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 The stable corona discharge is widely used in filtration and electrostatic separation in 

recent years, and several models have been used by researchers to analyze one of its 

most important properties which is the current-voltage characteristic. The aim of this 

paper is to investigate the influence of ambient temperature and electrodes’ gap on 

negative DC discharge using rod-plane geometry, and the Townsend formula was found 

to be most appropriate model (I=K.V.(V-V0)). The experimental results show that for 

the same voltage level applied to the high voltage electrode, the discharge current rises 

with increasing temperature and decreases as the electrodes’ gap increases. Using curve 

fitting, it was proven that the geometric factor K is proportional to temperature and to 

the power of the distance between electrodes independently, and the threshold voltage 

V0 is proportional to the product of the temperature reciprocal and the power of the 

inter-electrode spacing. From these results, a new modified Townsend formula by 

introducing the air temperature and the distance between electrodes is proposed to 

calculate the discharge current with an accuracy of ±10%.  

 

Keywords: 

corona discharge, current-voltage 

characteristic, ambient temperature, Townsend 

empirical formula 

 

 

 
1. INTRODUCTION 

 

The corona discharge is used in numerous industrial 

applications, such as electrostatic separation and filtration [1-

4], neutralization of the electric charge present on the surface 

of dielectric materials [5], surface treatment [6] and 

electrostatic painting [7]. These multiple applications 

encourage us to study this type of discharge and the factors 

influencing its parameters. 

A corona discharge is a self-sustained electric gas discharge, 

where the electric field confines the primary ionization 

processes to regions near the high electric field electrode. A 

direct current (DC) corona discharge is called positive or 

negative, depending on the polarity of the high field electrode 

and the negative corona occurs only in electronegative gases 

[8]. For both polarities, the electrostatic forces linked to the 

movement of charges under the effect of the electric field 

induce an airflow called ionic wind or corona wind [9]. 

In negative corona discharge, when the voltage applied to 

the corona electrode increases, different phases of discharge 

appear. Goldman and Goldman [10] have classified the 

currents discharge of these phases to (a) auto-stabilization, (b) 

regular pulses and (c) continuous current discharge. The pulses 

observed in the phase (b) are named Trichel pulses [11] and 

are regular with very short rise times (< 1.3 𝑛𝑠 ) and separated 

by longer inter-pulse periods (tens of µs) [12, 13]. These 

pulses occur in electronegative gases only and they are very 

regular in oxygen and air, but they are more irregular in some 

other gases, such us the SF6. 

Several researches have been conducted to express the mean 

current of the Trichel pulses as a function of the applied 

voltage. Usually, the current-voltage characteristic of negative 

or positive corona discharge is governed by the Towsend 

empirical formula:  𝐼 = 𝐾. 𝑉. (𝑉 − 𝑉0) , where K is a 

coefficient that depends on electrode configuration, charge 

carrier mobility, temperature, pressure and humidity, and V0 

represents the inception voltage of the corona effect. 

Originally, this formula was found for coaxial wire-cylinder 

geometry [14, 15]. After that, it was shown that this empirical 

formula can be applied for other geometry, such as wires-plane 

[16-22], rod-plane [23, 24], wire-cylinder [25, 26] and rod-

grid [27]. In 1986, Ferreira et al. [28] said that negative corona 

discharge’s current in rod-plane electrode system can be 

expressed by 𝐴(𝑉 − 𝑉0)2 . Then, in 2008, Meng et al. [23] 

generalized this model in the form of 𝐴′(𝑉 − 𝑉0)𝑛. Where, A 

and A’ are factors which depend on the geometric parameters 

of the electrodes and the physical parameters of air and V0 is 

the threshold or inception voltage of corona discharge. 

The objective of this work is the experimental study of the 

negative corona discharge in rod-plane geometry and the 

influence of the room’s temperature and the electrodes’ gap on 

its parameters and an empirical formula based on that 

Townsend is developed. The characteristics of the current-

voltage measurements are analyzed by the empirical formula 

of Townsend, this model has been generalized by introducing 

the temperature and the electrodes’ gap to calculate the 

discharge current with an acceptable precision. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

The negative corona discharge reactor used in these 

experiments consisted of rod-plane electrodes’ system, as 

shown schematically in Figure 1. 

The negative DC voltage supplied by the high voltage 

source (1) (± 140 kV, 80 mA) measured using the resistive 
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bridge (2) and the peak voltmeter (MU11) is applied to the 

corona electrode of the discharge cell (3). This one consists of: 

a high-voltage electrode in form of tip with small curvature 

radius (r ≈ 40 µm) which is fixed with an insulating support 

and a ground electrode in form of circular plane with radius of 

360 mm. Moreover, a cylindrical guard electrode is used to 

protect the system from external electromagnetic field. To 

study the temperature’s influence on the corona discharge 

parameters, the discharge cell is placed inside the temperature-

controlled oven (4) of volume (800 * 600 * 480) mm3 which 

enables to reach a temperature of 330℃. 

