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Présentation du Laboratoire Systèmes Électrotechniques et 
Environnement (LSEE)

• Présentation générale
• Activités
• Place de la modélisation numérique au LSEE

Utilisation de la modélisation numérique pour l’étude des 
décharges partielles (dans les machines)

• Travaux antérieurs
• Comment aller plus loin ?

o Modélisation des charges d’espace par la MEF : modèle hydroélectrodynamique
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LE LSEE



LSEE – UR 4025
Laboratoire Systèmes Électrotechniques et Environnement
• Université d’Artois (Hauts-de-France)
• Pôle de la Faculté des Sciences Appliquées de Béthune
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LSEE



• 1 équipe composée de :
• 15 EC (5 PU, 1 MdC HDR et 9 MdC)
• 12 doctorants (flux constant)
• 2 IGE, 1 technicien  et 1 adjointe administrative
• 1 IGR et 3 IGE (non permanents)

• Champ de recherche : analyse et conception de composants 
électromagnétiques :

• Performants
• Contraints par leurs usages
• acceptés dans leur environnement

• Philosophie : validation par l’expérimentation !
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LSEE : COMPOSITION
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Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

Ø Thème initial du LSEE (1992)
Ø Analyse des phénomènes à l’origine des bruits (denture / saturation / 

géométrie)
Ø Procédés originaux de réduction active et passive
Ø Conception de machines spéciales (matériaux / structures)

LSEE : ACTIVITÉS
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Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

Ø Réduction active
Ø Réduction passive : résultat phare

Machine 
asynchrone 4kW –
4 pôles modifiée et 
alimentée par un 
onduleur MLI

1 brevet
2 thèses

LSEE : ACTIVITÉS
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Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

Ø Evaluation du comportement acoustique de circuits magnétiques 
Ø Comprendre les sources de bruit : Forces de Maxwell, Magnétostriction
Ø Partenaire historique du laboratoire : 

LSEE : ACTIVITÉS
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Efficacité 
énergétique

Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

LSEE : ACTIVITÉS
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Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

Ø Analyser l’adéquation des machines à leur charge
Ø « Préconiser pour économiser »

Efficacité 
énergétique

Analyse 
non invasive 

des 
performances

LSEE : ACTIVITÉS
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Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

Ø Utilisation d’aciers électriques à hautes performances

Efficacité 
énergétique

Analyse 
non invasive 

des 
performances

Machines 
innovantes

LSEE : ACTIVITÉS
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Machines 
innovantes

Machines asynchrones à tôles GO 
- Segmentée ou non / Cage cuivre   
- 1 brevet
- J : Rendement öö (+2%)

Bruit øø
- Partenaires :

Machines Synchrones à tôles GO
- Tôles décalées / Flux axial / Flux radial 
- Objectif : Rendement öö
- Application : automobile

LSEE : ACTIVITÉS
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Ø Dimensionnement d’un Single State Transformer 

à acier GO

Ø Objectifs : 

> Moyennes fréquences
> Adaptable aux convertisseurs conventionnels
> « Brique » élémentaire 

Machines 
innovantes

LSEE : ACTIVITÉS
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Machines 
éco-efficientes
et silencieuses

Bruits 
et 

vibrations

Efficacité 
énergétique

Analyse 
du Cycle 

de Vie

Ø Exemple du moteur vert

Ecobilan > 0 au-delà d’un temps de 
fonctionnement cumulé sur 10 ans d’environ
1500 heures
� Fils émaillés polymérisés par UV et 

fabriqués sans solvant
� Thermocollage des enroulements
� Matières plastiques d’origine végétale
� Tôles GO décalées pour limiter les pertes 
fer
� Roulements à haut rendement
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LSEE : ACTIVITÉS
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Efficacité 
environnementale

des machines 
électriques

Machines 
éco-efficientes
et silencieuses

Détection 
de défauts

Vieillissement
Fiabilité

Machines 
à températures

étendues

LSEE : ACTIVITÉS
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Ø Types de défauts : Courts-circuits inter-
spires / Excentration / Courts-circuits entre 
tôles

Ø Non-invasif :   - Champ de dispersion 
- Vibrations 

Ø Partenaires : 
Ø Exemple phare : 
Ø alternateur hydraulique de 80 MW

Détection 
de défauts

Vieillissement
Fiabilité

Détection
de

défauts
 

LSEE : ACTIVITÉS
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Ø Types de défauts : Courts-circuits entre tôles de 
transformateurs

Ø Non-invasif :   Champ de dispersion             
Ø Partenaire : 

Détection 
de défauts

Vieillissement
Fiabilité

Détection
de

défauts

LSEE : ACTIVITÉS
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Détection 
de défauts

Vieillissement
Fiabilité

Détection
de

défauts

Isolation
des machines

Pourquoi ?

Ø MLI avec fronts de tension plus raides (SiC et GaN) 
Ø Environnement contraignant (température, dépression, chocs thermiques)

Problématique : 
Résister longtemps 

aux pointes répétitives 
de tension

Pointes de tension plus élevées

o DP plus intenses et 
plus fréquentes

o Erosion plus rapide 
des couches 
isolantes

ø durée de vie

LSEE : ACTIVITÉS
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Détection 
de défauts

Vieillissement
Fiabilité

Détection
de

défauts

Isolation
des machines

Pourquoi ?

Durée 
de vie 
du SIE

LSEE : ACTIVITÉS
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Durée 
de vie 
du SIE

® Mise au point d'un appareil capable d'imposer des impulsions
rapides à fréquence élevée

® Comptage du nombre d'impulsions avant claquage
® Enregistrement des données sur des temps longs (24h/24)
® Eprouvettes torsadées / bobines imprégnées / moteurs entier

Exemple phare : Dispositif « FiabSIE »

Paramètres analysés 
® SADP
® Tension de claquage
® Nature de l’isolation
® Technologie d’imprégnation

LSEE : ACTIVITÉS
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Détection 
de défauts

Vieillissement
Fiabilité

Détection
de

défauts

Isolation
des machines

Pourquoi ?

Durée 
de vie 
du SIE Bobinages

« DP Free »

LSEE : ACTIVITÉS
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Détection 
de défauts

Vieillissement
Fiabilité

Détection
de

défauts

Isolation
des machines

Pourquoi ?

