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Abstract—In this paper, a numerical algorithm for the 

simulation of the dynamic corona discharge in air is proposed 
assuming single species charge carriers. The simulation results 
show the behavior of corona current and space charge density 
under two waveforms of the applied voltage: step and pulse. The 
electric field is calculated by means of the Finite Element Method 
and the Flux Corrected Transport technique is utilized for the 
space charge density calculations. 
 

Index Terms—Corona discharge, dynamic simulation, Finite 
Element Method, Flux Corrected Transport 
 

I. INTRODUCTION 

ORONA discharge studies have been undertaken for 
many years, not only because of the scientific interest in 

corona mechanism, but also because of its practical 
engineering importance [1]. Many industrial devices, such as 
electrostatic precipitators, ozone generators and others, use 
corona discharge [2], [3]. While in most cases a DC corona is 
generated, sometimes a pulsed corona discharge can lead to 
process improvement. The numerical simulation of the full 
dynamics of transient corona discharge is important for the 
optimization of these devices [4]. 

The majority of published studies dealt with the point-plane 
electrode systems and DC voltages rather than pulsed. This is 
because DC systems are much simpler for understanding and 
analysis. Corona systems with pulse energization are preferred 
in many applications because of lower power consumption 
and reduction of some parasitic effects, such as the back 
corona discharge. While some authors attempted simulation of 
the full corona dynamics, to date, no simple model of the 
electric corona discharge, valid for an arbitrary waveform of 
the applied voltage, has been presented. 

Mengozzi and Feldman [5] developed a one dimensional 
time-dependent model of Trichel pulse development in a wire-
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cylindrical geometry. They simplified their model to avoid 
large-scale computations, and the model only considered 2-
5µs energization pulses producing a single ionizing burst. 
Sekar [6] modeled the pulse corona discharge in a wire-
cylinder geometry using the idea of charge shells. It was 
assumed that under Kaptzov’s hypothesis, discrete charge 
shells were liberated during pulse discharge. Salasoo et al. [7] 
simulated corona in both space and time for a pipe type 
precipitator. Their model could estimate ion densities and field 
distribution for various pulse parameters. 

Buccella [8] proposed a two-dimensional dynamic model to 
predict the V-I characteristics of a duct-type electrostatic 
precipitator operating under pulse energization. The 
electrostatic precipitator was divided in two distinct parts: one 
that is valid during the pulse-on period and uses the wave 
equation to calculate the electric field distribution and the 
second is valid during the pulse-off period and uses the 
continuity equation to calculate the space charge drift. The 
comparison of the results with experimental data showed a 
satisfactory agreement. 

Meroth and others [9] presented a numerical model which 
was based upon a Finite Element approach for solving the 
Poisson equation and a non-stationary higher-order upstream 
Finite Volume scheme on unstructured grids for the transport 
equation. However, they assumed a model free of external 
convection and diffusion. 

Liang et al. [10] presented a method for modeling a wire-
cylinder ESP under pulse energization based on the 
characteristics of Trichel pulses and the applied pulse voltage. 
They included dust loading in their model and studied the 
interactions between ion space charge and particle charging, 
and their influence on the electric potential and field 
distributions. However, this model was 1-D and for single 
ionic species only. 

Zhang and Adamiak [4] proposed a dynamic model for the 
negative corona discharge in the point-plane geometry. They 
used a hybrid Boundary-Element–Finite-Element Method 
technique to calculate the electric-field parameters, and the 
Method of Characteristics (MoC) for the charge-transport 
prediction. Their model could only predict an average corona 
current for variable voltage excitation and it was a 
pseudodynamic model. 

In this paper, a numerical algorithm for the simulation of the 
dynamic corona discharge in air is proposed assuming single 
species charge carriers. The simulation results show the 
behavior of corona current and space charge density under two 
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waveforms of the applied voltage: step and pulse. The electric 
field is calculated by means of the Finite Element Method 
(FEM) and the hybrid FEM-Flux-Corrected Transport (FCT) 
technique is utilized for the space charge density calculations. 