The installation elements under high voltage are separated 

from the manipulator and the low voltage measuring devices 

by the protective grid (5).  

In order to characterize the corona discharge, the 

installation is equipped with measuring devices (6). In this 

case, the DC high voltage is measured by the peak voltmeter 

MU11 and the discharge current by the micro-ammeter. As it 

is known, the physical parameters of the air greatly influence 

the corona discharge, it is then necessary to record 

systematically these parameters before each test. The mercury 

barometer is used for pressure with a measuring range 75 to 

1030 hPa and a reading accuracy of 1 hPa, the mercury 

thermometer for the temperature with a measuring range of 0 

to 350℃ and a reading accuracy of 0.5℃ and the hair 

hygrometer for humidity with a measuring range 0 to 100% 

and a reading accuracy +/- 3%. 

 

 
 

Figure 1. Scheme of the experimental device 

 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Current-voltage characteristic 

 

The gradual increase of applied voltage was made manually 

from 0 to V1 such that 0<V0<V1, where V0 is the inception 

voltage of the corona effect and V1 is a voltage much lower 

than the breakdown voltage Vc. A safety margin of 8 to 10 kV 

separates voltages V1 and Vc. The simultaneous measurement 

of the applied voltage and the discharge current allowed us to 

draw the current-voltage (I-V) characteristic of the discharge. 

The variation of discharge current as a function of applied 

voltage is shown in Figure 2. These results are obtained with 

HV electrode of curvature radius about 𝑟 = 40𝜇𝑚, the inter-

electrode spacing is 𝑑 = 5 𝑐m, with atmospheric conditions of 

the order of: temperature 𝑇 = 303 𝐾, pressure 𝑃 = 1017ℎ𝑃𝑎 

and relative humidity 𝐻𝑟 = 60%. 

 
 

Figure 2. Current-voltage characteristic of rod-plane 

electrode’s system 

 

According to Figure 2, the discharge current increases with 

non-linear manner as a function of the rise in the applied 

voltage. After analyzing our results by different models, 

namely the model of Townsend [14, 15], the model of Ferreira 

[28] and the model of Meng [23], it’s to be noted that the most 

suitable model is that of Townsend which is governed by Eq. 

(1). 

 

𝐼 = 𝐾. 𝑉. (𝑉 − 𝑉0) (1) 

 

To determine the parameters of the Eq. (1) (K and V0), the 

ratio (I/V) was represented as a function of V, such as: 

 
𝐼

𝑉⁄ = 𝐾. (𝑉 − 𝑉0) (2) 

 

where: I is the corona discharge current, V the applied voltage, 

V0 the inception voltage of corona phenomena and K is a 

constant depending on electrodes’ geometry and ion mobility. 

 

3.2 Effect of electrodes’ gap on I-V characteristic 

 

Figure 3 shows the I-V characteristics of negative corona 

discharge for different electrodes gaps with the atmospheric 

conditions given in the same figure. 

 

 
 

Figure 3. Effect of electrodes’ gap on I-V characteristic of 

negative corona discharge 

 

According to the Figure 3, the I-V characteristics are 

strongly affected by the electrode gap. At a given applied 

voltage V, the corona current decreases significantly with the 

electrode gap d. 

It can be also noted that the elevation of the electrode gap 

increases the operating voltage range between the breakdown 

and the inception voltages, also, a wide range of stable corona 

can be obtained because of the breakdown voltage rise. 
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Figure 4 illustrates the discharge current at different 

electrodes gaps with maintaining the voltage applied to the 

active electrode at 18.5 kV.  

 

 
 

Figure 4. Corona current with variation of electrode gap 

 

The corona current decreases as the electrodes’ gap 

increases, e.g., it reduces from 185.5 µA to 24 µA when the 

electrodes’ gap rises from 10 mm to 50 mm. The external 

electric field of the small electrodes’ gaps is greater than that 

of the big electrodes’ gaps under the same applied voltage, 

thus indicates higher ionization coefficient for the small 

electrode’s gaps than for the big ones. The resulting space 

charge from the large number of negative ions produced in this 

case increases the local electric field [29]. As results, the 

increase of the electrodes’ gap causes the reduction of the total 

electric field, which implies a decrease in the discharge current. 