Durée 
de vie 
du SIE Bobinages

« DP Free »

Moyens
expérimentaux

LSEE : ACTIVITÉS
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Modélisation numérique ?



Efficacité 
environnementale

des machines 
électriques

Machines 
éco-efficientes
et silencieuses

Détection 
de défauts

Vieillissement
Fiabilité

Machines 
à températures

étendues

LSEE : ACTIVITÉS

24



500°
C

Machines 
à températures

étendues

Pourquoi 
Monter en 

température ?

Ø Travailler dans des 
environnements sévères

Ø Puissance massique !

Densité de 
courantö Masse et 

volumeø

Température ö

Problématiques : 

LSEE : ACTIVITÉS
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Isolation
Conception
Bilan environnemental



Machines 
à températures

étendues

Pourquoi 
Monter en 

température ?

Quelle 
isolation ?

LSEE : ACTIVITÉS
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Bobines à bandes d'aluminium anodisé
Ø Meilleur remplissage des encoches
Ø Transfert thermique radial
Ø Accrochage naturel et robuste de la couche isolante (Al2O3 sur Al)
Ø Meilleure répartition des fronts de tension de la MLI

350°C

Application : Machines Synchrones  
® HT°
® à bobinage concentré I

Quelle 
isolation ?

Bobines à bandes d’aluminium 
anodisées

LSEE : ACTIVITÉS
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Monter franchement en température
Ø Textiles inorganiques
Ø Fils isolés avec des céramiques
Ø Protection du cuivre par couche en Nickel

500°C

Problématiques : 
® Structures
® Dimensionnement

Quelle 
isolation ?

Glass 
textile

Ceramic 
textile

Ceramic 
paper

Fil Cuivre à barrière de diffusion en Nickel

LSEE : ACTIVITÉS
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Machines 
à températures

étendues

Pourquoi 
Monter en 

température ?

Quelle 
isolation ?

Exemples 
de machines 

LSEE : ACTIVITÉS
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® À pas fractionnaire
® 600°C
® Collaboration :

Machine synchrone bobinée sur dentsExemples
de machines

HT°

 

Machine asycnhrone à bobines en S et dents rapportées

LSEE : ACTIVITÉS
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Deux types d’utilisation :

1. utilisation niveau « ingénierie » à l’aide de logiciels commerciaux : outil d’investigation 
complémentaire de l’éxpérimentation

§ calcul de couple de machines
§ visualisation de cartes de champs dans des structures particulières

2. utilisation niveau « recherche » : développement d’outils pour des investigations poussées

31

LSEE : PLACE DE LA MODÉLISATION NUMÉRIQUE
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UTILISATION DE LA MODÉLISATION 
NUMÉRIQUE POUR L’ÉTUDE DES 
DÉCHARGES PARTIELLES



Détermination du seuil d’apparition de décharges partielles dans 
des dispositifs à géométries non planes [1]

33

TRAVAUX ANTÉRIEURS

[1] G. Parent, M. Rossi, S. Duchesne, and P. Dular, “Determination of Partial Discharge Inception Voltage and Location of Partial
Discharges by Means of Paschen’s Theory and FEM,” IEEE Transactions on Magnetics, vol. 55, no. 6, pp. 1–4, Jun. 2019.

10�4 10�3 10�2 10�1
102

103

104

M1

M2

M3

d [cm]

V
[V

]

Paschen’s curve

E
le
ct
ro

d
e
1

v
=

V
1

E
lectro

d
e
2

v
=

V
2Field line

v
=

V
s

v
=

V
e

Insulation
layers

𝑉b =
𝐵𝑝𝑑

ln 𝐴𝑝𝑑 − ln ln 1 + 1
𝛾!"

Field line

v
=

V
s

v
=

V
e

E
le
ct
ro

d
e
1

v
=

V
1

E
lectro

d
e
2

v
=

V
2

Insulation layers



Détermination du seuil d’apparition de décharges partielles dans 
des dispositifs à géométries non planes [1]
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Application à un dispositif de test normalisé : paire torsadée [1]
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Est-il possible de définir un modèle qui permette de tout prévoir et 
prendre en compte ?

• Conditions d’apparition de la décharge ?
• Évolution spatiale et temporelle de la décharge ?
• Conditions d’extinction de la décharge ?

Peut-on identifier des marqueurs à analyser pour comparaison 
avec des relevés expérimentaux ?

Bien identifier la physique mise en œuvre 

36

ALLER PLUS LOIN ?
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QU’EST—CE QU’UNE DÉCHARGE ?

Une décharge électrique est un plasma
composé de 6 types d’éléments :

• atomes et molécules
• atomes et molécules excités
• ions positifs
• ions négatifs
• photons
• électrons libres

Source : 
https://www.plasmatreat.fr/technologie_plasm
a/qu-est_ce_que_plasma.html



• Une décharge partielle, telle que définie par l’IEC [1], est « une décharge électrique locale qui ne 
traverse que partiellement la couche d’isolant et qui peut apparaître au voisinage d’un conducteur ou 
pas ».

• Elle apparaît dans les région où le champ électrique dépasse la valeur limite de l’isolant.
• Une décharge partielle se limitera à une portion de l’isolant alors qu’une décharge totale créera un 

chemin conducteur reliant deux électrodes.

38

QU’EST—CE QU’UNE DÉCHARGE PARTIELLE ?

[1] IEC 60270 : « High-voltage test techniques - Partial discharge measurements », 3rd ed., 2000

Décharge totale Décharge partielle
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PRINCIPE DE CRÉATION ET DE PROPAGATION

• Toute décharge électrique, partielle ou non, a besoin d’un électron libre pour s’initier.
• Dans l’air, quelques électrons libres n0 sont créés par radiation terrestre ou par rayons cosmiques

M M+ + e
radiation

• Soumis à un champs électrique important, le nombre d’électrons libre ne croît de manière 
exponentielle (ou pas) :

𝑛" = 𝑛# exp 𝑣$ − 𝑣% 𝑡

18

Figure 1.3 (a) Typical cloud chamber photograph of a single electron avalanche, adapted from 
[30]; (b) Conceptual sketch of the electron avalanche development under a uniform electric 
field; and (c) Cloud chamber photograph showing the transition from avalanches into streamers
where the initial radius of the streamer ௦ݎ is marked, adapted from [35].

