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Abstract - In blade-to-plane electrostatic precipitators at variable temperatures, the electric field and the current 
density distributions of the negative DC corona were experimentally analyzed, and the corona discharge was 
used as the source of ionization. In this research, an experimental cell was designed and built to adjust the 
temperature from 20°C to 46°C within the cell. The current density-voltage characteristic and the radial distance 
distribution of the current density of an electrostatic blade-to-plane precipitator were measured over a 
temperature interval. Based on the Tassicker and Townsend models, the electric field and the onset voltage were 
determined. With the rise in temperature, the corona current obtained at the collector plate has been observed to 
increase, but the onset voltage decreased. The applied voltage and temperature greatly affected the corona current 
density characteristics and the electrical field. If an exponent of 4.6 to 5 for a negative corona discharge is taken, 
the DC density distribution is satisfied, then the current density distribution follows the well-known Warburg 
theorem. 
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I. INTRODUCTION 

Electrostatic precipitators are widely used for the 
elimination of fine particles such as dust and smoke 
from gas in various industrial systems [1-4]. The 
performance of electrostatic precipitators is 
influenced by the negative DC corona discharge 
characteristics. This corona discharge is a 
phenomenon of an electrical discharge in gasses and 
is affected by various parameters [5, 6], including 
temperature, pressure and humidity [7-8]. Various 
investigations were performed to understand the 
impact of the temperature on the corona discharge in 
a blade-to-plane electrostatic precipitator. 

Temperature has a significant impact on the 
corona discharge behaviour. An increase in 
temperature causes a decrease in the corona onset 
voltage [9]. There was developed a model for 
estimating the electrical field on the conductors [9, 
10]. This theory was based on the action of pressure 
and temperature. 

The corona discharge distribution in non-uniform 
fields has been analyzed for several years [10, 11]. 
The effect of atmospheric parameters such as 
temperature, pressure, and humidity was taken into 
account in some cases [12-15], but in many cases the 

investigation was limited to ambient normal 
conditions.  

 
Characterization of the DC corona at high and low 

temperatures is very useful, for example, in : 
electrostatic precipitators installed in chimneys, or at 
which the air density decreases with rising 
temperatures. The temperature of the gases begins to 
fall as soon as they are released from the generator. If 
this decreases too much, the water vapor contained in 
these gases will condensate. The flue external surface 
temperature is less than 50°C. However, depending 
on the nature of the powders, the resistivity at the 
ambient temperature is always one to three orders of 
magnitude lower than the resistivity at 50°C. A high 
voltage electrode in most electrostatic precipitators is 
supplied with a negative voltage to ensure a good 
charge of the particles, a sufficiently intensive electric 
field, and to limit breakdowns as much as possible [5, 
6, 10]. The evolution of corona discharge in gas is of 
particular interest, namely the distribution of ion 
density on the collector plane. 

Awareness of the temperature effect is of critical 
importance in such DC corona discharge systems. 
Certain features of this influence call for further 
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research in order to approve a real mathematical 
modeling of physical phenomena, such as the 
essential step towards a precise numerical simulation 
of the electrostatic precipitation system.  

The fundamental objective of this research is to 
study the influence of temperature on negative DC 
corona discharges used in blade-to-plane electrostatic 
precipitators, which can vary from low to high states. 
In particular, the electrical field, current density 
distribution and current density-voltage characteristics 
are studied and analyzed. 

 
 

Fig. 1. Experimental Setup. 

II. EXPERIMENTAL METHOD 

The experimental model of the blade-to-plane 
electrostatic precipitator used in this study is shown in 
Figure 1.The high voltage electrode containing the 
stainless steel blade (1) with a curvature radius of 
0.019 mm is fixed with two insulation supports (2). 
The passive electrodes of the electrostatic precipitator 
consist of two stainless steel planes (G) and (E), 400 
mm-width in y-direction and 800 mm-length in x-
direction, respectively. These two electrodes (blade 
and plane) are spaced h = 10 mm apart.  

The measurement plane (E) is connected to the 
ground by means of a current signal resistance of 150 
kΩ and the guard electrodes (G) are connected 
directly to the ground. The air gap between the guard 
planes (G) and the plane (E) at 0.5 mm is mandatory 
in order to ensure continuity of field distributions and 
current at the extremities of (E). Passive electrodes 
are fastened with insulating screws and the waste 
current between the high voltage blade and the 
measuring plane (E) is discharged to the ground by 
the guard planes (G). 