 

II. MATHEMATICAL MODEL  

A. Governing Equations 

Fig.1 shows a model for the negative corona discharge in 
the point-plane geometry. A hyperbolic needle is 
perpendicular to an infinitely large plate at a distance d with a 
tip radius curvature R and length L. Positive potential Vc is 
applied to the needle. An external resistance Rext is connected 
in series with the needle and the ground plate. The ambient 
gas is air at room temperature and atmospheric pressure. Two 
different waveforms of the voltage: step and pulse-shaped can 
be applied. As this is a single species model, it is assumed that 
the ionization layer can be neglected and positive ions with 
average nobilities are assumed injected from the corona 
electrode.  

 

 
Fig.1. The configuration of corona discharge system. 
 

In the absence of magnetic fields, the equations defining the 
electric field are: 
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whereD
�

 is the electrostatic displacement, ρ  is the space 

charge density, j
�

 is the electric current density, 0ε  is the gas 

permittivity, E
�

 is the electric field, V is the electric potential 
and k is the mobility of charge carriers. At atmospheric 
pressure and room temperature, k is equal to 2×10-4 m2/V·s 
[11]. 
D is the diffusion coefficient and is equal to [12]: 
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where kB is the Boltzmann constant with is equal to 
1.38065×10-23 m2kgs-2K -1, T is the absolute temperature, e0 is 
the electron charge, equal to 1.602 ×10-19 C. 

Equations (3) and (4) can be used with (1) to obtain 
Poisson’s equation 

2
0/V ρ ε∇ = −  (7)  

Equation (5) can be substituted into (2) to derive the 
continuity equation, 
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which can also be written in more detailed form as:     
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B.  Boundary conditions  

 
The corona electrode and ground are equipotential. 

Therefore, the boundary conditions for voltage are: 
 
  V = Vc on the corona electrode. 
  V = 0 on the ground plate. 
 

The value of space charge density at different points of the 
corona electrode is the only required boundary condition for 
space charge density. Since the assumed model of the problem 
ignores the ionization process, it is impossible to derive the 
exact value of space charge density at different points of the 
corona electrode. The corona discharge starts as the field 
strength exceeds some threshold value, Eo. Therefore, the 
boundary condition for the charge density is usually replaced 
by the additional condition for the field strength on the corona 
electrode surface, E(P) = Eo, which can be related to the 
corona onset voltage, Vo [13].  

In this case, it is assumed that the onset value of electric 
field on the corona electrode surface is obtained using Peek’s 
formula, which in air is equal to [14]:  
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where, 0

0

T P

TP
δ = , req is the electrode equivalent radius of 

curvature in cm, T0 is the standard temperature, T is the actual 
temperature, P0 is the standard pressure and P is the actual 
pressure of gas. Peek’s value varies along the electrode 
surface and depends on the equivalent radius of curvature of 
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electrode at each point. 

III.  NUMERICAL ALGORITHM 

In this paper, an iterative algorithm is employed. For a given 
space charge density, the electric field is calculated by solving 
(7). The electric field varies strongly in both space and time. 
Near the discharge electrode the electric field variation is 
particularly steep, which demands a very fine spatial mesh, 
while in the remaining region the electric field variation is 
more uniform. A non-uniform spatial mesh is therefore 
essential for an accurate numerical treatment near the 
electrodes and the air gap. 

In addition, the numerical algorithm for determining space 
charge density should fulfill the following requirements [15]: 
1) It should give positive, accurate results, free from non-
physical density fluctuation and numerical diffusion, 
2)   It should be computationally efficient, 
3)   It should be easily adopted for any geometry. 
 

The first requirement is fulfilled by using a special method 
such as the Flux Corrected Transport which accurately 
represents the “real” diffusion in the system. The FCT method 
can capture the steep density gradients, without introducing 
spurious oscillations or artificial diffusion. In order to fulfill 
the last two requirements one has to use FEM as it offers 
computational efficiency through the use of unstructured 
grids. Therefore, a Finite Element version of FCT is used in 
this paper which can satisfy all the requirements [16]. 

At first, some initial space charge density on the corona 
electrode surface is assumed. When the applied voltage is 
larger than the corona onset value, (7) and (9) are solved 
iteratively for one time step and the charge density on the 
surface of the corona electrode is updated until the electric 
field on the electrode surface is equal to the Peek's 
experimental value. If the applied voltage decreases below the 
corona onset level, the surface charge density on the corona 
electrode is zero and the existing space charge moves towards 
the ground plate under the effect of the applied voltage which 
creates an electric field and pushes the space charge towards 
the ground.  

