode (also called ionization sheativel in the field at high velocitgince they have
much smaller masghan ions Hence, electrons reach the anode/cathode brefnic speciesand
can be absorbed. lons, moving slower, remain in the gap adhly constitute the space charge.
Influenceof free bns onthe discharge procesdiffer depending on theeomposition of gasnedium,

but in electronegative gases both positive and negative ions contribute to the space chard8lfield

At high density of accumulated space charges the field in the gas gap can be alterech Thss,af
positive polarityof the corona electrodewhen electrons areabsorbedby the anode slower moving
positive ions cause a reduction of field strength in the area closer to the anode coincident with an
augmentation of the field at a further distancat a negative voltageeslectrons are repelled frorthe
corona electrodeand drift away fran it entering the region with relatively low field strengtin
electronegative gasesheseelectrons are attachetb electronegative moleculeghile positive ions

tend to be trapped between the anode and the negative charges. Therefore, the field atitloeeis

greatlyenhanced but the size of the ionizatiomegion is instead reduced a lot. This might lead to a

18



termination of the ionization, and the space charge drift away from ¢athodeareaaccording to
the direction of the field.Distortion of thefield for both coronas of bothpositive and negative

polarity isvisualized irFigurel a) andl b), respectively.

2.15. DISCHARGBEVELOPMENT
Conditions for oronainception have been thoroughly investigated by numerous authdbstferent
electrode geometrieswjire or cylinder, pint or spheres, wire radiustc.), voltage polarity, gas
temperature and gas pressuteve beenstudiedin [15[22]. Thus, the famous ark by Peek[17]
resulted inthe empirical equation forcorona onsetelectric field strengthO at the surface of a

cylinder, stated as

O omp 44

1Y

whereq is the relative air densitynd 'Y is radius of the wire. Equatio@4) A & (y 26y +a t S
equation. Reference temperature and pressure for validity of this equatien2&°C and 1 atm

respectively.

A semiempirical way of defining corona inception conditionbased on the fact that corona can be
considered as a partial breakdown of gas at the electrode providing strong electric field.sThis a
known[238 X2 ¢2¢6yaSyRQ& oo dternd R dnget dd Ndyativee Nerona while the
streamer inception criterion governs the onset of positive cordnageneral and independently of

the polarity,the breakdowncriterion can beexpresseds
A@gb| Qi 0h (45)

Here, the integrdion is to be performedover the ionization region, where (the net ionization

coefficien) is larger than zer@iis theelement along the integration patlando is a constantThe

net ionization coefficient is here considered as the difference betweethe actual ionization

coefficient and the attachment coefficien®® | — P NJ ¢2¢6yaSyRQa owwd8d { R246Y
breakdown is du¢o the yield of secondary electrons frothe cathode the constanth  p# , where

rAd ¢2gyaSyRQa aS02y R Nie greangrbieakdor? ofiteridvBefefiieA OA Sy
space charge fieldains magnitude ofhe breakdown felds, 0 is instead the number of electrons

necessary to create a space charge field with high enough magnitude.

According to the classical theorys aoltage betwen the two electrodes increasga discharge

current increaseaccording to
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0 O——— (46)

whereOis the initial current (e.g. due to background ionizatign)es the first ionization coefficient,
I is the second ionization coefficient, ard is the distance betweerthe two electrodes. Athigh
enough voltage levs] the dischargetransforms into a selfsustained discharge, arttie current in

(46) becomes mathematicallyindefinable At this point, the condition of breakdown
— Q p P (47)

becomes valid. In theory, the discharge current coulddmee infinitely large, buit is actually limited
by the external circuit Equation47)A & O2YY2yf e (y26y | & ¢2danSyRQA
be approximated by

['Q r'Q p (48

that is known asthe ionization threslold. For Q p the discharge continueto develop
independenty of the external currentQ, i.e. the discharge is sedtistained. FarQ p, formation

of new avalanchedo not take placeandif “Ois removedhe discharge will be quenched.

Duringa Townsend dischargthe electrons will travel in the plasma from cathode to anode. For the
Townsend brekdown mechanism to be fulfillednd the discharge to be sustainetectrons must be
replaced near or at the cathode. The renewal of electrons is usdladiyto impact of positive ions at

the cathode, emitting secondary electrons, as describedection2.11 It can also be caused by
photoelectric emission of electronshich is due to impact of photons emitted by the avalanche.
Without such a replenishing process, all electrons in the plasma will eventually travel to the anode,

and hence the discharge will be quenched.

If the rate of ionkation surmountghe rate oflosses of electrons, an increasing number of electrons
will be available in the gas for collision with neutral particles to form positive ions and additional free
electrons. This leads to so called electron avalanches, wheotr@hs and positive ions are created

at an exponential rataccording to
tp ¢t Aogps (49)
The avalanche, or swarm, will drift with the field; faster electrons will formhbed drifting towards

the anodewhile slower positively charged particles will form the tail drifting towards the cathode.
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Electrons that reach the anode will be absorbed, leaving only the positive ions in the discharge
domain.If ion concentration due tthe avalanche continues to grosurpassing a number of §,ahe

Townsend dicharge might transcend into &rasamer.

The $reamer breakdown mechanism is instead dependent on the strength of the space charge field.
If the electron avalanche takes on such proportions thtz space chargdield surpasses the
magnitude ofthe breakdown field the streamer breakdm can proceed. This processridependent

of the polarity of the corona, i.e. corona can be either positive or negative.

2.16. DISCHARGEURRENTS
Corona discharge naturally gisvase to a currenin the gas The total currenflowing between the

electrodesin the discharge region can lolescribed as
o O o0 O o (50)

where 'O is the ionic currentcomponentand ‘O is the displacement currentomponent These

components can bealculated as
‘© ov onpe g g (52)
0 80 b --Ls 62
Here 6 isthe area of the electrodsandvis the current density. The displacement currantits turn
consists oftwo components; one part due to geomatal capacitance of the domaand one part

due tothe space charge in the gap influencing the dynamic eleéigld. The capadite current is

calculated as
Y
O 00— ®3)

whereYis applied voltage and isthe capacitancewhich for concentric cylindersdslculated as

. ¢'Q 8 54
° T jo 64

In (54), Qis the height of the geometry; is the permittivity of gas ‘Q and Q are the

diametersto the outer andinner electrodes irthe coaxialsystem respectively.
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In the experiment conductedt ABB Corporate Research described in Chapter 3, the currenivdsat
measured at thecylindricalcage sidewasthe total current described by (50). However, since the
capacitive current componentis constantfor a given voltage levelthe current shown for
representationis chosen as total current minus theapacitive component. Hence, the current

representation is given by

O 6 006 O o0 O o (55

with each currentomponent as described 1), (52) and (53) respectively.
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CHAPTER
3

EXPERIMENTAIMEASURMENTS

T o study the behaviour of spaccharges in a corona discharga series of experiments has
been conducted aABB Corporta Research in Vasteras, Swedenthe measurements, time

dependensies of corona currentsvirell-controlled environmenthave been recated.