The most common setup in the laboratory to produce electrical discharges is the point-
plate configuration, as illustrated in figure 1.4. This figure also illustrates different basic 
forms of electrical discharges at atmospheric pressure. As the voltage applied to the 
electrode increases, streamers can be firstly produced from electron avalanches as 
described in the previous subsection. These streamers are generally known as pre-onset 
streamers [26]. Depending on the applied voltage and gap distance, different forms of 
electrical discharges can be produced. In short gaps under high voltage, streamers can
reach the opposite electrode leading to streamer breakdown, which usually develops into
an electric arc. Electric arcs can be sustained if the applied voltage is maintained. If the 
produced streamers cannot bridge the gap, corona discharges will be formed. Under 
electric fields slowly changing in time (e.g. under DC voltages), the discharge is self-
sustained in a limited region around the electrode. Depending on the electrode and applied 
voltage, corona discharges usually have two typical modes, namely streamers with 
filamentary structures and homogeneous glow [36, 37]. In long air gaps (> 1 m), the 
current of a large number of branching filaments in a streamer can contract into distinct 
stems. Leader discharges can be incepted if the stem of a streamer reaches a temperature of
about 2000 K [23, 38, 39]. If the electrostatic conditions are sufficient, the leader channel 
acts as an elongation of the electrode since the electric field along the channel is rather 
low. Then, the channel can propagate into the gap by thermalizing air through the current 
collected from the streamer corona produced at its tip. The corona region ahead of the 
leader tip is also known as the streamer zone. Figure 1.5 shows a typical streak image of 
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[1] L. Liu, “Physics of Electrical Discharge Transitions in Air,” KTH Royal Institute of Technology, 2017.

Photo (gauche) et schéma de principe (droite)
d’une avalanche issue d’un électron germe [1]
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PRINCIPE DE CRÉATION ET DE PROPAGATION

[1] F. Boakye-Mensah, N. Bonifaci, R. Hanna, and O. Lesaint, “Modelling of Positive Streamer in Point to Plane Geometry in Air using
Plasma Module, COMSOL Multiphysics,” GT SEEDS, 2020.
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CORONA, STREAMER, LEADER, ARC…

19

positive leader propagation in a rod-plane gap in air, where the leader tip and the streamer 
zone can be clearly seen. Leader discharges are the most important breakdown mechanism 
in long air gaps (> 1m) [24]. Once the streamer at the tip of a leader channel reaches the 
opposite electrode, leader breakdown occurs. In this case, an electric arc can also be 
formed if the applied voltage is maintained.

Streamers and glow corona are non-thermal plasmas where the gas temperature is 
usually low [7]. For this reason, streamers and glows are also classified as cold plasmas.
However, the electronic temperature of cold plasmas is much larger than the gas 
temperature (translational temperature). Leader discharges and electric arcs are instead 
thermal plasmas which much higher gas temperature (> 2000 K).

Figure 1.4 Sketch of typical electrical discharges in non-uniform fields at atmospheric pressure.

Electric arc
Streamer

breakdown

Pre-onset
streamers

Streamer
waves

Glow
corona

Voltage high

Increase the
voltage

Point-plate configuration
applied by a voltage

ܷ

ݐ

ܷ

ݐ

Leader
breakdown

Streamer 
corona

Leader
Electric arc

[1] L. Liu, “Physics of Electrical Discharge Transitions in Air,” KTH Royal Institute of Technology, 2017.

Panorama des différentes types de décharges dans un 
gaz sous pression atmosphérique [1]

Une fois initiée (pre-onset streamer), la
forme, et donc le type, de la décharge
dépend (entre autres) :
1. de l’intensité du champ électrique

appliqué dans l’isolant
2. de la distance qu’elle doit parcourir

(épaisseur de l’isolant)

Exemples :
• Champ élevé + isolant mince

➙ breakdown
• Si isolant épais (la décharge ne 

parvient pas à franchir la distance)
➙ corona autour de l’électrode

• Si variation lente du champ (DC)
➙ décharge reste localisée autour de 
l’électrode (filamentaire ou 
homogène)
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D’UNE DÉCHARGE À L’AUTRE…

21

propagation. In this thesis, more attention is focused on the first stage, i.e., the 
leader inception.

x Breakdown-to-arc transition T5: describes the transition of any breakdown 
process into an arc discharge. Electric arcs in air at atmospheric pressure 
usually have much higher current and temperature (> 5000 K) than for leader 
channels.

Figure 1.6 Conceptual sketch of different forms of electrical discharges and their transitions 
under atmospheric pressure.

1.4 The motivation and context of this thesis
1.4.1 The motivation and aim
As mentioned before, electrical discharges have a long research history. However, our 
knowledge of electrical discharges is still limited and many questions are still unsolved. 
Let us take the most common and famous phenomenon of lightning as an example. Several 
hundreds of years have passed after Benjamin Franklin conducted his experiments on 
lightning. Nevertheless, one of the most basic and important questions of ‘how lightning is 
initiated’ is still unsolved [1]. Another basic process poorly understood is the attachment of 

Electron 
avalanche Corona Leader Electric arc

Streamer
T1 T4

T5

Glow

T2 T3

Streamer 
zone

Leader 
channel

Anode

Cathode

Current

Current

Electric
field

Breakdown

Short
gap

[1] L. Liu, “Physics of Electrical Discharge Transitions in Air,” KTH Royal Institute of Technology, 2017.

Représentation schématique des transitions entre 
types de décharges [1]

• T1 : avalanche vers streamer
➙ est-ce qu’une décharge s’initie ou non ?
➙ intéressant pour nos machines

• T2 : streamer vers glow corona
➙ cas rencontré en DC (en MLI un plateau c’est 
du DC ?)
➙ intensité du champ insuffisant pour former un 
leader ou causer un breakdown

• T3 : glow corona vers streamer
➙ augmentation du champ / dépend de la 
géométrie
➙ rencontré lors d’une variation brusque de 
l’intensité du champ (MLI ?)