In order to study the effect of the space between electrodes 

on the parameters of Eq. (1), the ratio I/V as function of voltage 

V is plotted in Figure 5 for different electrodes’ gaps at an 

ambient temperature of 303 K. 

 

 
 

Figure 5. Linear fits of the characteristic (I/V, V) with 

different electrodes’ gap 

 

 
 

Figure 6. Dependence of the coefficient K with electrodes’ 

gap 

For all cases of electrodes’ gap, a linear dependence of I /V 

versus V is clearly shown in Figure 5 and the fits of these 

curves gave straight lines of equations: y=a+b*x. The slope b 

represents the geometric coefficient K of the Eq. (1) and the y-

intercept a represents (–K.V0). 

The variation of the coefficient K and the inception voltage 

V0 with the electrodes’ gap can be obtained by the 

characteristics' (I/V, V) fitting with the least squares method. 

The fits' results are plotted in Figure 6 and Figure 7.  

According to Figure 6, the coefficient K decays as the gap 

distance d increases. In addition to that, curve fitting via least 

squares approach enabled the determination of the 

mathematical relation between d and K. One can notice that 

the resulting power trendline has an exponent coefficient of (-

1.194) and a linear regression coefficient of R2=0.9961. Hence, 

Townsend’s formula coefficient K is inversely proportional to 

(𝑑1.194). A similar result has already been found in rod-grid 

electrode system [27]. To this end, the dependence of K on d 

is given as: 

 

𝐾 ∝ 𝑑−1.194 (3) 

 

 
 

Figure 7. Inception voltage as a function of electrodes’ gap 

 

Figure 7 shows that the inception voltage of corona 

discharge of Eq. (1) grows non-linearly with the inter-

electrode spacing d. It was already observed that the corona 

onset voltage is proportional to the electrodes’ gap power [28, 

30]. The power curve fitting is used to determine the 

variation's law of V0 as a function of d and it was found that 

the trendline has an exponent coefficient of about (0.2713) 

with an excellent coefficient of determination (R2=0.9976). 

The resultant dependence of V0 with the distance d is written 

as: 

 

𝑉0 ∝ 𝑑0.2713 (4) 

 

3.3 Temperature effect on I-V characteristic 

 

The corona discharge current is a function of physical and 

geometrical parameters. When the electrode system is chosen 

with fixed inter-electrode spacing and the medium humidity 

and pressure are monitored, the discharge current depends 

only the ambient temperature.  

Figure 8 represents the I-V characteristics of the rod-plane 

configuration at temperatures ranging from 303 K to 363 K 

with the electrodes’ gap of 50 mm. This variation is quadratic 

and in good agreement with the classical model of current-

voltage characteristic formulated by Townsend. It is to be 

noted that the negative corona current rises with the room’s 

temperature elevation. It grows from 431 µA at 303 K to 561 
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µA at 363 K with maintaining the intensity of applied voltage 

to the HV electrode at 65 kV. 

 

 
 

Figure 8. Temperature effect on I-V characteristic of 

negative corona discharge 

 

Figure 9 depicts the behavior of the corona discharge at 

room and at high temperatures.  

 

 
 

Figure 9. Corona discharge’s behavior 

 

Comparing the two diagrams, it results that the number of 

negative ions collected at the grounded plate electrode goes up 

significantly at high temperatures. When the air between the 

electrodes is hot, the mean free path becomes long and the 

ionization zone widens, thus increasing the number of 

electrons produced in the ionization zone. Besides, additional 

ions are created by attachment of the extra electrons produced 

in the ionization zone. It results that the free electrons 

produced during the initial gas ionization process are 

accelerated between the high-voltage electrode and the 

grounded plate by the external electric field. Also, the 

electronic energy increases [31]. Therefore, Townsend's first 

ionization coefficient α, denoting the electrons’ number 

produced by an electron per unit length of path in the direction 

of field, which depends on electronic energy, rises with 

temperature elevation. As a result, and according to the Eq. (5), 

the discharge current rises with the increase of ionization 

coefficient.  

 

𝑖 =
𝑖0𝑒𝑥𝑝𝛼𝑑

1 − 𝛾(𝑒𝑥𝑝𝛼𝑑 − 1)
 (5) 

 

Moreover, at very high temperatures, in addition to the ion 

current, an electron current must be considered [32, 33].  

In order to determine the temperature’s influence on the 

parameters of Eq. (1), the results shown in Figure 8 are used 

to plot the I /V ratio as a function of the voltage V applied to 

the corona electrode (Figure 10). A linear dependence of I/V 

versus V is observed at all temperature. The linear fits of these 

straight lines will allow us to determine the two parameters K 

and V0 of the Townsend formula at each temperature degree. 