3.1. EXPERIMENTAISETUP
Basically, two different experimental setups have been utiliiethe first onea wirewas suspended

in free air, andn the seconda wirewasencased by a insulating cylinder. Only the second experiment

is of interest in this thesis.

The experimerg were conducted utilizing coaxial geometryith the wire surface agshe inner
electrodeand a metallic cage dbke outer electrode as shown in Figure Zhe corona currentvas
measured at the outer electrodeTo shield the experiment from external noise, an additional
shielding cage was used. Two different wire diameters have been use®; = 0.5 mmand
‘Q = 0.26 mmTheinsulating cylindemade of PV@adinner diameterof Q = 376 mmand thickness
i = 13 mm.The shieldingcagehad a diameterof Q = 2.5 m The height ofboth the wire andthe

shielding cag&vas2.5 m, while the insulator tube has a height of 3 m.

3.2. EXPERIMENTAIRESULTS
The voltage applied to the wineasa triangular shaped AC withe magnitude of 20 kV. By utilizing
the triangular shapegrow and decay ratavere keptconstant and always known and thus enabling
possibilities for a more accurate ansiy of results For experiment where an insulatovas
incorporated into the geometryonly two frequencies has been testetHz and 0.1 HRIots of the
experimental result§measured corona voltageurrent characteriscticdpr these two frequencies is
shown inFigure3. To make comparisons easier, the current displayed is the total cuaecwrding

to (50), 'O , with the linearcapactive current componen®® ,in (53) subtracted.
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Insulator

Current amp.

Figure2. Thesketchof the experimental setup Uized by ABB Corporate Research. The mjuhi# is theenergized corona
wire, the first circle from the center is the PNaCrier, the second circle is theetal cage where current measured and the
outer circle is thaisturbance shield.

As seenthe discharge voltag® dzZNNB y i OKIF NI Ol SNX & S0 dua kRIS |
triangular shaped voltage applieddne may notice thatthe corona onset voltage is rather
independent of the frequency. According [tt, this is not the case when the discharge media is free
from any obstacles, e.g. the P¥@rrier is not included; instead a higher frequency rerscetower
corona onset voltage. Thigbservationcan be explained bgomparing the mean passage time
neededfor an ion todrift through the discharge volumg@me of flybetween the electrodeswith the
period of the applied electric field\t high frequenciesthe former is longer that the latter anthis
holds true even for voltage levels that is high enougtstistain the corona discharge, and hence
contributesto accumulation of charges in the gap. The consequence of this is that clyggested
during half of the period ar&eft in the gapwhen the polarity of the voltagehangesand an electric
field due to the space chargexiss even at voltage zero crossingloreover, the onset voltage is
lowered due to availability of the initial charge carriers at relatively high denshiete that the
onset field strengtidoesnot change; the change is that a lowaitage is required tanitiate corona
Further, space charge behavior is essential for corona current development. 3sisningfor
clarity that the voltage is changing from negative to positive, negative charge from the negative half
cycle that is stillfemainingin the gapis attracted to the corona wire to be partly neutralized. The
electric field within the ionic cloud is expected to katively constant, andthus the main voltage
drop takes place at the edge of the charge cloaddthe outer electpde. At maximum voltage, the
voltage derivativeQ "YQ ochanges sign and, hence create a capacitive current in the opposite

direction whichnullifiesa part of the resistive current.
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Figure3. The experimental results acquirby ABB Corporate Research when utilizisgtap with a PV®arrier and a
voltage level of 20 kV.
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Figured4. A comparison of experimental results from ABB Corporate Research for geomigtriasd without a PV®arrier
with avoltage with a magnitude of 20 kV and a frequency of 1 Hz applied.
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As mentioned above, the linear capacitive current element is already deducted from the total current
that leads to the conclusion that theapacitivecurrent element must be nonlinear. Thignlinear
current contribution can bassignedo the capacitance made up from the edge of the charge cloud.
Asthe capacitive current is fully relaxed, the resistive current component will contin@edecrease

only for the same procedure to be repeatadth reversel polarity.

The inclusion of a PMgarrier within the discharge volume ressllin the above described charge
cloud being accumulatedn the barrier surface instead. Corona onset will be reached at even lower
voltages thanin case of free aias seen in Figure €harges confined in the anodwarrier domain
enhance the field even further. The relaxation time of the charge accumulated at the barrier is
typically very lmg. Once the barrier surface is charged, it will not be discharged unsl liteing
rechargedby coronawith a different polarity. Therefore, onset voltage in a setup including the-PVC

barrier becomsalmost independent offrequency.
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CHAPTER
4

MODELIMPLEMENTATION

odelling corona discharge currents for both positive and negapidarities is conducted
I\/I considering dischargeas beinghomogeneous in the radial directidmetween corona wire
and cylindrical cagd he simulation modaisedis an extended version of theodel presentedn [1],
which in its turn is a continuation afork donein [24]. Implementationof the model ispresented

below.

When solving and analyziqdpysical systems a method of deriving differential equations that relates
concerned variables through physical principles suchd al EgStfQa Slidzr GA2Y
GKSNXY2ReylI YAO4aAs: bSgli2yQa flga 2F Y20iA2ys SySNHE
is often employed. Once such a problem is formulated, solving the mathematical model often proves

to be close to impossible. Thesulting models are often nelinear partial differential equations

with complex geometries and boundary conditions. To be able to solve such intricate problems the

finite element methodFEM can be employed.

All modeling and simulationsf the corona ischarge currenpresented in this thesis angerformed
using finite-element packageCOMSOL Multiphysiaghich is widely considered to be the prime
choice for problems where coupled PDEs are to be solvdd] Wrersion 4.3a was employewhile for

this thesis the latter versioaf 4.4 is utilized.

FEM can be described as a discretization technique where the contimaumnain is divided into
components(elements) of a simple geometnseparated by imaginary lines or boundaries. These
elements are connected to each other with a discrete number of nodal points that are situated at the
element boundaries. The value of each element is given in terms of a fimitder of degrees of
freedom (DOF) that is characterized as the value of an unktiomation at a set of nodal points. The
solution to the mathematical model is then the approximation obtained from connecting or

assembling all of the elements in the dister model.
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When running complex simulations there is always a problem with having enough computational
power. To ensurethat as little computer power apossible is claimed by the software, theodel
geometryshould be kept asoarse and straightforwards possibléut still deliver accurate results.
Since theproblem of interestis of cylindricalcoaxial electrode geometrthe simulated area can be
described by a 1D axisymmetric domaltis means that the computational domain will consist of a
radial dice with infinitesimal height extending from the surface of the wire to the surface of the cage

described in Chapter 3.