• T4 : streamer to leader
• T5 : arc
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MODÈLE HYDROÉLECTRODYNAMIQUE

𝜕𝑁&
𝜕𝑡

= 𝑆 + 𝑁&𝛼 𝑾& − 𝑁&𝜂 𝑾& − 𝑁&𝑁'𝛽&' − ∇ < 𝑁&𝑾& − 𝑫∇𝑁&

𝜕𝑁'
𝜕𝑡

= 𝑆 + 𝑁&𝛼 𝑾& − 𝑁&𝑁'𝛽&' − 𝑁(𝑁'𝛽(' − ∇ < 𝑁'𝑾'

𝜕𝑁(
𝜕𝑡

= 𝑁&𝜂 𝑾& − 𝑁(𝑁'𝛽(' − ∇ < 𝑁(𝑾(

• Equation de continuité appliquée aux charges

• Equation de Poisson pour le potentiel électrique

∇ < 𝜖)∇𝜙 +
𝑒
𝜖#

𝑁' − 𝑁( − 𝑁& = 0

𝑬 = −∇𝜙

• Ne : densité de charge des électrons
• Np : densité de charges des ions positifs
• Nn : densité de charge des ions négatifs
• We : vect. vitesse des électrons
• Wp : vect. vitesse des ions positifs
• Wn : vect. vitesse des ions négatifs
• 𝛼 : coeff. ionisation 
• 𝜂 : coeff. attachement
• 𝛽ep : coeff. de recombinaison entre 

électrons et ions positifs
• 𝛽np : coeff. de recombinaison entre ions 

négatifs et ions positifs
• S : sources
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MODÈLE HYDROÉLECTRODYNAMIQUE

𝜕𝑁&
𝜕𝑡

= 𝑆 + 𝑁&𝛼 𝑾& − 𝑁&𝜂 𝑾& − 𝑁&𝑁'𝛽&' − ∇ < 𝑁&𝑾& − 𝑫∇𝑁&

𝜕𝑁'
𝜕𝑡

= 𝑆 + 𝑁&𝛼 𝑾& − 𝑁&𝑁'𝛽&' − 𝑁(𝑁'𝛽(' − ∇ < 𝑁'𝑾'

𝜕𝑁(
𝜕𝑡

= 𝑁&𝜂 𝑾& − 𝑁(𝑁'𝛽(' − ∇ < 𝑁(𝑾(

• Equation de continuité appliquée aux charges

• Equation de Poisson pour le potentiel électrique

∇ < 𝜖)∇𝜙 +
𝑒
𝜖#

𝑁' − 𝑁( − 𝑁& = 0

𝑬 = −∇𝜙

• Equation de transport

• Equation de Poisson

➙ déplacement

➙ diffusion

➙ sources / réactions

➙ charges d’espace

➙
𝜕𝑢
𝜕𝑡
+ ∇ < 𝒗𝑢 − 𝐷∇𝑢 = 𝑠

Problème :
• fortement couplé
• multi-échelle
• méthode des éléments finis peu adaptée aux équations de transport (stabilité)
• requiert de nombreux paramètres 



Historique (non exhaustif) :
• 80s : utilisation de la méthode des différences finies en 1D et 2D
• 90s : amélioration des performances (taille du système, vitesse…)
• 2000s : 

• utilisation de la méthode des éléments finis
• utilisation de maillages adaptatifs
• apparition de différents modèles de lois de comportements
• amélioration de la stabilité
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[1] B. Bagheri et al., “Comparison of six simulation codes for positive streamers in air,” Plasma 
Sources Science and Technology, vol. 27, no. 9, p. 095002, Sep. 2018.
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28

widely used in the CFD area since the analytic solution is straightforward while the 
accurate numerical solution is difficult due to the very sharp gradient at the edge of the 
square profile. As shown in figure 2.1, the first order upwind method has serious numerical 
diffusion compared to the analytic solution, while the second order scheme is less diffusive 
but has numerical oscillations.

Figure 2.1 Comparison between the simulated results and the analytic solution in a square test.

One idea to improve the numerical method is to combine the advantages of both low 
order and high order schemes, which was first introduced by Boris and Book in 1970s.
They developed the flux-corrected transport method (FCT) [63-65], which later was
successfully applied to the 2D simulation of the streamer propagation [46]. For a brief 
review of other numerical methods used in the literature for corona discharge simulation,
the reader is referred to the introduction in Paper I.

The second challenge comes from the efficient solution of Poisson’s equations. 
Different methods have been used in the literature, for example, the fast Fourier transform
algorithm [46], the symmetrical successive over-relaxation method [66], and the direct 
SuperLU solver [67]. However, it is challenging to use FDM or the finite volume method 
(FVM) to solve Poisson’s equations on unstructured meshes since the discretization is 
more complicated than for structured meshes [68]. The most suitable method to handle 
irregular geometries using unstructured mesh is the finite element method (FEM). FEM 
combined with FCT [69] and diffusive stabilization techniques [70, 71] have also been 
successfully employed in corona discharge simulations, such as in [72] and [73]. However, 
these methods are not inherently positivity-preserving and numerical oscillations can take 
place without extra imposed conditions.

Plusieurs méthodes de stabilisation existent : lesquelles sont adaptées à nos problèmes ?

[1] L. Liu, “Physics of Electrical Discharge Transitions in Air,” KTH Royal Institute of Technology, 2017.
[2] G. E. Georghiou, A. P. Papadakis, R. Morrow, and A. C. Metaxas, “Numerical modelling of atmospheric pressure gas discharges leading to plasma 

production,” Journal of Physics D: Applied Physics, vol. 38, no. 20, pp. R303–R328, Oct. 2005.
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• Ne : densité de charge des électrons
• Np : densité de charges des ions positifs
• Nn : densité de charge des ions négatifs
• We : vect. vitesse des électrons
• Wp : vect. vitesse des ions positifs
• Wn : vect. vitesse des ions négatifs
• 𝛼 : coeff. ionisation 
• 𝜂 : coeff. attachement
• 𝛽ep : coeff. de recombinaison entre 

électrons et ions positifs
• 𝛽np : coeff. de recombinaison entre ions 

négatifs et ions positifs
• S : sources
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Table 1. Transport properties of air given by Steinle et al [63], Nikonov et al [26], Morrow and Lowke [43] and Kang et al [17] (E in
V cm−1, P in Torr, N in cm−1).

