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Abstract—The length of the air gap in a negative corona 
discharge, which affects many corresponding parameters in the 
discharge process, is of vital importance for the physical 
investigations. A hydrodynamic drift-diffusion approximation 
model considering photoionization utilizing finite element 
method has been used in needle-to-plane air gaps. Trichel 
pulses, pulse frequency, electron and electric field distribution 
and surface current density distribution on the anode plate were 
presented to study the effect of the gap length. An approximate 
exponential relationship was found to exist between the corona 
current and the gap length, and also a linear function was found 
between the pulse frequency and the gap length. The analysis 
shows that the characteristics of Trichel pulse are strongly 
dominated by the length of the air gap. 

 
Index Terms—negative corona discharge, exponential fitting, 

gaps, photoionization. 

I. INTRODUCTION 

HE plasma reaction process between the two electrodes 
with excessive surface curvature difference are more 

common in the plasma reaction process between the two 
electrodes with excessive surface curvature difference are more 
common in the axisymmetric domain and can be self-sustaining 
in some cases [1]-[6]. Especially for the negative corona 
discharges, it generates when the inception electric field I 
achieved in the asymmetric domain like a point-towards-plane 
electrode configuration and the sharper side performs as the 
discharge one [7]. In recent years, the study of plasma 
microscopic physical processes has received more and more 
attention [8]. In 1985, the periodic current waveform was 
calculated by Morrow from the simulation for the first time and 
a simulation model was established by solving a series of 
coupled equations [9]. Then the model was supplemented in 
2000 by Gupta and he found that as the ionization coefficient 
increases, the rise time of the current pulse decreases gradually 
[10]. And Sattari used FEM-FCT method to obtain the 
subsequent pulses by solving the distribution of charged 
particles [11], [12]. Then continuity equations in the 
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mathematical model were improved and photoionization term 
was added into the equations, which making the discharge 
model more accurate than before [13]. 

The relationship between the long discharge gap and the 
process of negative corona has been proved to be very close, 
and considerable work has been done to this issue by many 
engineers and physicists [14]-[20]. As for the electrode gaps in 
millimeters, the characteristics of corona electrodes under 
different discharge gaps was investigated by Iuga using a wire-
roll configuration in 2004 and concluded that the corona area 
under large gaps is much more extensive than small ones [21]. 
Then in 2008, variations of the voltages and the currents at 
different gaps were studied by Khaddour. However, further 
investigations on this phenomenon hadn’t been discussed 
thoroughly [22]. In 2011, Tirumala investigated the positive 
corona discharges in the sub-millimeter gaps using a wire-plane 
structure and found that the reduction in the gap length and wire 
radius will result in an increase of discharge currents [23]. 
Experimental method was utilized by Ren in 2012 to study 
positive corona under different gaps and voltages [24]. Then 
power frequency breakdown voltages of rod-plane gaps were 
investigated by Qiu in 2015 and he found that the breakdown 
voltages would increase with the gap length [25]. Overall, 
relatively little work has been done to analyze the effect of air 
gap in a negative corona from the aspect of microphysical 
process, especially for the Trichel pulses. 

In previous studies, the effect of the photoionization term 
was well discussed for negative corona discharges and it led to 
a conclusion that the photoionization process will weaken the 
amplitude of the Trichet pulses, and the characteristics of 
Trichel pulse parameters was also studied [26], [27]. In this 
paper, an improved simulation model with photoionization term 
was presented and the fluid dynamics equations coupled with 
Poisson’s equation were calculated to investigate the effect of 
the gap length in a negative corona discharge in room 
temperature and standard atmospheric pressure. The 
relationship between Trichel pulses, pulse frequency, surface 
current density and electric field was investigated under 
different gaps. 
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II. MODEL DESCRIPTION 

A. The Governing Equations 

The transport process of non-thermal plasmas was calculated by 
the fluid dynamics equations and Poisson’s equation as was done 
previously, while the source term was corrected by applying 
photoionization term proved by Tran’s experiment [28]. The 
hydrodynamic drift-diffusion model is shown  
 

 
where the ce, cp and cn are the number density of the charged 
particles, respectively; the ionization α, attachment η, 
recombination βep and βnp are the simulation coefficients; the drift 
velocities are Wi; the diffusion coefficients are Di; Sph the 
production rate of photoelectrons and S0=1.7×109[1/(s·m3)] the 
cosmic radiation background ionization; The swarm parameters in 
Table 1 used in the model were improved by Kang and then proved 
by Tran and summarized by Georghiou et al [29], [30]; I is the 
Trichel pulse current and Va the applied voltage [31]. And γ=0.004 
is utilized in this paper [32]. 