The high voltage applied to the corona blade is 
supplied by a 0 to ± 140 kV source (5). The DC 
digital voltmeter (6) and the high voltage divider (7) 
are used to measure the applied voltage. The bias 
plane (E) is connected to the DC low voltage source 

(4) and the collector probe (P) is connected to the 
digital multimeter (3). The Ha(g/m3) humidity and 
T(°C) temperature measuring devices and the 
electrode system are mounted in a 200 liter plexiglass 
case (10). The temperature is controlled by the 
controller (8) and connected online to the low voltage 
AC source. Air in the plexiglass box is heated by 
heating resistors (9). 

Tassicker method to determine the electric field 
under space charge 

The authors of [5, 16, 17] have developed a 
circular bias probe theory, which will be quickly 
reviewed. The corona discharge current I0 is captured 
by the probe collector (P). This corona current will 
increase or decrease once the voltage Vb is applied to 
the plane (E) when the electrical field Eb is produced. 
When the probe collector is placed under the negative 
corona blade, Eb is added to E when Vb <0  and Eb is 
opposed to E as Vb > 0. On the other hand, when the 
probe collector (P) is located below the positive 
corona blade, Eb is opposed to the unknown field E 
on the probe surface once Vb < 0 and Eb is added to E 
as Vb > 0. The corona current discharge I beneath 
condition Vb and I0 beneath condition Vb = 0 are 
developed as follows: 
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where p is the mobility of the ions (m2/V.s), J is the 
corona current density (A/m), p is the space charge 
density (C/m3), qS0(Wb) is the flux due to the 
unknown electric field E(kV/m) to be measured, and 
qS1(Wb) is the flux due to the bias electric field 
Eb(kV/m). C0 (pF) is the capacity between the bias 
plane (E) and the probe electrode (P) given by [5], 
where r(mm) is the collector radius (P) and g(mm) is 
the air espace between (P) and (E), S9 rrm

2(m2) is the 
collector effective surface (P) with rm(mm) the 
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effective radius. From equations (3), (4), (5), and (6), 
the current ratio is given as in [5, 16, 17]. 

The corona current measurements I0 and I 
determine the unknown external field E. The 
expression (6) gives a linear characteristic of I/I0 with 
a bias voltage Vb. However, in the case of high values 
of Vb, when the total field at the collector surface is 
opposed, due to the bias of the electrical field Eb > E, 
a deviation of the characteristics occurs, and therefore 
the expression (6) is not valid. The models of the 
probe are mainly concerned with the choice of these 
dimensions and the precision of its construction. The 
well-sensitivity of the current ratio I/I0 is obtained for 
a very small air space g, and the radius of the 
collector probe r is not very high. The r/g ratio must 
be as high as reasonably possible. The probe must be 
moved easily for regular dust purification. The probe 
electrode radius is r = 2.235 mm, the plane orifice is 
re = 2.27 mm, giving an air space g = 0.035 mm, a 
ratio r/g = 64, the probe electrode an effective radius 
rm= r + g/2 and a capacity value of C0 = 0.223 pF. The 
relationship (8) is shown as in [5, 16]. 

The slope P is determined by the measurements of 
the current ratio I/I0 and the bias voltage Vb, the 
electric field E if P is consided here. A polished 
blade we used to check the operation of the probe.  

The measurements of I/I0 were carried out at 
different voltages Vb, between (–80 V) and (+80 V), 
where the temperature T and the applied voltage V 
were kept constant during the tests. The experimental 
measurements allowed to calculate field E on the 
collector plane using equations (7) and (8). In all 
cases, the I/I0 = f(Vb) characteristic was linear for                
(– 80 V) < Vb < (+80 V). The deviation of the 
characteristics occured for Vb > (80 V) or Vb < (–80 
V).  

These results provide a control of the operation of 
the probe and the limit of the bias voltage Vb. The 
collector probe was also used to measure the normal 
current density J when the probe is unbiased Vb=0: 

                                                    (9)

 

where I0 is the current collected from the corona 
discharge and the effective radius of the probe is                  
rm = 2.25 mm. 