COMSOMultiphysicsoperates in a way here different physical aspectre implemented through
so called physiesodes. Each nodereates a physics group, where sutndes can be addetb
accommodatefor different functions Eachnode andsub-node constitutes a set omathematical
equationsthat corresponds to the name ofbde. The equations included in the node are then added
to the list of equations tobe solved, e.gthe subnode Convection and Diffusion goverithe
equations in(22) or Electric Potentiahode appliesa voltage to a domain poinBubnodes can either
be valid for boundaries, i.e. for certain points in theometry, or for whole domaindJsually each

node or subnode requires certain values or parameters/variables to be inputted by the user.

To selectparameters or valuefor input in a corona discharge model is raltvaysan easy task. A
great number of scientific publications by various authors are available on the subjere some

are basedon experimental results and some based on simulati@¥erences in ambient conditions
and/or accuracy ithe corona models results in discrepancies between different authors. Parameter
values in this thesis are primarily based the choices made irf1]. According toKarman it is
supposed thaf25] and[9] provideaccurate data andherefore, they alsoact asabase for values in

this thesis. Howevethese parameters are going to lievestigated and evaluatet provide a best

fit to the experimental results

In this chapter the wayf how to implementithe problem in COMSQ& describedstep by step as
well as how parameters and variables have been defined and chosen. It maWdeugh
descriptions of what physics are implemented, as well as how the settiegdefined for thesehow
the meshing isapplied and, finally, how the settings for the calculations afefined and how the

calculations are péormed.
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4.1. CGEOMETRYAND MATERIALS
The geometry of the problem utilizes axial symmetry of the actual geometryheecomputational
domain extends from the surface dhe wire to a termination point at the grounded cylinder

previously described i@hapter 3as shown in Figure 5.

- - IS

T L e e L e e e LA B e B e e e e o e e L L e e Lt e e e I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Figure5. The geometry of the discharge domain as impleradrih COMSOL Multiphysics. The leftnpaétt represents the
wire where the voltage is applied, the two points in the middle represents théd&i€r, and the rightmost point
represents the cage and ground side.

Tablel. Material propertiesassigned tdhe computational domains.

Material: Relative permittivity- :
Air 1.0
PVvC 35

The leftmost pait representsthe surface of theinner coaxial electrode, i.e. theylindricalwire,
while the rightmost point represents the surface of the outer coaxial electrode, i.e. thesidge
This is realized using an intervalth the left endpointdefined at0.13 mm and the right endpoint
definedat 0.5 m. Thesurfaces of thd®VGbarrier are indicatedby two pointslocatedat 188 mm and
201 mm respectivelyFurther, wnder the Material-node, two materials are create@df which
properties (permittivitieslare shown in Table 1 and are essential for calculations of the electric field
Air is applied tothe leftmost and rightmost subdomains in Figuravhile PVC is assigned to the

barrier domain

4.2. ELECTROSTATICS
TheElectrostaticgphysics igound in theAC/D@module and is thehysics application facomputing
the electric field stregth utilizingt 2 A & & 2 Y Q desclopdlizkeitivpr2 2 Bydefault, a number
of subnodes will be implementedvhen Electrostatics igpplied. The Charge Conservatiemode

governs the charge conservatidnO O2 NRA y 3 @@l cobdtitdigs 34h@ leff Hanl side of the

29



equation (40). It is véid for all threeof the computational domainsThe settingfor the relative
permittivity is set to From material i.e. the values givefor relative permittivityin the materials
settings previously describeds used. The subnode Ground is applied to the rightmost point
(representing cage side) in Figurevhile the subnode Electric Potentiais applied tothe leftmost
point (corona wire) The Electic Potentialboundary condition applies a user input voltage &,
(seesection4.9 for details) Since space charges onill appear in airthe subnode Space Charge
Densityis implemented andonly applied tobe valid for theair domains thus no space chargés
assumed toexist irside the PV@barrier. The subnode demands a user input value for the space
charge’ , where a variable nametho is used(see a descriptions dfariablesbelow in section 4.11)
This node constitutes the right hand sideeafuation(40). At each side of the PVarriera subnode
Surface Charge Density applied. The surface charge, just as the space charge, adds to the total
OKIF NBS Ay (KS Thesk auln@dgstaécouftt lfodall tha éhgrges accumulating at the
surface of tle PVebarrier and aretherefore no longer considered as space chargehe surface

charge density is calculated
T or 9
The transition from space charge to accumulated surface charge is describechiextiohapter.

4.3. TRANSPORDFDILUTEDSPECIES

The physics nod@&ransport oDiluted Specieisnplementsthe drift-diffusion continuity equatior{22)

and can be found in th€hemical Species Transporbdule Onephysicanode isadded for eactiype

of the chargedspeciesn the mode] i.e. positive ions, negative ions and electranglresults in three
such nodes in the modeEach node is given a dependent variatddnoted e for electrons,posfor
positive ions andheg for negative ionsEven thogh several speciesan be implemented through
one physics node, this wdavebeen chosen to make evaluation of simulation results more lucid.
Since the barrier is assumed to work as a discontin{atystacle for the drift anddiffusion) no
transport of species taleplace within thebarrier. Hence these physicsra only applied to the air

domains As or Transport Mechanismshe Convectioroption is chosen.

Asfor numericalstabilization methods, consistent and inconsistent stabilization can be chosen. In the
former case both streamline diffusion and crosswind diffusioseiectable, while in the latter case
isotropic diffusion can be selectedisotropic diffusion dampens o#lations and impedes their

propagation in the simulatiothat smoothens out sharp edges and derivatives of funciorhe
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tuning parameter is here given the valuad_p, which is defined in the list of constant parameters

described irsection4.10.

The subnode Convection and Diffusiogoverns the left hand side dhe set of equationg26)-(28).
The Velocity Field is implementedaccording to(5) utilizing the correspondingmobility variables
(mu_e mu_n mu_p) and the inbuilt variable for electric field strengtiheDiffusionCoefficientfO ,
O andO are definedasthe variablesD_g D_pand D_nrespectively How values for mobility

and diffusionparametersare choserns explained further irsections4.7and4.8.