 
TABLE 1 

VALUE OF THE SWARM PARAMETERS (E IN V CM-1) 
Parameters Value 

/cm-1 3500exp (-165000/E) 
/cm-1 15exp (-25000/E) 

We/(cm/s) -6060E0.75 
Wp/(cm/s) 2.43E 
Wn/(cm/s) -2.70E 
ep/ (cm3/s) 2x10-7 
pn / (cm3/s) 2x10-7 

De/ (cm2/s) 1800 
Dp/ (cm2/s) 0.11 
Dn / (cm2/s) 0.046 

 
The photon generation rate distribution function is shown as the 
equation [33]-[36]. 

 
Aj and λj are the parameters which fits well in the previous 
experiment where j=1,2,3; and the oxygen’s partial pressure 
pO2=150Torr; I(r) the generation rate of photons released in space 
[36]. 
 

B. Numerical Algorithm 

By utilizing COMSOL Multiphysics 5.3a, the fluid equations in 
this paper were calculated. And the artificial diffusion was utilized 
to reduce numerical divergence in the model. For the strongly 
coupled equations, the streamline diffusion method should be used 
in the whole equation set. It was developed by 
Mallet et al and was later lead to GLS applied to the N-S equations 
[37]-[38]. For control equation of the incompressible flow, the 
shape function of the pressure should be smaller than the shape 
function of the velocity. It shows that if the incompressible Navier 
Stokes equation is stable through streamline diffusion, then it can 
use equal-order interpolation. 
Therefore, streamlined diffusion is essential. As for the diffusion 
of crosswind type, it will introduce additional diffusion in the sharp 
boundary layer and shear layer, otherwise it will require a very fine 
mesh to solve. Crossflow diffusion will make the results easier to 
obtain. The accuracy of the numerical algorithm has been verified 
utilizing Morrow&Lowke’s and Ducasses et al.’s swarm 
parameters rather than Kang’s swarm parameters in our studies 
[39]. The conclusion obtained by two simulation methods is that 
the peak value of the current waveform and the pulse frequency are 
almost the same. 
The initial number density of the electron-positive ion pair has a 
Gaussian distribution where peak cmax of 1016m-3, width s0 of 25 μm 
and z0 is the length of the gap [28].  
 

 
It was verified that the initial distribution does not affect the 
discharge process but accelerate the generation of pulses. And the 
boundary conditions are described in Fig. 1 and Table 2. 
 

 
Fig. 1 Boundary conditions of the model 

 
 
 
 
 
 
 



TABLE 2 

 
 

III. RESULTS AND DISCUSSIONS 

In this simulation, the applied voltage is -4.7 kV on the needle 
electrode, and the length of the gap ranges from 2.3 mm to 2.7 mm. 
The needle tip’s radius is fixed into 250 μm. The gap length of 2.5 
mm is chosen as a special case to study the Trichel pulses, electron 
density distribution and electric field distribution. The Trichel 
pulse train is shown in Fig. 2(a) and the detail of the third pulse is 
shown in Fig. 2(b). It is observed from Fig. 2(a) that the first pulse 
is larger than the following pulses, which can be explained by the 
fact that there is little negative ion exist before the first pulse. 
However, the subsequent pulses are produced in similar conditions 
and show regularity. That is to say, steady Trichel pulses would be 
built up after an initial ionization avalanche process. Therefore, the 
third pulse was chosen in Fig. 2(b) to analyze the micro process of 
the negative corona discharge. Three moments at 10500 ns, 10559 
ns and 11000 ns, which can be seen from Fig. 2(b), were selected 
to study the three phases of electron multiplication, plasma sheath 
formation and decay process respectively. The distributions of 
electric field and electron density are shown in Fig. 3(a-c) at 
different moments while the distribution of the electron density 
along the symmetry axis is shown in Fig. 3(d).It is observed from 
Fig. 3(b) that the formation of electrons has reached the critical 
density and the electric field is strongly distorted by the space 
charge distribution at 10559 ns. This critical moment (10559 ns 
while the gap length is 2.5 mm) is relatively important in the 
process of a negative corona. Therefore, the peak moment of the 
third Trichel pulse is chosen as the critical moment in Fig. 5-7 
under different gap lengths. 

