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Non-thermal discharges at atmospheric pressure 

Since a few years, many studies on non-thermal discharges at atmospheric 
ground pressure 

 
-  Wide range of applications at low pressure => possible at ground pressure 
to reduce costs (no need for pumping systems)? 
-  New applications as plasma assisted combustion and biomedical 
applications 
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How to generate non-thermal discharges at 
atmospheric pressure ? 

1. Between two metallic electrodes (interelectrode gaps of a few mms to a 
few centimeters at ground pressure) 

Risk : If the voltage pulse is too long =>  transition to spark 
 

4 cm 

Briels, PhD (2007) 
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Nanosecond repetitively pulsed (NRP) discharges 
in air at Patm (1-30kHz) 

VOLTAGE: (field strength ~100-300 Td) 

CURRENT 

Pulse duration: 10 ns < transition time to spark  
Delay between pulses: 33µs-1ms~ recombination time 

delay between 
pulses 

pulse 
duration 

Energy deposition per pulse is very small 
(~1 mJ for 5 kV / 10 ns pulses). 
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How to generate non-thermal discharges at 
atmospheric pressure ? 

2. Dielectric barrier discharges (interelectrode gaps of a few mms to a few 
centimeters at ground pressure) 

Plane-plane reactor (LPGP Orsay) 

Wire-cylinder (GREMI Orléans) 

H.Russ et al , IEEE Trans. Plasma Sci. 27 (1999) 38 

Patm discharges 
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Non-thermal discharges at atmospheric pressure 

Filamentary discharge (initiated by a streamer discharge):  high concentration 
of electrons (1014cm-3) in a filament with a radius of the order of 100µm 
 ⇒ high concentrations of active species (radicals, excited species). 
 However, local heating may be significant 
 
Diffuse discharge: low concentration of electrons, large volume of the 
discharge and negligible heating 
 

At Patm, non-thermal plasma discharges are generated in interelectrode 
gaps of a few mms to a few centimeters  

=> to prevent the transition to the spark regime : short voltage pulses and/or 
dielectric barrier discharge  

 
At Patm, non-thermal plasma discharges have filamentary (more frequent) 

or diffuse structures 
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High altitude discharges 

Diffuse and streamer regions of sprites [Stenbaek-Nielsen et al, GRL, 27, 3827, (2000)] 
 
Similarities of laboratory scale discharges at ground pressure with high altitude 
discharges: scaling of air discharge characteristics with pressure (or N, the gas density) 
[Pasko et al., GRL, 25, 2123, (1998), Liu and Pasko JPD 39, 327 (2006)] 
 
Peak electric field                Electron density               Time and distance  
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Positive streamer propagation in air at Patm 

Positive and negative streamers 
 
 
Characteristics: 
Typical radius of the filament=100 µm  
Velocity=108 cm/s => 10ns for 1cm 
Almost neutral channel and charged 
streamer head 
 
⇒ In the conductive channel: low electric 
field (5kV/cm) and a charged species 
density of 1013-1014 cm-3 
 

⇒ In the streamer head: peak electric field  
(140 kV/cm) 
 
 

⇒ Plasma frequency 10-100 GHz 
⇒ Debye length:0.5-1 µm 
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Positive streamer propagation in air at Patm 

Positive streamer propagates from 
the anode to the cathode 
Drift of electrons in the opposite 
direction 
 
 
Ions are almost immobile during 
propagation 
 
 
Streamer velocity > drift velocity of 
electrons  
⇒ A streamer discharge is an 
ionization wave 
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Positive streamer propagation in air at Patm 

Need of seed charges for propagation 
 
 
• Cosmic rays (up to 104 cm-3) => too low for 
streamer propagation 
 
• Photoionization (depends on the gas mixture) 
In air 

 
 
• Preionization from previous discharges: At a 
frequency of 1Hz, preionization level of positive 
and negative ions of 106-107 cm-3 [Wormeester et 
al. JPD, 43, 505201(2010)]  
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Different models:
⇒ Miscroscopic model for charged particles coupled to Poisson’s equation
(PIC-MCC model (Chanrion and Neubert JCP (2008) and JGR (2010))
 