The subnode Reactionss utilized to implementthe right hand side 0{26)-(28), i.e. the source terms
of the drift-diffusion equations. The inpwtalues for eactReactionsode is given by the variables
source_e source_pand source_nwhich are implemented as describeth the set of equations

(23)-(25). Details orthese variablesre providedn section4.11

The subnode Flux is used to describe how the charged species moves into and out of the
computaional area over the boundariesCorrect functionality of ionic and electron fluxes is of
outermost importance, especially in low frequency simulatjombere the species have sufficient
time to travel the distancethrough the entire computational domainand may reach counter
electrodes The charged species move either in the direction or in the opposite direction of the
electric field anghence it is important that the flues follow the changesn the electric field. As
previously discussethoth diffusion and convectioare assumed tchave impact on thenovement of

the charged speciedut for boundary fluxes it is assumed that only convective flux makes an impact.
All fluxes are bylefault assumed to be inwards.eRice outward fluxes needs to be compensated
with a negative sign. Eadfoundary flux is assigned its own sobde and its own flux variablas

indicated in sectiod.12

For each charged species, a sulnle Outflowis also introducedvhich implements zero diffusive flux

of charged species at metallic surface
=0OnG T8 67

This sulnode is appliedlsoto the points on each side of the P¥W@&rrier. Once agairconvection is
assumed to be the dominating mechanism for transg@ortithis node is used due to the fact that the
charged species reaching the RPh&Erier will be acconted for through calculations described in the

next chapter, and therefor needs to be removed to not be accounted for twice.
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4.4, BOUNDARYODESAND DAEs
The nodeBoundary ODEs and DAEmtroduced through theMathematicsmodule, a module used
to implement partial differential equations independent ofa specific physical applicatiofhe
boundary ODE is usdgtreto account forthe surface charge accumulation describedéttion2.13
and is also the reason why tt@utflow-node is usedis mentionedabove The subnode Distributed

ODEHs added by default, and is also the one used here. The ODE is implemented as

!
T

(@]
—a

)
0 @ (58)
[0}

Q

o-
—a

If Q = Q equation(58) isidentical to(42), whereQ = land"Qs thesource term described by

M8 8s 88 (59

For reasons of simplicitwhen making evaluationdwo Boundary ODEs ammplemented, onefor

each side of théVCGbarrier. When charged species and electrons move towards thelwiGr the

Outflow accounts for them leaving the air domain. The ODEs calculate the rate of the accumulation.
These values are then used as inpuNdo 1 KS adzNFI OS OKINHS Ay (KS

Electrostaticsnode described ilsection4.2.

4.5. REDUCEDONIZATIONCOEFFICIENT
The reduced ionization coefficienft is used to calculate the ionization ra¥e as describedni
equation (12). As discussed in sectidgh?, the reduced ionization coefficieri$ not always easy to
determine. The values off0 that are used in this model are the tabulated ones fr¢@h (see
Appendix 1) which intheir turn are based on experimental values frd@6] and [27]. They are
shown in Figure 6 in graphical fortmplementation of the data is done by using therpolation

Functionthat is found under thé&lokal Definitionsnode.

4.6. REDUCEDATTACHMENTCOOEFFICIENT
The reduced attachment coefficierif0 is used to calculate the attachment rat¥e as previously
described in(13). Analogous to 70, the reduced attachment coefficientft is dependent of the
reduced electric field strengthify as shown in Figure 7 (see also AppendiA$)seen, the values of

—¥0 are quite high in the low field region and decreases rapidly with the increasing field.
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Figure7. Plot of the tabulated values used for the reduced attachment coeffieighais a finction of the reduced electric
field E/N.Both x and y-axis are on log scale.
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Figure8. Plot of the tabulated values used for the reduced electron drift velogias a functio of the reduced electric field
E/N. Both »axisand y-axis are on log scale

This behavior is usually attributed to the dominating role of three body attachment processes in air.
In the rangeof 40 <'g 6 < 150 Tdthe values of-70 increase due to an increase intensity of

dissociative attachment and iemolecule reaction$9] reaching the peak at 150160 Td.

4.7. REDUCELCELECTRONDRIFTVELOCITY
As discussed in sectigh3 the rates for both ionization and attachmeny, and'Y respectively,
are dependent of the electron flux (product of the drift velocity and density). Also, the rates depend
on the ionization coefficient and attachment coefficient, respectively, that makes both to be
highly nonlinear. The dependence of electron drift veloaityon reduced electric fielft is shown
in Figure8. As seenthe profile ofv is rising linearly with an increase of field strength when plotted

on a log scale. The tabulated values used in the model are taken®and provided in Appendix 1.

4.8. DIFFUSIONCOEFFICIENTS
The diffusion coefficients for ions are calculatedshewn in(20). To calculate diffusion for electrons,
the electron characteristic energ9r is used, which is given as a function of the reduced electric

field in Figure 9 (the tabulated values are providedppendix L
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Figure9. Plot of the tabulated values used for the characteristic electron energa®Aaifunctiorof the reduced electric
field E/N. Notice that only theaxis is logscale.

4.9. APPLIEDVOLTAGESHAPE
As described irChapter3, the voltage applied to the wire in the coaxial geometry is a triangular
voltage of varied magnitude and frequency. This is implemented in the model through a function
Waveform under the nodeGlobal DefinitionsFor waveformfunctions, a number of predefined
shapes can be selected; saw tooth, sisquare or triangle. Herehe triangular shapds chosen. The
setting for Angular frequencys given by the parameter, explained further irsection4.10 below.
Values forPhaseand Amplitudeare setas 0 and 1 respectively. Implementation carried out in this
fashion renders a voltage wave with amplitude of 1Afer in the model, this valués to be scaled
with a parameteru_ampto give it its correct amplitude. A plot of the voltage wave with amplitude

20 kV andrequency 1 Hz is seenkiigurel0 a).

As described in sectioh 16, the displacement current component is dependent upon the derivative
of the electric field. The electric field, on the other hand, is dependent of the applied voltage. The
geometry of the trangular voltage wave imposes a problem at the peak points where the numerical
derivative is not fully defined. To avoid computational errors at the time steps of the peaks, a
smoothing needs to be introduced as in Figure 10b. In the software, the sibe dfansition zone

can be defined for a particular frequency to geatorrect capacitive current shape.
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FigurelO. Thea) triangular voltage wave applied to the anode wéned the b) smoothing apied to the peaks. Amplitude is
set to 20 kV and frequency is set to 1Hz.

4.10. CONSTANTPARAMETERS
The subnode Parametersis sibordinated to the nodeGlobal Definitions The mrameters @fined
here areconstantscalar values that valid throughouatl levels of themodel. Parameters can be
either set by thesoftware or inputted by user. Thaternaly declaredpbarameters used in this model

aregiven inTable2. Other parameters are user inputs. These are giveraine3.

The geometric parameters), rl, r2 and r3 are used to define the computational area arket
parameterQis the height of the cage or geometric area from the experimentther,eps_airand
eps_pvare used to give the material their characteristioperties, i.e. their relative permittivity as

previously discussed fDhapter3.