 

 
 

Figure 10. Linear fits of the characteristic (I/V, V) at 

different temperature degrees 

 

Figure 11 and Figure 12 indicate the dependence of 

respectively the coefficient K with temperature and the voltage 

V0 with the reciprocal of temperature. 

 

 
 

Figure 11. Variation of the coefficient K in the Townsend 

formula with temperature 

 

It results from Figure 11 that the temperature dependence of 

the coefficient K is linear. In this case the straight-line 

lengthening intersects the temperature axis at T0 = 84 K which 

corresponds to the critical temperature of air. At this 

temperature, the ion mobility is zero. Therefore, the coefficient 

K is equal to zero because it’s proportional to the ion mobility. 

As a result, the dependence of the coefficient K on the 

temperature T can be given by [27]: 

 

𝐾 ∝ (𝑇 − 88) (6) 

 

In his theoretical study, Uhm [34] affirmed that the corona 
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inception voltage is inversely proportional to the ambient 

temperature in a coaxial wire-cylinder electrode system. Based 

on this analysis, the dependence of V0 on 1/T is plotted in 

Figure 12. 

 

 
 

Figure 12. Variation of the inception voltage V0 in the 

Townsend formula with the reciprocal temperature 

 

Figure 12 displays that corona threshold voltage V0 rises 

linearly with the reciprocal temperature (1/T). Consequently, 

the temperature dependence of V0 can be expressed as: 

 

𝑉0 ∝ 𝑇−1 (7) 

 

 

4. NEW EMPIRICAL FORMULA 

 

In rod-plane electrode system, the most suitable model for 

current-voltage characteristics is that of Townsend. According 

to the experimental results presented above, it has been proved 

that when the electrode system is chosen and the environment 

conditions have been fixed, the coefficient K is proportional to 

𝑑−1.194  and (𝑇 − 84) , also, the inception voltage V0 is 

proportional to 𝑑0,2713 and 𝑇−1. From these results, it is to be 

noted that the Townsend model governing the current-voltage 

characteristic can be generalized in a new form described by: 

 

𝐼 = 𝐶1.
𝑇 − 84

𝑑1,194
. 𝑉 (𝑉 − 𝐶2.

𝑑0,2713

𝑇
) (8) 

 

So:  

 

𝐼
𝑉⁄ = 𝐶1.

𝑇 − 84

𝑑1,194
. (𝑉 − 𝐶2.

𝑑0,2713

𝑇
) (9) 

 

where: C1 and C2 are coefficients depending on electrodes’ 

geometry, the humidity and the pressure values. Moreover, the 

coefficients C1 and C2 are determined by fitting via least 

squares approach of results plotted in Figure 5 and Figure 10 

with Eq. (9). The resultant values are: 

 

C1 = 0,05318 ± 0,0049 μA mm1,194/((kV)2 K)  

 

C2 = 978,56 ± 21,29 kV K/mm0,2713  

 

By replacing the two constants C1 and C2 in Eq. (8), the final 

form of the modified Townsend equation is obtained:  

 

𝐼 = 0,05318
𝑇 − 84

𝑑1,194
𝑉 (𝑉 − 978,56

𝑑0,2713

𝑇
) (10) 

In Figure 13, it is plotted with the same conditions of 

temperature and electrodes’ gap the calculated current with the 

Eq. (10) as a function of the measured discharge current. 

Ideally, all the points of the curve must belong to the straight 

line of equation 𝑦 = 𝑥 (solid line). Figure 13 shows that all the 

points are contained in the zone delimited by the dashed lines 

which correspond to the acceptable error margin of ±10%. 

This result allows us to conclude that with the electrodes’ 

geometry and the experimental conditions described in the 

previous sections, the current of negative corona discharge can 

be calculated with Eq. (10). 

 

 
 

Figure 13. Comparison of measured corona discharge 

currents with those calculated by the new empirical formula 

 

 

5. CONCLUSION 

 

In this paper, the effect of temperature degree and electrodes’ 

gap on the current of negative corona discharge in rod-plane 

electrode system has been investigated experimentally. It was 

noticed that the discharge current decreases significantly with 

the electrodes’ gap widening and increases slightly with the 

ambient temperature elevation. 

All current-voltage characteristics have been analyzed with 

the classical Townsend formula and the results are very 

satisfactory. It has been shown experimentally that the 

coefficient K of the Townsend formula rises linearly with 

room temperature and diminishes with the power of inter-

electrode spacing, while the inception voltage of corona effect 

decreases with the air temperature and increases with the 

power of the electrodes’ gap. 

In this work, the mathematical processing of experimental 

data allowed us to generalize the empirical Townsend formula 

by introducing temperature and distance between electrodes. 
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