III. RESULTS AND DISCUSSION 

In the following sections, the temperature impact 
on the electrical field, the current density distribution 
and the current density-voltage characteristics of the 
passive electrode with a bias probe are discussed. 
The probe current (I) along the x-position and the y-

position on the collector plane is achieved by 
displacing the active electrode.  

Experimental measurements are performed for 
different parameters, such as: temperature (T), 
position (x) of the probe on the plane, applied voltage 
(V), and the y-axis position is fixed for h = 40 mm. 

A) Current Density-Voltage Characteristics 

The corona discharge characteristics of an 
electrostatic precipitator are affected by temperature 
as the electrical field and the ion concentration power 
play a crucial role in the charging of the particles [18, 
19]. In [20], the researchers consider that negative 
ions are unstable at atmospheric pressures and 
temperatures in the discharge area where a large 
number of free electrons are released and sparkling 
easily occurs even under a low applied voltage. The 
authors of [21] and [22] have stated that the 
ionization rate of the gas particles can significantly 
influence the electrostatic precipitation performance 
at different temperatures and that thermal ionization 
at very high temperatures should be envisaged [23]. 

The current density-voltage characteristics of the 
blade-to-plane electrostatic precipitator at different 
temperatures are shown in Figure 2.  

 

 

Fig. 2. Current density-voltage characteristics, Vb = 0. 
 
The corona discharge current density (J) is a 

quadratic function with the applied voltage (V). 
Depending on the voltage applied, the temperature 
influence of the DC corona discharge current is 
different. The electrical operating point at the blade-
to-plane electrostatic precipitator is the values of 
voltage and current at which the precipitator 
operates. Because of the importance of temperature 
in the electrical characteristics, J = f (V) curves are 

I0J
2rm


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plotted in Figure 2 for different values of 
temperature.  

The plots illustrate that the current density level 
increases at the same applied voltage, but the corona 
onset voltage decreases as temperature increases due 
to the fact that the mean free path of ions increases 
with temperature. The authors in [24] and [25] have 
developed a simple theoretical formula on the 
relationship between the corona current and the 
applied voltage in a wire-to-cylinder geometric 
system, and the low current empirical law for the 
wire-to-plane configuration was derived in [6]. 

Afterwards, it was experimentally observed that 
the Townsend formula could also be used 
approximately for blade-to-plane configuration, as 
demonstrated in [10]. The law can be given as : 

I K V (V V )0                                                              (10) 

K
J V (V V )0S
                                                              (11)                                                                                                                         

were K is a dimensional constant depending on the 
blade electrode radius, the charge carrier mobility in 
the drift region, the inter-electrode gap, and other 
geometrical parameters. 

Figure 2 shows that the corona current at the 
probe region increases with the temperature rise. 
During the growth of the gas temperature, the 
electrons acquired more energy for forming an 
avalanche, and the average free path of gas molecules 
increased.  

For the applied voltages greater than                    
32 kV (close to the breakdown voltage), the corona 
discharge had a large number of streamers in its 
ionization zone, this explains this excess of speed 
generated in the blade electrode by the fact that the 
streamers also induce the electric wind.  

It is generally accepted that due to the presence of 
the ionic wind or the difference in velocities between 
ions and charged particles the rate of turbulence 
increases. An increase in temperature to 46°C 
decreased the rate of turbulence and increased the 
resistivity of the particles. 

B) Assessment of the Regression Model Relevance 

The estimation of the curve model consists of two 
characteristics : the summary of the model and the 
estimation of the parameter presented in Table 1.  

In this Table, the model summary provides the 
regression coefficient (R), the statistic (F) being the 
ratio of the regression mean squares (inter group) and 
the residual mean squares (intra group); the freedom 
degrees (df1, df2, and Sig.) indicate whether the test is 
significant or not, and the parameter estimates provide 
the quadratic equations parameters (b0, b1, and b2). 

The F, df1, df2, and Sig. columns summarize the 
results of the F test of the model fit. The significance 
value of the F statistic is less than 0.05%, which 
means that the variation explained by each model is 
not random. The R2 statistic is a better measure of the 
strength of relationship. The quadratic law is a model 
whose equation is J = b0 + b1 V + b2V

2 (A/m2). The 
quadratic model can be used to model a series that 
starts off or a series that dampens. 