The termination criteria of the iterative loops are the 
satisfaction of the following conditions: 
 
1- The change of current in two successive iterations should 

be less than1δ :  
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2- Summation of deviations of electric field on the corona tip 

nodes from Peek’s value should be less than2δ : 
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IV.  RESULTS 

The hyperbolic needle is 1cm long (L=1cm) and is placed at 
1cm above the ground plate (d = 1cm). The radius curvature R 
of the tip of the needle is 100µm. At the room temperature and 
atmospheric pressure the corona onset voltage for this 
configuration is evaluated to be 4.7 kV. 

A. Step Voltage 

A step voltage with the value of 10.0 kV is applied at t=0. 
The total corona current in the circuit with the external 
resistance of 50 MΩ is shown in Fig.2. This graph has been 

obtained assuming that 1δ  and 2δ  in (10) and (11) are 0.05 

and 0.1, respectively. The upper electrode and the ground 
plate form a capacitor and, as a result, the system acts like a 
RC circuit. 

 
The corona current can be calculated from [17]:  

0

1
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where u
�

 is the velocity of the ions,u kE=
�

�

, and V0 is the 
voltage applied to the corona electrode. 

At t=0, there is no space charge in the air gap. Therefore, a 
very large space charge should be injected from the corona tip 
in order to satisfy Kaptzov’s hypothesis for the electric field 
and it results in a large current at t=0. As time increases, since 
space charge is accumulated in the air gap, less injected charge 
is required to keep the electric field equal to Peek’s value and 
it results in electric current decreasing with time. 
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Fig.2. Corona current versus time (Rext =50MΩ, V=10 kV) 

 
Fig.3 shows the corona current versus time for two different 

external resistances. As expected, the value of current is larger 
for smaller external resistance. In Fig.4, corona current versus 
time for two different input voltages is shown. This figure 
shows that as expected a larger input voltage results in a larger 
current in the circuit. 

Fig.5 shows the space charge density along the axis at six 
different instants of time. At t=160 ns, charge density is large 
and near the corona tip, but its value drops quickly along the 
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axis. As time goes on, charge travels towards the ground plate 
and, as the figure shows, it reaches the ground plate at about 
t=50 µs. 
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Fig.3. Corona current versus time for two different external resistances 

(V=10kV) 
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Fig.4. Current versus time for two different input voltages (Rext=5MΩ) 
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Fig.5. Space charge density along the axis of symmetry at six different 

instants of time (Rext=50MΩ) 

B. Pulse Voltage 

In this section, a pulse shaped voltage with waveform 
shown in Fig.6 is applied to the corona electrode.  

The pulse voltage waveform is generated using a double 
exponential function. The pulse parameters: the width of 300 
ns, height of 6 kV (Vm=6 kV), and the rise time of tm = 60 ns, 
are suitable for ESP applications [10]. The frequency of the 
pulses is chosen to be 5 kHz. This pulse voltage is 
superimposed on a dc voltage, which is set at a value below 
the corona onset voltage (i.e. 4kV). 
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Fig.6. Applied pulse voltage described by 
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Fig.7 and 8 show the corona current and space charge 

density on the corona tip versus time. Total current is zero at 
t=0 and increases with applied voltage to a peak. Then, it starts 
decreasing and after some time only a small DC current 
(I=1.24 µA at t=1 µs) will remain in the circuit. 
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Fig.7. Corona current versus time (Rext = 50MΩ) 
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Fig.8. Space charge density on the tip of the corona wire versus time 
 (Rext = 50MΩ) 
 

Fig.9 shows charge density along the axis of symmetry for 
five different time instants during and after the first voltage 
pulse. The ion cloud moves along the axis with time. At t=40 
ns the ion cloud is near the tip and the value of space charge is 
large in this area. As time goes on, i.e. at t=10 µs, this cloud 
travels along the axis and charge becomes negligible near the 
tip. At t=100 µs and t=200 µs, the charge cloud gets further 
from the tip and its peak decreases. 
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Fig.9. Charge density along the axis for five different time instants after the 

first voltage pulse (Rext = 50MΩ) 
 

Figures 10 and 11 show the distribution of the space charge 
density in the entire air gap at two time instants. At t=10µs, 
which is shortly after the first voltage pulse, the charge 
concentrates near the corona tip only.  