Steinle et al [63] Nikonov et al [26] Morrow and Lowke [43] Kang et al [17]

α, cm−1 3.9P exp(−213/(|E|/P )) 2 × 10−16N exp[(−7.248 × 10−15/|E|/N)] 0.0035
if |E|/P < 108 if |E|/N > 1.5 × 10−15 exp(−1.65 × 105E−1)

14.5P exp(−316/(|E|/P )) 6.619 × 10−17N exp[(−5.593 × 10−15/|E|/N)]
if |E|/P ! 108 if |E|/N " 1.5 × 10−15

η, cm−1 Max(4.47/(|E|/P ) and N(8.889 × 10−5|E|/N + 2.567 × 10−19) 0.15
4.47 × 10−3(|E|/P )2) +N2(4.7778 × 10−59(|E|/N)−1.2749) exp(−2.5 × 104E−1)
if |E|/P < 10 if |E|/N > 1.05 × 10−15

4.47 × 10−3(|E|/P )2 N(6.089 × 10−4|E|/N − 2.893 × 10−19)
if 10 " |E|/P " 50 +N2(4.7778 × 10−59(|E|/N)−1.2749)

1.58(|E|/P )0.5 if 1.2 × 10−17 " |E|/N " 1.05 × 10−15

if 50 " |E|/P " 90 106.81 if |E|/N < 1.2 × 10−17

142/(|E|/P )0.5 0 if η < 0
if |E|/P > 90

We, cm s−1 −0.0382E − 2.9 × 105E/P −(E/|E|)[7.4 × 1021(|E|/N) + 7.1 × 106] −6060E0.75

if |E|/N > 2 × 10−15

−(E/|E|)[1.03 × 1022(|E|/N) + 1.3 × 106]
if 1 × 10−16 " |E|/N " 2 × 10−15

−(E/|E|)[7.2973 × 1021(|E|/N) + 1.63 × 106]
if 2.6 × 10−17 " |E|/N " 1 × 10−16

−(E/|E|)[6.87 × 1022(|E|/N) + 3.38 × 104]
if |E|/N " 2.6 × 10−17

Wp, cm s−1 3.42E 1.43 × 103E/P 2.43EP0/P 2.43E

Wn, cm s−1 3.42E −3.3 × 103E/P −2.7EPo/P −2.70E
if |E|/N > 5 × 10−16

−1.86EP0/P
if |E|/N " 5 × 10−16

βep, cm3 s−1 1 × 10−7 2 × 10−7

βpn, cm3 s−1 2 × 10−7

Der , cm2 s−1 2200 0.035|We/E||E|/P [0.3341 × 109(|E|/N)0.54069]|We/E| 1800

Dea, cm2 s−1 1800 1800 [0.3341 × 109(|E|/N)0.54069]|We/E| 1800
Dp, cm2 s−1 0.046

Figure 1. Ionization coefficient versus E/N . Solid line, circles and
crosses represent, respectively, the coefficients used by Nikonov
et al [26], Morrow and Lowke [43] and Kang et al [17].

preference to FEs. However, in order to fulfil the last two
requirements one has to resort to FE as they offer computational
efficiency through the use of unstructured grids, and they can
be easily extended to three dimensions.

Figure 2. Attachment coefficient versus E/N . Solid line, circles
and crosses represent, respectively, the coefficients used by Nikonov
et al [26], Morrow and Lowke [43] and Kang et al [17].

All these suggest that a FE version of FCT should be
developed. As a result a considerable amount of effort has been
devoted in developing a new numerical algorithm employing
the FE-FCT method and having the attributes mentioned

R308

[1] G. E. Georghiou, A. P. Papadakis, R. Morrow, and A. C. Metaxas, “Numerical modelling of atmospheric pressure gas
discharges leading to plasma production,” Journal of Physics D: Applied Physics, vol. 38, no. 20, pp. R303–R328, Oct. 2005.
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All these suggest that a FE version of FCT should be
developed. As a result a considerable amount of effort has been
devoted in developing a new numerical algorithm employing
the FE-FCT method and having the attributes mentioned
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[1] G. E. Georghiou, A. P. Papadakis, R. Morrow, and A. C. Metaxas, “Numerical modelling of atmospheric pressure gas
discharges leading to plasma production,” Journal of Physics D: Applied Physics, vol. 38, no. 20, pp. R303–R328, Oct. 2005.
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Exemples d’applications issues de la littérature
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Homogeneous background ionization levels of ni �
n 10 me

13 3� � in the first test case and n n 10 mi e
9 3� � � in

the second and third test cases are used.

3. Description of the codes

Six groups participate in this study and each group uses a
different simulation code. The codes are of the finite volume
or finite element type, and in the latter case they are based on
the commercial finite element multiphysics framework
(COMSOL Multiphysics®, www.comsol.com). Some groups
use adaptive mesh refinement (AMR) while others use a
fixed numerical grid. By using AMR the thin space charge
layer around the streamer head and regions with high electric
field can be resolved while keeping the computational cost
relatively low. In the following, a brief description of the
programs and their numerical implementation is provided.
The abbreviations for the groups are used in the figures,
tables and their captions. A summary of the codes is pro-
vided in table 1.

3.1. Group CWI: B Bagheri, J Teunissen, U Ebert, The
Netherlands

Afivo-streamer [25]www.gitlab.com/MD-CWI-NL/afivo-
streamer was used, which is an open source code for the
plasma fluid simulation of streamer discharges. Afivo-
streamer is based on the Afivo framework [67], and it
employs AMR, geometric multigrid methods for Poisson’s
equation and OpenMP parallelism. The finite volume

method implemented in this code is second order accurate in
space and time [25], using a flux limiter and the explicit
trapezoidal rule. A fixed numerical grid can be used by
changing the refinement routine.

3.2. Group ES: A Luque, Spain

ARCoS [68]www.cwimd.nl/doku.php?id=codes:arcos, which
is an open source code for the simulation of streamer dis-
charges based on the plasma fluid model, is employed. The
code uses AMR and the Poisson equation is solved based on
the FISHPACK library. For the simulations in this paper, a
constant time step of 1 ps is used. Time-marching is imple-
mented with a second order Runge–Kutta, also called the
‘midpoint’ rule.