⇒  Most popular: macroscopic fluid model coupled to Poisson’s equation

⇒ Hybrid models:
- Particle model in the high field region ahead of the streamer
- Fluid model in the streamer channel (low field, high electron densities)
(spatially hybrid model for negative streamer (Li, Ebert and Brook IEEE Trans. 
Plasma Sci. (2008), Li, Ebert, Hundsdorfer, JCP (2012), « bulk-model » 
Bonaventura et al., ERL (2014))

 

Complex medium: 
Charged species (ions, electrons), atoms and molecules (excited or not) and 
photons 
⇒ Simplest models take into account only charged species (and photons) 
 
Magnetic effects are negligible: 
⇒ Electric field derived from Poisson’s equation 

How to simulate non-thermal discharges at Patm? 
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Fluid model for a non-thermal discharge in air at Patm 

Simplest fluid model in air at atmospheric pressure

Higher order model: 
continuity equations, electron energy equation and Poisson’s equation
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⇒  Strong non-linear coupling between continuity and Poisson’s equations
⇒ The species densities have to be calculated accurately 
as their difference is used to calculate the potential and then the electric field
⇒  Most models are 2D axisymmetric, few 3D models
 

Fluid model for a non-thermal discharge in air at Patm 
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Fluid model for a non-thermal discharge in air at Patm 

⇒  Strong non-linear coupling between continuity and Poisson’s equations
⇒ The species densities have to be calculated accurately 
as their difference is used to calculate the potential and then the electric field
⇒  Most models are 2D axisymmetric, few 3D models
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2D Fluid model for a discharge in air at Patm 
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⇒  Transport parameters and source terms are pre-calculated 
    (Bolsig+ solver - http://www.bolsig.laplace.univ-tlse.fr/)

 

2D Fluid model for a discharge in air at Patm 
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⇒  Transport parameters and source terms are pre-calculated 
    (Bolsig+ solver - http://www.bolsig.laplace.univ-tlse.fr/)

 

2D Fluid model for a discharge in air at Patm 
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Transport coefficients in air at Patm 
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Source terms in air at Patm 

e� +O2 ! O� +O

e� +O2 +M ! O�
2 +M
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⇒  Need to model the photoionization source term

 

2D Fluid model for a discharge in air at Patm 
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Non-local phenomenon  
 
Photoionization rate at one position depends on all the emitters’ positions 
 

Reference model derived from experimental 
results [Zheleznyak, et al., High Temp., 20, 357 (1982)] 
and confirmed by recent experiments [Aints, et 
al., Plasma Process. and Polym. 5, 672 (2008)] 
 

Original model requires to calculate a 3D 
integral for each point at each time step  
⇒  New model based on a approximate 
model for radiative transfer (3 group SP3 
model  
=> differential model [Bourdon et al. PSST, 16, 656 
(2007), Liu et al. APL 91, 211501 (2007)] 

Photoionization source term in air 
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2D Fluid model for a discharge in air at Patm 
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2D Fluid model for a discharge in air at Patm 
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2D Fluid model for a discharge in air at Patm 
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2D Fluid model for a discharge in air at Patm 
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2D Poisson’s equation  
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Les besoins en mémoire des solveurs directs limitent leur utilisation pour
 des domaines de calculs avec plus de 1 million de points (30 Go pour la 
version OPENMP de Pastix

Récemment de nouveaux solveurs itératifs performants (faible besoin en 
mémoire) : 
=> HYPRE library (SMG solver) : hybrid MPI-OPENMP library

Besoin de résoudre l’équation de Poisson à chaque pas dans le temps:

Différentes approches:

-   Algorithme basé sur la transformée de Fourier rapide (Kunhardt 85).
-  Méthodes itératives: sur-relaxation (Kulikovsky 96), module de la bibliothèque 

NAG
-  Solveurs directs (superLU, MUMPS, PASTIX) 

2D Poisson’s equation  
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Conditions aux limites:

-  Comme l’équation de Poisson est une équation elliptique, un soin particulier 
doit être porté aux conditions aux limites! 

-  Attention de bien vérifier l’influence des conditions aux limites (potentiel 
imposé ou gradient nul) sur les résultats.

-  Si la décharge est entre deux électrodes métalliques: potentiel imposé aux 
électrodes - loin de l’axe de la décharge: s’assurer que le potentiel tend vers 
zéro. 