The initial ion concentratiomO and background ionization ratROare irtroduced as discussed in
section2.2. Mass of electronsm_g and mass of ionsn_pandm_n, are given through the inbuilt
parameter for electron mass_e = me_constind the mass of the negative oxygen @n The mass

of the O, molecule is then calculated as the mass of the negative ion with subtraction of the mass
from the extra electron, and further the mass of the positive @is calculated as the mass of the

oxygen molecule minus the electron mass.

The mobility of ions is considered to be independent of the electric field and, hence, can be
implemented as constant parameters. Values of mobifity, nand mu_p differs between different

authors and values used in this model is based on results givi28p
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Table2. Parameters definethternaly by software.

Description:

Parametemame:

Value:

.2t 0T YFyyQa
Elementary charge
Mass of electron

Permittivity of vacuum

02\ k_B_const
e_const
me_const

epsilon0_const

1.380648-10% J/K
1.60217656510™° C
9.1093829110° kg
8.85418781710"*F/m

Table3. Constant parameters defined in themulation model.

Description: Name: Expression: Value: Reference:
.2t 4T YHYyyQa kb k_B_const 1.380648810% J/K

Elementary charge q e_const 1.60217656510"° C

Permittivity of vacuum eps0 epsilon0_const  8.8541878110*%F/m

Point of wiresurface ro 0.00013 0.13 mm

Point of barrier at wire side rl 0.188 188 mm

Point of barrier at cage side r2 0.201 201 mm

Point of cage surface r3 0.5 500 mm

Height of cage h 25 25m

Relative permittivity of air ~ eps_air 1 1

Relativepermittivity of PVC eps_pvc 3.5 35

Background ionization rate RO 1.7e7 1.7-10" 1/m°s

Electronion recombrate beta_ei 5e-14 5-10"m%s

Initial ion concentration no 1e9 1-10°m? [2][3]
Mass of electron m_e me_const 9.1093829110° kg

Mass ofO, ion m_n 5.3e26 5.3-10%° kg

Mass of @ ion m_p m_gcm_e 5.299810% kg

Mass of @molecule m_g m_n-m_e 5.299910% kg

Mobility of negative ions ~ mu_n 2.0e4/delta 2.0-10* m?Vs [29]
Mobility of positive ions mu_p 2.7e4/delta 2.7-10* m?Vs [29]
Actual pressure pg 101325 101325 Pa

Actual temperature Tg 293 293 K

Reference pressure pOo 101325 101325 Pa

Reference temperature TO 293 293 K

Relative air density delta (TO*pg)/(Tg*p0) 1

Gas density N pg/(kb*Tg) 2.505510% 1/m®

Tuning parameter ad_p 0.3 0.3

Voltage amplitude u_amp 20e3 20kV

Voltage angular frequency w 2*pi*f H™ T

Voltage frequency f 0.1-50 0.1-50 Hz
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Other authors, for example if29], provide slightly lower values and therefore values for best fit will
need to be evaluated. The secondaoyization coefficient, previously discussed in secti@ril], is

implemented with the parameter namgamma

The actual pressure and the actuahtperature,pgandTg are supposed to be given by the ambient
conditions at the experiments discussed in ChafteSince the experiment was conducted indoors in
a large scale geometry, both the temperature and the pressure is assumed to be the sange as th

reference conditiongmand” Y.

The tuning parametead_pis linked to the isotropic diffusion option previously described.Band

is initiallygiven a value of 0.3.

4.11. VARIABLE PARAMETERS
Under Global Definitionsa subnode calledVariablesis created.All the expressions defined in this
subnode are global, i.e. thexan be called anywhere in the model whether it be physical
components or in geometric entities. Variables can also be defined as local, and will then only be
available and valid for the special entity where they are defined. It is possible to creatalsever
groups of variables, even at global level, which can come in handy if many variables are to be
defined. By separating them in groups it might be faster and easier to find and handle the variable of

interest.

For a variable to become available for pgsbcessinga solution must first be computed, i.e. the

variables will not become available only by stating them in the list. A variable is inputted into the
model by stating a variable name, the variable expression and an optional description. If the
paranmeters and values used to declare the variable expression will render a valid unit, this unit will
automatically be shown by the software. The variables that are implemented into the model are seen

in Table4.

The diffusion coefficient for electrons is calculated as the characteristic electron energy multiplied
with the mobility of electrons. The diffusion coefficients for the positive and negaivs are instead
calculated according t(20).The space charge density is very straight forward and is implemented as
described in(43). The source terms are implemented in the same straight forward waleasribed

in (23), (24) and (25).

To calculate the detachment rate used in the source terms, the detachment coefflciglet is

calculatedaccording ta33). Thedetachment coefficient is then multiplied with the gas densitio
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Table4. Variable parameters defined in the simulation model.

Description: Name: Expression: Unit:
Diffusion coeff. electrons D_e Dmu_e(EN_td)*mu_e m°A
Diffusion coeff. pos.ions D_p mu_p*kb*T_p/q mé/s
Diffusion coeff. neg. ions D_n mu_n*kb*T_n/q m’/s
Space charge density rho g*(mod1l.posmodl.negmodl.e) Cint
Source term electrons source_e Rion + RO + RdeRrec_et Ratt

Source term positive ions source_p Rion + RORrec_et Rrec _ii
Source term negative ion: source_n Ratt- Rdet- Rrec_ii

Detachment coefficient k_det 2.5e19*exp(6030/T_n)

Detachment frequency nu_det k_det*N

Detachment rate Rdet (nu_det*mod1.neg)*(mod1.neg>0)

lon-ion recomb. coeff. beta_ii 1.5e12*sqrt((300/T_p)*(300/T_p)*(300/T_p))

lorion recomb. rate Rrec_ii (beta_ii*mod1.pos*mod1.neg)*((mod1.neg>0)&&(mod1.pos>0) 1/m’s
lon-electron recomb. rate  Rrec_ei (beta_ei*mod1.e*mod1.pos)*((modl.e>0)&&(mod1l.pos>0)) 1/m%s
Reduced electric field EN_td abs(mod1l.es.Er)/N*1le21 vt
First ionization coeff. alpha alphaN(EN_td)*N 1/m
Attachment coefficient eta etaN(EN_td)*N 1/m
Attachment rate Ratt (eta*modl1.e*W_e(EN_td))*(mod1.e>0) 1/m’s
lonization rate Rion (alpha*modl.e*W_eEN_td))*(modl.e>0) 1/m%s
Electron mobility mu_e (W_e(EN_td)/abs(modl.es.Er))*(abs(modl.es.Er)>0) m?v
Neg. ion temp. T_n tg+(m_n+m_g)*((mu_n*abs(mod1l.es.Er))"2)/kb/3 Ii
Pos. ion temp. Tp tg+(m_p+m_g)*((mu_p*abs(mod1l.es.Er))*2)/kb/3 K

give the detachment frequencynu_det which is finally multiplied with the internal variable for
concentration of negative ions to give the detachmeaike as in(12). Notethat the detachment rate

is only valid as long as the concentration of negative ions is positive.