3.3. Group FR: O Eichwald, O Ducasse, J M Plewa, M Yousfi,
France

The code as implemented in [22] is used. It is a finite volume
code (assuming a revolution symmetry around the axis of the
streamer propagation) with second order accuracy in time and
space. The elliptic equations (for potential and photoioniza-
tion calculations) are solved with a direct method (non-
iterative) based on an FFT technique along the axial direction
and a cyclic reduction technique along the radial direction. It
is worth noting that the use of FFT techniques require a
uniform discretization of the axial direction with the total
number of mesh cells equal to 2n (in our case n varies from 11
to 14, which leads to a number of mesh cells ranging from
2048 to 16 384 in the axial direction). The calculation of the
diffusion and drift fluxes of charged species is corrected with
the second order MUSCL superbee flux limiter, which can be
used without the time splitting technique. Time steps are
adapted using the Courant–Friedrichs–Lewy (CFL) condition,
which verifies that t C r v z vmin ,r z% � % %({ } { }) where
{...} represents the set of possible values. In all the simula-
tions, the CFL number was set to C=0.1.

3.4. Group CN: S Chen, China

The streamer model is implemented in COMSOL Multi-
physics 5.3 and the plasma module is used. In order to avoid
negative charge densities, a logarithmic representation
of the drift-diffusion equations is employed. A feature called
‘source stabilization’ is used, which adds a source term
R N nexp lne A e[� �( ( )) to the electron density, where
ζ=0.4 is a user-defined tuning parameter. This source term
prevents the electron density from approaching zero, and it
becomes negligible for high electron densities (reference: the
plasma module userʼs guide, Comsol Multiphysics, pp 207).
More time is required to optimize the model’s numerical
parameters. The backward differentiation formula (BDF)
method, with a maximum BDF order 2 and minimum BDF
order 1, is used for time integration. The relative tolerance
was set to 10−3 for all cases. A parallel sparse direct solver
(PARDISO) is chosen as the direct linear system solver.

Figure 2. The initial electric field configuration with equipotential
lines, where f0=18.75 kV and Lz=Lr=1.25 cm. For the
electric potential Neumann zero boundary (∂rf=0) conditions are
applied at r=0 (due to symmetry) and at r=1.25 cm. Neumann
zero boundary conditions are implemented for the electron density
on all boundaries. Instead of a needle electrode, a positive immobile
seed with a Gaussian distribution at (r, z)=(0, 1) cm is included.
The dashed white line indicates a radial domain up to 2mm, which
is shown in figures 3, 9 and 17.

5

Plasma Sources Sci. Technol. 27 (2018) 095002 B Bagheri et al

[1] B. Bagheri et al., “Comparison of six simulation codes for positive streamers in air,” Plasma 
Sources Science and Technology, vol. 27, no. 9, p. 095002, Sep. 2018.
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[1] B. Bagheri et al., “Comparison of six simulation codes for positive streamers in air,” Plasma 
Sources Science and Technology, vol. 27, no. 9, p. 095002, Sep. 2018.

for r>500 μm. These simulations took from several hours to
three days.

4.2.2. ES. Figures 5, 6: AMR with a minimal grid size of
Δr=Δz=3.9 μm (the coarsest grid size is four times
larger) and a time step fixed at 1 ps is employed. The
maximum number of cells in the simulation domain is around

2 013 184. The simulation took 20 h on an Intel Core i7-
6700K CPU @ 4.00 GHz.

4.2.3. FR. Figures 5, 6 and figure 7 (FR3.0): 4096 cells along
the z direction (thus Δz=3.05 μm) and 262 cells along the
radial direction. Δr=Δz remains constant until 600 μm and
is increased for r>600 μm. The calculation took around 6 h,

Figure 3. Case 1: a positive streamer propagates downwards. The electric field strength E∣ ∣ is shown for different times using data from the
CWI group, see section 4.3 and table 2. The radial direction extends up to 1.25 cm but is only shown up to 2 mm, as indicated by the dashed
line in figure 2.

Table 2. A summary of simulation settings for case 1, figures 5 and 6. We refer to this setting as ‘standard’ grid resolution for case 1 in the
text. Please read section 4.2 for more details. Note that for DE and CN, the min and max grid size are specified in the narrow rectangular
region where the streamer propagates, and not in the whole simulation domain. NA: not available.

CWI ES FR CN TUE DE
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Table 3. A summary of simulation settings for case 1, figure 7. We refer to the settings used for CWI0.8, FR0.8 and DE3.0 as ‘higher’ grid
resolutions in the text. Please read section 4.2 for more details.
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Time step dyn. dyn. dyn. dyn. dyn.
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4.2.3. FR. Figures 5, 6 and figure 7 (FR3.0): 4096 cells along
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radial direction. Δr=Δz remains constant until 600 μm and
is increased for r>600 μm. The calculation took around 6 h,

Figure 3. Case 1: a positive streamer propagates downwards. The electric field strength E∣ ∣ is shown for different times using data from the
CWI group, see section 4.3 and table 2. The radial direction extends up to 1.25 cm but is only shown up to 2 mm, as indicated by the dashed
line in figure 2.
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text. Please read section 4.2 for more details. Note that for DE and CN, the min and max grid size are specified in the narrow rectangular
region where the streamer propagates, and not in the whole simulation domain. NA: not available.
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Table 3. A summary of simulation settings for case 1, figure 7. We refer to the settings used for CWI0.8, FR0.8 and DE3.0 as ‘higher’ grid
resolutions in the text. Please read section 4.2 for more details.

CWI{3.0,1.5,0.8} CWIAMR FR{3.0,1.5,0.8} DE{5.0,4.0,3.0} DE5.0*
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respectively. W W W, ,e p n are the drift velocities for electrons, 
positive ions and negative ions. The gas medium is air at 
atmospheric pressure and the symbols    α η β α, , , m denote the 
ionization, attachment, electron–ion (ion–ion) recombination 
coef!cients and the rate of creation of metastable oxygen 
molecules due to electron impact, respectively.  k k,d q are 
the detachment rate coef!cient and quenching rate constant, 
respectively. The diffusion movement of charged particles 
is neglected. S is the photo-ionization source term, which is 
calculated following Penny and Hummert [33]. Instead of 
neglecting the photo-ionization radiation towards the central 
electrode as in [24], the radiation from all the directions is 
here included. Thus, the photo-ionization term at the center 
of the ith element is integrated from all the other elements as:

( )∫ α= ∆ Ψ
= ≠

WS
P x

A
N i j A x, di

i

i j j i

M

j j j
1,

e e (5)

where ∆xi is the characteristic length of the ith mesh element 
and M is the total number of the cells discretized from the 
computation region; α WN je e  is the number of ionizing events 
per unit volume at the jth element and Ai is the volume of the 
ith element in the mesh. Here P is the pressure and ( )Ψ i j,  is an 
experimentally determined function of the distance between 
ith element and jth element [33].