-  Si décharge à barrière diélectrique: prendre en compte le dépôt de charges au 
cours du temps 

2D Poisson’s equation  
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Simulation of streamer discharges 
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Simulation of streamer discharges 
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Simulation of streamer discharges 
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Simulations of streamer discharges 
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2D sequential discharge code 
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Test-case: point-to-plane geometry -  air at Patm 

Radius of curvature: 50µm 

(current is an output) 
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Streamer propagation in air at Patm 

 

⇒ In air at atmospheric pressure, the 
breakdown electric field is 30 kV/cm 

⇒ In a point to plane geometry, the 
electric field is enhanced close to the 
point electrode 

⇒ A first discharge will start from the point 
electrode and will propagate towards the 
grounded plane 

 
 

1 cm 
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[Péchereau, PhD (2013)] 
Mesocenter of Ecole Centrale Paris: 
Altix ICE 8400 LX of 68 nodes with two processors six-core Intel Xeon X5650 
(2.66Ghz) per node, so 816 cores in total with 24Go of memory per node.

Performance of the discharge code: Test-case 



41 

Performance of the discharge code: Test-case 
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Performance of the discharge code: Test-case 
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Improvements of the discharge code:  
               Poisson’s solver 
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[Péchereau, PhD (2013)] 

(HYPRE library) 

Performance of the discharge code: Test-case 
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Performance of the discharge code: Test-case 
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• Interaction of a dielectric barrier discharge with an obstacle 
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Example of a nanosecond repetitively pulsed 
discharge in air at atmospheric pressure (NRPD) 
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Nanosecond corona, glow and spark regimes 
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Dynamics of a nanosecond discharge in air at Patm 
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Dynamics of a nanosecond discharge in air at Patm 
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Nanosecond repetitively pulsed discharge (NRPD)  
in air at atmospheric pressure 
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Schematic of the discharge 



Influence of a dielectric plane 



Influence of a dielectric plane 



Influence of a dielectric plane 



Influence of a dielectric plane 



Influence of surface charges 



Influence of surface charges 



Influence of the position of the dielectric  



Influence of the dielectric 
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Current challenges for low-temperature 
plasma simulations 

Numerical studies carried out in parallel to experiments 
 
Interaction of several discharges (reconnection or merging of discharges) 

•  Interaction of discharges with surfaces 

•  Multiscale simulation of the interaction of discharges and reactive flows 
from mm to several cms and from ns to several ms 

 
Simulations of plasmas in dense media or in interaction with dense media 
 
 
 
 
 
 

 

Development of new simulation tools 
 
Higher order fluid models or hybrid models => extension to 3D? 
 
Time-adaptative and space adaptative multi-resolution discharge codes 
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Interaction of discharges 

•   In plasma reactors for applications, usually, many discharges are 
generated simultaneously 

•   In nature, streamers appear frequently in trees or bundles 



65 

Reconnection and merging of discharges 

Nijdam et al. J. Phys. D: Appl. Phys. 42, 045201 (2009) 
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Simulation of streamer merging: 3D cylindrical 
configuration 

Luque et al. PRL 101,075005 (2008) 

H o w e v e r, f o r g a s e s a s i n a i r , 
photoionization between the two heads 
can counteract the electrostatic repulsion 
between them 
⇒ Merging of streamers 
 
 
 

Electrostatic repulsion between 
charges of same polarity in discharge 
heads 
⇒ Bending of streamer channels 
outwards 
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Simulation of streamer merging 

Bonaventura et al. PSST (2012) 

For 2 positive or 2 negative 
streamers in air, merging is 
obtained when the mutual 
separation of both streamers are 
smaller or comparable to the 
longest characteristic absorption 
length of photoionization in air 
 

Based on 2D simulations: 
Determination of a quantitative 
criterion for streamer merging= 
f(streamer diameter, distance 
between both filaments)  
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Simulation of streamer merging 

Bonaventura et al. PSST (2012) 

movie 
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Current challenges for low-temperature 
plasma simulations 

Numerical studies carried out in parallel to experiments 
 
Interaction of several discharges (reconnection or merging of discharges) 

•  Interaction of discharges with surfaces 

•  Multiscale simulation of the interaction of discharges and reactive flows 
from mm to several cms and from ns to several ms 

 
Simulations of plasmas in dense media or in interaction with dense media 
 
 
 
 
 
 

 

Development of new simulation tools 
 
Higher order fluid models or hybrid models => extension to 3D? 
 
Time-adaptative and space adaptative multi-resolution discharge codes 
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Thank you for your attention 