The iorion recombination coefficient igalculated as described i(87), while the ionelectron
recombination coefficienbeta ieis described irt.10. The iorion recombination rate and the ien
electron recombinationrate are calculated aq14) and (15) respectively. Notice that both
recombination rates have conditions. The comications of the ionic species and the electrons need

to be positive values for theecombination rates to be valid.

The other two source term components, the ionization rate and the attachment rate, are calculated
as (12) and (13) respectively using the reduced ionization coefficient describedeirtion4.5, the
reduced attaciment coefficient described 4.6 and the reduced electron driftelocity described in

4.7. Temperature for both positive and negative ions is calculatetkasribed in(26).
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4.12. BOUNDARYLUXESAND CALCULATIONOF SURFACEHARGE
To control the ionic and electron fluxes at the boundaries is of outmost importance. The electric field
strength controls the direction of the fluxes and the direction must change according to the direction
of the field. If the fluxes over the bouades are not configured in a correct way, this might lead to
charged species accumulating at the wrong time instance and thus affecting the local field in a non

physical way.

To be able to compute the accumulated surface charge at the includedb@vi@, it is also
important to implement correct fluxes. The fluxes need to assure that the space charge leave the air
domains, and instead is treated agrface chargas mentioned irsection4.4. If the charged species
would not leave the domain as they should, they might instead be treated as both surface charge and
space charge in the same point and therefore render a charge accumulation that gtoas
compared with realityOne flux is defined for each species at each boundargoint. At the wire

point, if the electric field strength is greater than zero, the flux of electrons and negative ions are
assumed to be positive convective flux. This might seem strange, as thaddexs defined as
inward and a positive wire voltagdould attract electrons and negative ions and transport them out

of the domain. Although, the variables are implemented as positive and the sign that ensures an
outflow is taken care of by an internal vector direction. At positive field strength theoflpositive

ions at the wire is assumed to be zero.

When the field strength reverts polarity, e.g. in the negative voltage cylolre is a convective
outflow of positiveions at the wire, while the flux of negative ions is zero. At the same time,
t26yaSYyRQa a4SO2yRINE A2yATLFdGA2y O2STFFAOASY(H O2Y!

and hence there is a flux of electrons into the discharge domain controll¢itiebyammacoefficient.

The cage side fluxes function in a similar way. If the field strength at the cage is greater than zero,
positive ions will be transported out of the domain and the flux of negative ions and electrons will be
zero. This might seem ctvadictive to the above reasoning, but one must remember that when the

field strength is positive and the cage side an even greater positive field is present at the wire side,
thus repelling positive ions towards the cage. Even though positive ions wékttnthe cage in the

same manner as they will on the wire, the energy they will produce upon impact is assumed to be
toosmalli2 S0 ¢26yaSyRQa aSO2yRINE A2yAl Il GA2Yy KI @S
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Table5. Listof variables used to calculatee corona discharge current.

Description: Variable name:  Expression: Unit:
Total capacitance Ccyl ((1/C1)+(1/C2)+(1/C3r F
Capacitance domain 1 C1 2*pi* h*epsCteps_airlog(rl/r0) F
Capacitance domain 2 C2 2*pi* h*epsCteps_pvdlog(r2/rl) F
Capacitancelomain 3 C3 2*pi* h*epsCteps_airlog(r3/r2) F
Displacement current density J_cap -eps0*d(Vr,t) Alm?
Displacement current at wire |_cap_wire 2*pi*r0*h*J_cap A
Displacement current at cage |_cap_cage 2*pi*r3*h*J_cap A
Capacitive current component |_cap_0 Ccyl*d(wave,t) A
lonic current density at cage J_ion_cage gl"égﬂg;az?genﬂux_cage Alm?
lonic current density at wire J_ion_wire g;(upil_uggg;:ggenﬂux_cage Alm?
lonic current at cage |_ion_cage 2*pi*r3*h*J_ion_cage A
loniccurrent at wire |_ion_wire 2*pi*r0*h*J_ion_wire A
Total current at cage |_tot _cage |_ion_cage+l_cap_cage A
Total corrected current at cage |_tot_cage_corr |_tot_cagel_cap_0O A

When the field strength at the cage side turns negative, the field strength at the wire side will have

an even greater negative value and thus there will be a convective flux of negative ions and electrons

out of the domain. At the same time, the flux adgitive ions is assumed to be zero.
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species that reaches the P¥@rrier in the discharge domain is assumed to take the form of surface

charge on the barrierTo allow this, theOutflowrnodes are used as h.3. At the same time, the

h59 Qa 4.4M&d¥Y an input or a source term, and this input is calculated through the two

variablesj bar wandj bar _c These variables calculates the convective flux for each species and

scales in with the elementary chargdnich gives the currerdensity and is then integrated over time

and used as input for the surface chargedes described in the Electrostatics chapfenis is only

valid in the case were a P¥arrier is introduced in the discharge domain.

4.13. QURRENTCALCULATIONS

Sincethe currentis measured athe cage or ground electrode the experimentthe sameoption is

implemented into the simulation modelCurrent calculations are done according to the theory

explainedin section2.16. Implementationsof calculatiors are done locally in the modelnder the

modeknode, a sulmode Definitionds available. For easy access to current calculations, anedb

for variables called Currents is created. Variables for current calculations are implemented according

to Table5.. Following(50), the total currentat the cage is calculated as ionic current component
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summed withthe displacenent current component. Furthermore, the displanent current also
consists of two components; one part due ttte geometrical capacitance and one part duethe
space charge influence. Sinefects due tathe ionic movement aref greater interest in thistady,
the geometric component is subtracted from the total currefhe total current and the capacitive

elementare calculated ag50) and (53) respectively

The ionic current at the cage is calculatecatordance with{51); a geometricvariableé multiplied

with the current density. The current density at the cage is in its turn calculated as the flux of positive
ions at the cage minus the fluxes of negative ions and elecsoaked by the elementary charge
Fluxes are calculated as describedtih2 A negative sign is introduced to make correction for the

current direction.

The displacement current component is calculated with a geometrical varéabtailtiplied with
current densityaccording to(52), and the displacementcurrent density is calculatedy using the
parameter epsO multiplied with Q why, the time derivative of internal variablé (which is the

potential gradient in the-direction, i.e. the electric field strength).