At t = 210µs (Fig.11) there are two charge clouds. The 
smaller one is related to the first voltage pulse, which has 
traveled along the axis hence its value is decreased due to 
radial dispersion. The other one, with a larger peak value, is 
the one resulting from the second voltage pulse. Both of these 
clouds move along the axis with time with the velocity of 

u kE=
�

�

. Since the value of electric field near the tip is large 
and decreases along the axis, the velocity of ion cloud 

decreases as it gets further from the tip. The cloud closer to the 
tip experiences a larger electric field, it initially moves faster 
than the other one and this decreases the distance between two 
pulses. 
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Fig.10. Charge distribution in the space at t=10µs (Rext = 50MΩ) 
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Fig.11. Charge distribution in the space at t=210µs (Rext = 50MΩ) 

 
Fig.12 shows the corona current versus time for two 

subsequent voltage pulses. When the applied voltage is below 
the corona onset level the corona discharge stops. In this 
period, the dc voltage (4kV in our case) produces an electric 
field, which moves the existing charges towards the ground 
producing a small DC current. The peak value of successive 
current pulses decreases only slightly from 48.75 µA to 48.4 
µA. The decrement in the current peak in successive pulses 
results from the fact that as time goes on, the space charge 
density increases in the air gap. This increment of the space 
charge, decreases the electric field and decreases the peak of 
successive pulses of corona current. 

To better show the effect of space charge on the peak value 
of current with time, the frequency of the pulse has been 
increased from 5 kHz to 50 kHz. Fig.13 shows the corona 
current versus time for five applied voltage pulses. The current 
peak values are 48.75, 46.97, 45.82, 44.98, 42.5 µA, 
respectively. 

The average current in each case is also calculated using the 
formula: 
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Fig.12. Corona current versus time (Rext = 50MΩ) 
 

This value is calculated to be 0.0728 µA and 0.5624 µA for 
f=5 kHz and f=50 kHz, respectively. As expected, the average 
current increases as the frequency is increased although not in 
direct proportion. 

Fig.14 shows the distribution of the space charge density at 
t=41 µs in the entire air gap for frequency f=50 kHz. At this 
time, three pulses have been applied to the corona electrode. 
This figure shows that if the frequency of the applied voltage 
is too high, the charge pulses will practically combine. 

V. CONCLUSIONS 

In this paper, a hybrid FEM-FCT dynamic model for 
simulating electric corona discharge has been proposed. The 
results show the behavior of the corona current and space 
charge density for two different waveforms of the voltage: 
step and pulse.  

In DC corona, the total corona current and space charge 
density have large values at t=0, but they decrease quickly to a 
constant value at steady state. It was also shown that as 
expected, larger input voltage results in a larger current in the 
circuit and the value of current is larger for smaller external 
resistance. 

When a periodic pulse voltage is applied to the corona 
electrode, the resulting current will be periodic, too. The 
average current depends on the frequency and increases as the 
frequency of pulses increase. It was shown that the peak value 
of these sequential current pulses decreases. This results from 
the fact that as time goes on, space charge is accumulated in 
the air gap, and increased space charge decreases the value of 
electric field. A decrease in electric field value results in 
decreasing the peak of successive pulses of the corona current. 
When a pulse voltage is applied, the current increases quickly 
to a peak value and then decreases to a small DC value, when 
the applied voltage is below the corona onset voltage. The 
charge clouds are formed in the air gap and move towards the 
ground plate. The velocity of these charge pulses depends on 

the electric field. So, as they move, their velocity decreases 
due to the decrease in the electric field along the axis. It 
follows that if the frequency of the applied pulse voltage is too 
high, charge pulses will eventually combine. 
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Fig.13. Corona current versus time (Rext = 50MΩ) 
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Fig.14. Charge distribution in the space at t=41 µs 
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