It has been proved that the length of the air gap has a significant 
effect on the discharge process, such as the inception and 
breakdown voltage. As for the negative corona discharge in this 
model, the peak of the first pulse and the subsequent pulses under 
different gaps are shown in Fig. 4, as well as the pulse frequency. 
It is shown in Fig. 4 that the peak value of the Trichel pulse 
decrease with the increase of the gap lengths at an applied voltage 
of -4.7 kV, which fit well with quadratic function. The pulse 
frequency also decreases with the increase of the gap lengths while 
approximately proportional to the lengths. The negative corona 
discharge is a time dependent transient process and the current 
pulse amplitude is closely related to the electric field, electron 
density and the drift velocity of the charged particles according to 
the equation (8). It can be observed from Fig. 3(b) that the peak 
value of the electron density and the electric field dominates the 
corona discharge current at the peak moment of 10559 ns, and the 
electric field distribution is strongly distorted at this moment. As 
the gap length decreases, the spatial electric field increases (Fig. 6) 
and the electron impact ionization process will be more intense and 

the accumulation of p-ions around the cathode enhances the 
electric field between the plasma sheath and the cathode surface. 
In addition, the n-ions attached throughout the area will reduce the 
electric field between the plasma sheath and anode plate. Then the 
higher number density of the electrons in the ionization region will 
strengthen the process of ionization. Therefore, the greater the 
spatial ion flux density, the greater the corona current. The 
characteristics of the Trichel pulse peak under different gap lengths 
could also be explained by the surface current density on the anode 
plate. The surface current density distribution on the plate under 
different gap lengths is shown in Fig. 5 and it can be observed from 
the figure that the current density on the plate mainly concentrates 
in the range from 0 mm to 2 mm in radial direction. And the current 
density increases with the decrease of the gap length, which leading 
to the variation of the peak value of the Trichel pulse in Fig. 4. 
The electric field distribution along the symmetry axis is shown 
in Fig. 6 and a strongly distorted region could be observed near 
the cathode. It is interesting to see that the electric field near the 
anode plate decreases with the increase of the gap length and the 
electric field starts to rise when getting closer to the anode plate. 
For a longer gap and lower electric field, the clearance rate of 
space charge will reduce between the two pulses. That is to say, it 
will take more time for charged particles to move away from the 
corona region, and the frequency of the Trichel pulses will 
decrease as shown in Fig. 4. 

The Trichel pulse frequency and the peak value of subsequent 
pulses are the parameters which should be critically concerned. 
The subsequent corona current (I) can be expressed as (9) and the 
Trichel pulse frequency can be expressed as (10) in Fig. 7. 

 
where I (mA) is the peak value of subsequent pulses; F (kHz) the 
frequency of the Trichel pulses; d (mm) the length of the air gap. 

It is known that the distribution of the electric field (or the 
cathode’s electric potential) is important to the corona current in 
the discharge process. Therefore, the peak value of Trichel pulses 
has a strong coupling relationship with the electric field in the 
ionization region (where ionization dominates attachment). The 
axial electric field in the hyperboloid-to-plane gap is derived 
through Eyring’s conclusions [40]. 

 
 
Where E(0) is the electric field around the needle tip; V the applied 
voltage on the needle; r the radius of the needle tip. The equation 
(11) agrees with the expression given by Loeb et al 3. It can be 
concluded from the theoretical formula that the electric field E(0) 
decreases with the increase of the gap length d, and there is an 
exponential relationship between d and E. It is shown in (9) that 
the current peak I decreases with the increase of the gap length d. 
Also, there is an exponential relationship between d and I. 
Therefore, the exponential fitting method is both theoretically and 
mathematically acceptable. 

 



 

 
Fig. 2.  Trichel pulse under applied voltage of -4.7 kv and 2.5mm gap length 
(a) The Trichel pulse train; (b) The third Trichel pulse. 

 
 

 

 
(a)  10500 ns. 

 
 

 
 

(b)  10599 ns. 
 

 
(c)  11000 ns. 

 

 
(d) 

Fig. 3.  Electron density distribution and electric field distribution at three 
moments: (a) 10500 ns; (b) 10599 ns; (c) 11000 ns; (d) Distribution of the 
electron density along the symmetry axis. 

 

 
 

Fig. 4.  The peak of the Trichel pulse frequency under different gap lengths. 
 



 
Fig. 5.  Surface current density on the anode plate at the critical moment. 

 
 

 
Fig. 6.  Electric field distribution along the symmetry axis under different gap 
lengths at the critical moment (the anode plate is on the left and the cathode is 
on the right). 

 

 
Fig. 7.  Fitting curve of subsequent pulses and pulse frequency. 

 

IV. CONCLUSION 

Negative corona discharge in air under different gap lengths is 
investigated by 2D axisymmetric finite element model in this 
paper. Photoionization term is added to the model to improve the 
accuracy of the calculation. An approximate exponential 
relationship has been found to exist between the peak of the Trichel 
pulse and the gap lengths. This phenomenon can be explained by 
the different distribution of the surface current density on the anode 
plate under different gap lengths. The variation of the electric field, 
electron density and positive ion density in strong ionization region 
and the negative ion density within the whole region also affect the 
peak of the Trichel pulse at various gaps. And the frequency of the 

Trichel pulses decreases linearly with the increase of the gap 
length. 
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