The geometrical capacitive current component is calculaedording to(53), where a constant
capacitive valudgs multiplied with the time derivative of the applied voltagéhe constantCcyl
calculates the capacitance of the geometry aiccordance with(54). However, since the discharge
geometry is made up of media with differepermittivities, the total capacitance is calculated as

three capacitances iseries, according to
5 £ £ £ (60)
6 6 0

where 6 b and 6 are capacity of the three domains respectivelytts andé, are in their turn

calculatedas
" ¢'Q
(0] - ~
It
" ¢'Q
- —— 61
° Il (61)
. ¢'Q
[0} - N v
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where ¢ is the capacitance fronthe wire point to inner barrier point$ is the capacitance othe

barrier, and6 isthe capacitance fronthe outer barrier point to the cagelhe time derivative of the
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voltageis calculated as the derivative of the voltage wave describdddir-rom the above described

variables the caectedcagecurrent is now calculated.

As seenin Table5., the current at the corona wire is also calculated. This current is not tssed
present the total discharge current, but only for purposes of evaluation. It is calculated analog to the

current at the cage side, only with parameters changed to be valid for the wire side instead.

4.14. MESHINGOF THEMODEL
Althoughapplying a mesh that iefined in the right areas cdpe crucial, themeshingof this model
turns out to not be of any greater significance as longeasugh elements are usedsince the

geometry is 1Dmeshing elements naturally is only applied along the line.

The size of thenmesh is predefined as extremely fine and is calibrated for plastudies (options
provided by the software)A Distributionmesh is applied to all domains with 750 elements per
domain with a elementratio of 500. This gives a total of 2250 elements véthelement length
ratio of 86.96 pmfor the models where thdPVCbarrier is introducedFor the models without the
PVGbarrier, these settings simply mean that 750 elements will be distributed for the whole
discharge domain with an element length ratioim.Using these settings render perfect element

quality for both cases

Since most of the eves of greater interest occur dhe boundariesit is important to have a greater
mesh resolution at these areas. Therefore, Distribution methods set toGeometric sequencnd
symmetricwhich results in a denser mesh close to the wire point, the barrier points, and the cage

point.

Applying a mesh with a higher number of elements might eventuate in a slightly finer resolution in
the result graphs, but athe same time increases the time lapse for simulations. Since additional
elements in the middle of the domains are not necessary and the element ratio setting attend to high

resolution in the points of interest an increase of elements is not needed.

4.15. STUDY SETTINGS
To render a solutiorfior the simulation, theSudy-node is usedThis node is wheréhe settings for
the solver are definedndfrom where a simulation can be executddis of outermost importanceat
determine correct study settingbor a low frequency time dependent problenf the time steps
taken are too big, there might be a lack of resolutishich will result in loss of accuracyodl'small

time steps will insteadender huge computational timand demanda great computational power
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Naturally, all implemented physics will be solved with time dependency. The time range and time
step of the solution will differ depending on the studied frequendyhe subnode TimeDependent
Solvelis where most settings are defined. Rbe settingsof Absolute Tolerangehe option Scaleds
chosenfor Global Methodwith a tolerance of 0.001. This controls the error in each of the integration
steps. The option Update scaled absolute tolerands selected, which means that the step is

accepted if theequation

p P D08 62

0 0 0r 'YIos
is valid. lere 0 is the number of fields) is the degrees of freedom ihe field QO is the local error
estimate of the solution vector during theerformedtime step,0 j is the scaled absolute tolerance

for the number ofdegrees of freedoniQ'y is the relative tolerance, and is the scaled solution

vector.

AsTime Stepping Methgdackward differentiation formulagBDF)are used with different order of
accuracy BDF is known for being stalidat might introduce a certain damping in the solution, more
common for lowerorder methods. The damping might introduce smoothness where sharp gradients
are expectedwhich isespecally true for high frequencies. This is not expected to haveiafiyence

in regardto the problems solved in this thesaisonly low frequenciesare of interest

For solving the multiphysics problefauylly Coupledode was chosen whichttributes for adamped
invariant@ S NB A 2y 2 F b tBabis\alid @&EtimedeiekdanRproblenand solvesionlinear

systemsTheNonlinear methodhosen isAutomatic (Newton)The problem cathen be described as
.‘QTY T (63)

where"Q"Y is the residual vector, ant¥is the solution vector. From an initial guégs a linearized

model with™y as the linearization poirgolves thediscretized linearized model
“Q'rY(.I 'rY .‘Q';'Y (64)

where] ™s the Newton step. Solving the linearized problem is done by the selected linear solver, in
this case theDirectsolver described above. The solution vector is updated in an iterative way

according to

Y Y _1°Y (65)
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where_ m _ p is the damping factor. The solver then estimates the e@éor the iteration by

solving

QY O QY 8 (66)
If the errorOis larger for the current iteration than for the previous, the damping facti reduced
and a new value foly is recalculated. The reduction ofand the recalculation of’y will proceed

until the error Ois lesghan for the previous iteratiomr until _ will fall below theMinimum damping

factor value

When a step isuccessfuthe solver will continue with the next Newton iteratiohermination of the

Newton iterations eventuates whethne estimated relative error is smaller than the specified value.

For every solution, a maximum number of iteratiosmse specified, and S 2y Qa YSGiK2R

terminated even ithe set tolerance is nohccomplished
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CHAPTER
5

SMULATIONSAND RESULTS

he complexity of modeling a corona discharge implicates that certain simplifications has to be
Taccepted in themathematical model. The corona discharge incorporates up to a hundred
different physical processg®.g. plasma chemical reactiorshd describing and accountingrfall
those processedn a single model will not only be hard to realize, but will also daeima lot of
computational power. Certain processes are more accentuated and are therefore chosen as the
processes of interest and aricluded in the mathematical modelo analyze if including these
processess enough to acquire correct results whighll correspond to reality is not always an easy
task. A lot of parameters are included in the mathematical equations, and sometimes small
modifications or deviations of these parameters will have a great impact on the simulated results.
Therefore, the includd processes might be enough but wrongly configured. Even thpagimeters
and processes are well studied and defined in literature, most vauesmpirical and canndte
derived through mathematics. In this thesisme base values are chosas deschied in Chapter 4,
and needto be verified through simulations anioly comparisonof the resultswith experimental
values.In the cases where theggarametersdoes not providegoodfit, the valuesmight be altered
within limits defined by typical deviations between various data sets presented in literedurake

sure that simulated results are as conform to the experimental results as possible.

Since simulations at higher frequencies without an inclusion of alRut@r implicate a more simple
physicaldescription the simulations are at firstarried out with such properties to analyze the
parameter valueselectedand to validate values for a best fit. Thereatfter, the frequency is lowered
and once again simulatns are performed without including the P¥arrier to apprehend if the
parameter values still hold tes Last, the PMBarrier isintroduced into the modelthe necessary
equations to govern the newlintroduced physical processase implemented ad anaysis of the
results determines if the same parameter values stitenders a good fit or if further alteration of

parameters are necessary. In some cases this will imply that certain parameters might redotain
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physical valuesr values that do not have spprt from literature. However, the aim is to derive a

simulation model that provides results al®serto the experimentablataaspossible.