The continuity equations  are solved using the position-
state separation method (POSS) [32]. Equations  (1)–(4) are 
coupled with Poisson’s equation given by

ϕ
ε

∇ = − − −−e
N NO2

p 2 e( ) (6)

where ε is the permittivity of air, e the electron charge and ϕ the 
electric potential. Poisson’s equation is solved by FEM com-
bined with incomplete Cholesky conjugate gradient (ICCG) 
method [34]. Once the potential distribution is obtained, the 
electric !eld is calculated according to

ϕ= −∇E (7)

The discharge current per unit length including the contrib-
utions of electrons, positive ions and negative ions is given by

( )∫= − − ⋅−W W W EI
e
V

N N sO dp p 2 n e e L (8)

where V  is the applied voltage and EL the Laplacian electric 
!eld. The values of the parameters used in this model are 
given in the appendix. The validation of the model has been 
performed by comparison with the previous 1D simulation 
results by Morrow [24] and experimental data by Waters [1] 
presented in [29].

2.2. Numerical con!guration

2.2.1. Computation region and boundary condition. For 
sake of comparison with the 1D study reported in [24],  
a concentric cylindrical con!guration with inner and outer 
radius of 0.1 cm and 2.1 cm is modeled. Due to symmetry, 
only half of the region is considered as shown in !gure 1. 
For solving Poisson’s equation, the Dirichlet condition 
is applied to boundaries 1 and 2, where the potential is 

!xed to the applied voltage ( )V  and zero, respectively. The  
Neumann condition is applied to boundary 3. Following 
[35], the boundary condition for continuity equations  is 
described below. At the anode (boundary 1), the positive ions 
#uxes are !xed to zero and Neumann boundary condition 
is applied to negative ions and electrons. Similarly, at the 
cathode (boundary 2), the #uxes of negative ions and elec-
trons are !xed to zero while Neumann boundary condition is 
applied to positive ions.

In order to accurately compute the photo-ionization term 
S in (1), the image of the computation region is taken into 
account. Moreover, the current integration using equation (8) 
on the computation region is doubled as to consider the entire 
discharge current. Observe that the blocking effect of the 
inner conductor on the light beams emitted is neglected in 
the considered geometry. This is justi!ed by the fact that the 
amount of photo-ionization term decreases about two orders 
of magnitude at a distance 0.2 cm from the radiation source at 
atmospheric pressure [33].

2.2.2. Mesh discretization. An extremely !ne mesh is used 
around the inner conductor to resolve early streamer ioniz-
ing fronts. The computation region is !rstly divided into Nr 
parts exponentially in radial direction and ϕN  parts equally 
in angular direction using a mapped mesh, which results 
in × ϕN Nr  quadrilateral cells. Then the mesh is converted 
into triangular mesh by dividing each quadrilateral into two  
triangles. In this paper, 80 000 triangular elements are used 
in total, corresp onding to = =ϕN N 200r . The size of the  
elements around the inner conductor is in the order of 10 µm.  
Half of the mesh in the computation region is plotted in 
!gure 2(a).

In order to save computation time, the calculation of pho-
toionization is performed following a multigrid approach in a 
coarser mesh with 3200 triangular elements ( = =ϕN N 40r ) 
and then projected into the !ne mesh. A quarter of the mesh 
used for photoionization is shown in !gure 2(c). Numerical 
experiments have shown that this simulation strategy is ef!-
cient without losing accuracy.

Figure 1. The computation region of the numerical model, where 
r r,1 2 denote the radius of inner and outer conductor, respectively.
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2.2.3. Initial condition and applied voltage. A constant volt-
age of 30 kV is applied to the inner conductor from time zero. 
A few electron–positive ion pairs are placed around the inner 
conductor as seed to trigger the discharge, as it is usually done 
in the electrical discharge simulations [19, 26, 36, 37]. The 
seed of the pairs follows a Gaussian distribution expressed as 
below:

=

= −
+ − −

= =
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(9)

where r1 is the radius of inner conductor and x y,  are coordi-
nates (unit in cm). The maximum density = −N 10 cm0

4 3 is 
assumed as a reasonable value of nature background ioniz-
ation caused by radioactivity and cosmic rays [38]. Numerical 

experiments show that the value of N0 with a range from 
− −10 10 cm2 12 3 has little effect on the obtained results under 

the very long simulation times considered here.
Once stable glow corona is formed under a DC voltage, for 

instance at time ts, the applied voltage V is raised to investigate 
its transition to streamers. The applied voltage is raised with 
a constant rate of rise dV/dt, namely 4, 8, 10 µ −kV s 1 corresp-
onding to A1–A3 as illustrated in !gure 3. The case A0 repre-
sents no rise of the applied voltage.

2.2.4. Physical and numerical instabilities. Additional insta-
bilities either physical or numerical are needed to produce 
!lamentary streamers since the space charge generated by 
glow corona is quite uniform in coaxial cylindrical con!gu-
ration. Unfortunately, very little information related to such 
instabilities in stable glow corona is found in the literature.  
In this paper, the in#uence of three different types of instabili-
ties on the glow to streamer transition is considered.

The !rst type of instability is introduced by the ‘plasma 
spots’ model which is often used to create disturbances in 
the modelling of streamer discharges to study the features of 
branching [39]. There are some other reasons that may cause 
localized instabilities, for example, the microscopic inhomo-
geneities (electron density #uctuations [40], pressure instabil-
ities [39] et al) and macroscopic impurity perturbations (dust 
particles or other objects) [41]. For sake of simplicity, these 
factors are not taken into account.

Plasma spots usually have a Gaussian distribution of 
charge density with a radius of several micrometers [39].  
In this paper, the plasma spots are arbitrarily placed at the 
point (0.1, 0.1) close to the inner conductor during each simu-
lation step and are expressed as

∆ = ∆
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− + −
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where Nt is the maximum density of plasma spots and it is set 
to −10 cm6 3. This value is comparable to the corresponding 
local electron density and is much smaller than the density 
of positive ions. The simulation time step used during the 

Figure 2. (a) Overall view of a half of the !ne mesh; (b) View of a 
quarter of the coarse mesh for photo-ionization calculation.