5.1. SMULATIONSWITHOUTPVCGBARRIER
To be able to verify the functionality of the model and the input parametiies Smulationsare first
performed without ircluding the PV®arrier in the dischargdomain. By leaving out the barrier the
ionic transportis more straightforward as the i@ and electrons can move freelyherefore,
evaluation of the literature parameters is easier to assésgxording to[1], modifications of the
parameters given from the literaturpresented in Chapter 4o not provide the best fit possible. By

modifying the parameteraccording toTable7, a betterfit can be achievefbr 50 Hz

FromFigurellit canbe seen that the discharge current will give different results depending what
cycle is studied. In the first cycle the onset voltage is high at 15.6 kV while at the second cycle it is
much lower at around 4.5 k\b finally reach a steady state onset at 5.4 kMHe third cycle After

the third cycle a steady state condition is reached, meaning that for subsequent cycles the voltage
current characteristics will obtain the same appearanFor the case of 1 Hz voltage frequency, it is
found that it only takes two cycles for the voltagaerrent characteristics to obtain steady state and

for a frequency of 0.1 Hz steady state is obtained already from the first cycle.

The obtained differeces in the onset voltages can be explained by the fact that charges have more
time to move into the domain at lower frequencies. In the 50 Hz case, charges only move a short
distance before the voltage reverses and hence it takes one cycles before theéndoohd enough
charge to affect the onset voltage and two or more cycles for the charges to have accumulated
enough amount taeach asteady state. In the 0.1 Hz case the situation is reversed. Since the time
period is long enough for the charges to movaass the gap even before the first onset of the

corona there will be no differences between the first and the successikagecycles.

Table6. Modified values for paramets to provide a besitf[1]

Parameter: Value in literature: Modified value: Unit:
Mobility of positive ions 2.0.10% 1.510* m?Vs
Mobility of negative ions 2.7-10" 1.7.10* m?Vs
Secondary ionization coefficignt ~ 1.10° 2.10°

Detachment rate coefficier® 2.10"%.exp(6030/T,) 2.510™-exp(6030/T,) m’/s
lon-ion recombination raté 2.10"%(300/T)"* 1.510"2(300/)*° m7s
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Figurel2. Comparison between 50 Hz 20 kV simulated values and experimalu@s.
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Figurel3. Comparison between 1 Hz 20 kV simulated values and experimental values.
The discharge current is calculated accordim¢b) and, & seen irFigurel2, the parameter values
described abovaender a good fit when compared to the experimentalues. The onset of the
corona appears at the same voltage level for both positive and negative@@nd the peak current

also shows a good match.

With the same parameter settings, but the frequency of the voltage reduced to 1 Hz, the fit is still
good for the negative corona cycle but a certain discrepancy occurs in the positive corona cycle, as
seen inFigurel3. The currentmagnitude is still on point, but the rise time of the simulated values is

steeper and the extinction of the dischargamsre rapid.

The same reasoning holds true for when voltage frequency is reduced further down to 0.1 Hz, as
seen inFigurel4. Thevalues for the negative corona cycle are very much on point, although the
onset voltage is slightly lower for the experimental values. For the positive corona cycle, the
discrepancy isimilar to the 1 Hz case but reversed; the onset voltage is slightly higher and the rise
and decay time is faster for the experimental values. Here, it is also notable that the peak current for
positive semicycle is almost 1 pA less than that for the siatedl values. It should beoted that
Figure12 only shows the result for the fourth cycle whifegure13 shows the second cycle and

Figurel4 shows the first cycle, i.e. the steady state cycle.
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Figurel5. Comparison betweethe simulationof 20 kV witha frequency ofl Hz andhe experimental resulvith same
settings.Mobility of ions has been reduced furttmmpared taFigurel3.
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Figurel6. Comparison between th&mulation of 20 kV with a frequency of 0.1 Hz and the experimental .r&nbility of

ions has been increased and secondary ionization coefficietielesisdecreased compared kgurel4

The agreements between the data for 1 Hz and 0.1 Hz cases can be improved by slight modifications
of the parameters value§ hus, byreducing the mobility of positive and negative iasightly below
the values shown in Table &sults in very goofit between experimental and simulatexlirrentsas

seen inFigurelb.

However, 6r the 0.1 Hz cse,a slightincrease in themobility for positive and negative iorisgether
with a reduction ofthe secondary ionization coefficierovidesthe bestfit to the experimental
valuesasseen inFigurel6. As seen in the figure, the peak current of the positive corona cycle is now

much closeto the experimental values, even if therestlll a small discrepancy bnset voltags.

Although futher adjustments of the simulation parameters are possible to ensure even more
accurate results, the results presented here are deemed to be good enough. Since detailed
information regarding pressure and humidirgriationsfrom the experiment is lackinfhese might

affect the ion mobilities)it is close to impossible to fully recreate the same settings tnerefore,

the deviationsof the simulated resultgan beconsideredasacceptable
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Figurel?. The ionic, displacement and capacitive current components at 50 Hz frequreh2 kV voltage magnitude.

5.2. CORONACURRENTCOMPONENTS
In Figures 17, 18 and 1Be current components described in sectidri6are plotted for 50 Hz, 1 Hz
and 0.1 Hz respectively. It imotable that for the higter frequency 50 HZFigure 17)the ionic or
conductive current component f@acticallyzero at the measuring point. This means that none of the
charge carriers has reached #he way over the gap to flow into thexternal circuit. At lower
frequency (1 HzFigure 18 the ionic component is no longer zero, but instead reaches a magnitude
of almost half the total magnitudép 'y dand'gyll, My Pespectikly. For an even lower
frequency (0.1 HzFigure 19 this effect is enhanced even furthend the ionic component
constitutes the major part of the total current witldo ' ¢ and' @y r'h H. Thelreason for the
increasel ionic currentat lower frequency is that the time frame for the charge carriers to flow
through the domain is increased before the polangversaland the charges start to move in the
opposite direction.The capacitive current componenthat is defined according ¢ (53) as the
product of the timederivative of the electric fieldand the capacitance of theoaxialcylindical
system should in theoryyield a constant value since the derivative of the trialaguvoltage is
constant. Howeverthe shape of this current iaffected by the quality (e.g. stability) of the test
voltage supply in experiments and smoothness of the function used for representing the applied

voltage in the simulations. Therefore, ithard to expect a good match for this current component.
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Figurel8. The ionicdisplacement and capacitiveiicent components at Hz frequency and 20 kV voltage magnitude.

Figurel9. The ionic, displacement and capacitive current components at 0.1 Hz frequency and 20 kV voltage magnitude.
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