Figure 3. Voltage waveforms considered for the evaluation of the 
glow to streamer transition.
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impact ionization is the dominant electron generation mech-
anism in the close proximity of the inner conductor. In this 
paper, the region where impact ionization dominates over the 
other processes is de!ned as the ionization layer. As it can be 
seen in !gure 4, the ionization layer is roughly 0.1 cm thick 
for the simulated con!guration, which is almost equal to the 
radius of the inner conductor.

Photo-ionization dominates the production of electrons 
outside the ionization layer. Thus, it plays an important role 
as a feedback mechanism providing free electrons for subse-
quent avalanches to develop in the ionization layer. However, 
the strength of photo-ionization does not have signi!cant 
in#uence either on the magnitude or the oscillation frequency 
of the glow corona current [24]. Similar analysis applies to the 
effect of detachment.

3.1.3. The formation of coaxial shells of positive charge. Fig-
ure 6 illustrates the 2D distribution of positive ions at the 
instant when the simulated current reaches its minimum 
and maximum level, which corresponds to the point A and 
B in !gure 4. As it is shown in !gure 6, once positive ions 
move away from inner conductor, the next ionization wave is 
stimulated forming a sequence of charged coaxial cylindrical 
shells.

The new electrons produced during a period of the glow 
corona discharge are rapidly absorbed by the anode while 
negative ions are absorbed at a much slower rate. This gives 
the chances for metastables to detach electrons from negative 

ions. The positive ions are left in the gap and propagate 
towards cathode with an average velocity of ×5 104 cm s−1. 
It takes about 2 µs for positive ions to move out of the ioniz-
ation layer (0.1 cm). This time corresponds to the period of the 
pulsating corona current. Thus, the oscillation frequency of 
positive glow corona mainly depends on the mobility of posi-
tive ions and the electric !eld close to the anode.

3.2. Transition from glow to streamer under rising voltages

3.2.1. Initial condition for the transition. In order to evalu-
ate the transition from stable glow corona to streamers, the 
change from a DC to a rising voltage is set to start when one 
of the steady current pulses reaches its minimum value (e.g. at 
ts  =  61 µs in !gure 4). At this time, the evaluation of the trans-
ition under different voltage ramps is performed with a new 
simulation time scale t′ set to 0. In this section, the simulations 
are performed considering plasma spots only. The evaluation 
of other instabilities will be later discussed in section 4.1.1.

3.2.2. Streamer-less glow corona under rising voltages. The 
spatial distribution of electric !eld, positive ions and electrons 
in the close proximity of the inner conductor under different 
ramp voltages are shown in !gure 7. For sake of compariso n, 
the plots are shown when the applied voltage in the cases A1 
to A3 reaches 41 kV. The corresponding corona current is 
plotted in !gure 8. As reference, case A0 with instability but 
without rising of the applied voltage is also shown. As it can 
be seen, the plasma spot instability (case A0) causes only a 
minor disturbance on the electron and ion densities without 
distortion of the electric !eld. The corresponding corona cur-
rent also remains unaffected with an average value of about 
20 mA m−1.

If the applied voltage is raised slowly, for instance case 
A1 (dV/dt  =  4 µ − kV s 1), the magnitude and frequency of the 
current pulses increase. Even though there is a local increase 
in the electron and positive ion density triggered by the insta-
bility, no signi!cant change in the electric !eld is observed. 
For this reason, no self-sustained, !lamentary streamer struc-
tures are seen at 41 kV. Simulation experiments con!rmed 
that a streamer-less glow corona could be maintained even 
at higher voltages since the new produced positive ions have 
enough time to drift out of the ionization layer without accu-
mulating before the next pulse.

3.2.3. Glow to streamer transition. As it can be seen from 
cases A2 and A3 in !gure 7, the homogeneity of the ioniz-
ation layer and the electric !eld distribution around the  
surface of the inner conductor is broken when the applied 
voltage is raised with a rate equal to or larger than 8 µ − kV s 1. 
As the value of dV/dt increases, the inhomogeneity created by 
the instability and its corresponding corona current increase. 
After some time, very localized ‘streamer’ !lamentary struc-
tures can be seen clearly in !gure 7 (case A3), leading to a 
sudden current increase by more than two orders of magnitude 
(>6 A m−1) as shown in !gure 8.

When the applied voltage increases fast enough (A3), the 
new produced positive ions produced by the instability have 

Figure 6. Positive ions distribution near the inner conductor when 
one current pulse reaches its minimum value (a) and maximum 
value (b). The 1D radial plot of (a) and (b) is shown in (c) for sake 
of clarity.
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no time to ‘run away’, accumulating around the surface of 
inner conductors. Such inhomogeneity will increase locally 
the electric !eld which in turn will make the inhomogeneity 
even worse due to increased ionization. In this way, streamers 
are incepted, resulting in a signi!cant increment of the corona 
current within a very short time (several hundreds of nano-
seconds) as observed in !gure 8. It also can be seen that the 
steeper the applied voltage is, the earlier the streamers are 
incepted. Since the discharge current per unit length provides 
a direct indication of the formation of the streamer !laments, 
it is selected as the main parameter to investigate the glow to 
streamer transition.

In order to demonstrate the effect of the plasma spot insta-
bility, the simulations are also performed at dV/dt  =  µ −10 kV s 1 
without introducing the instability. As it can be seen in 
!gure 7 (case A3∗), only a symmetric, cylindrical ionization 
front forms when the simulation is performed without insta-
bility. Interestingly, the discharge currents with and without 
instabilities (A3 and A3∗) are similar within 1 µs after the 

Figure 7. The distribution of electric !eld and the density of positive ions and electrons in the close proximity of the inner conductor at 
different instants. Case A0 is simulated as a reference where plasma spot is added without rising of the voltage. Cases A1–A3 correspond to 
different dV/dt as labeled in !gure 3. Case A3∗ is simulated without introducing any instability.

Figure 8. Corona discharge current simulated during the transition 
for different voltage ramps.
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