In order to be relevant to the model, the 
improvement obtained with the independent variable 
must be large, and the residuals between the observed 
values and the regression shall be small. To test this, 
this model proceeds with the F value test. The value 
of F was calculated automatically, and the associated 
level of significance can be found in the last column 
of the model summary [26, 27]. 
The F value is greater than 600 and is significant at                           
m < 0.0005. This means that the probability of 
obtaining an F value of this size by chance is less than 
0.05%. Therefore, there is a statistically significant 
relationship between the dependent variable J (A/m2) 
and the independent variable V (kV). It can therefore 
be concluded that the model with a predictor makes it 
possible to predict the variable (J) better than the 
model without a predictor [27, 28]. 

C) Evaluating Data Fit to the Regression Model 

If there is a significant improvement in the 
model, it is necessary to report to what extent the 
data is fitted to this model. In a way, it is possible 
to quantify how well the pattern represents the 
dispersion of the points in the graph. 

This information can be found in Table 1, with 
index (R) showing the value of the multiple model 
correlation. The multiple correlation (R) is 
interpreted as a simple correlation. It represents the 
combined correlation between all independent 
variables of the model and the dependent variable. 
Since there is only one independent variable here, 
this coefficient is the same (in the absolute value) 
as the correlation coefficient as mentioned in [26, 
29, 30]. 

The value of the multiple correlation coefficient 
in Table 1 is greater than 0.998. This value 
indicates that the data are very well suited to the 
model and can be found in the column (R2). If the 
coefficient of correlation is squared, it will give an 
R2 value greater than 0.996.  

This shows the proportion of the variability of 
the dependent variable (J) explained in the 
regression model. 
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Table 1. Model summary and parameter estimates with 

dependent variable: corona current density J (µA/m2) and 
independent variable: applied voltage V (kV). 

 

D) Onset of Corona Discharge 

The onset voltage of the corona discharge is the 
applied voltage required to arrive at the critical 
electrical field necessary for the ionization of the air 
molecules that close the blade surface. Peek’ formula 
[31] connects this onset voltage to the disruptive 
critical potential gradient as a function of inter-
electrode distance h =40 mm, rc = 0.019 mm radius 
curvature, (T) temperature and (P) gas pressure : 

0.0308 2 h2 r 1 lngV m c0 v 0 rr cc
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The δ parameter is a gas density factor that is 
based on the temperature and pressure. Temperature T 
in degrees celsius (°C) and pressure P in centimeters 
of mercury (cmHg). At standard temperature and 
pressure δ =1. The condition of the wire is presented 
by the factor mv irregularity, the curvature radius wire 
rc and the inter-electrode gap h. Depending on the 
wire condition, mv varies from 0.85 to 0.98 and mv = 1 
for ideal smooth wires. The disruptive critical 
potential gradient g0 is on the order of 30 kV/cm or 
27.2 kV/cm for air [32].  

 

 
 

Fig. 3. Onset voltage with temperature. 

The effect of temperature on corona discharge is 
shown in Figure 3. The illustrations (J/V) = f(V) and    
J = 0 of the quadratic law’s are chosen here to 
indicate the corona discharge onset. The corona onset 
voltage decreases with the increase of the temperature 
when more heat is added to the system, the coefficient 
of attachment (η) and the coefficient of ionization (α) 
both increase so that the increase of the attachment 
coefficient is lower than that of the ionization 
coefficient, so that the increase of the temperature 
causes the increase of the effective ionization 
coefficient (α-η). These factors have contributed to a 
decrease in corona onset voltage with an increase in 
temperature, so that the onset voltage decreases at a 
high gas temperature, in accordance with the 
provisions of the Peek law [31]. The linear regression 
model shown in Figure 3 is as follows: 

V A B T0                                                                   (13)                                                                                                                             

The non-standardized coefficients allow 
reconstructing the regression line equation. The 
intercept is the value A = 25.279 kV of the constant 
in the equation, and the slope is indicated by the 
value B = - 0.167 kV/°C of the independent variable, 
with R = - 0.995 and m = 0.000265 < 0.0005. 
However, the value of the correlation coefficient (R) 
provides new information: the sign of that value: + 
or -. It is important to know this value in order to 
interpret the meaning of the relationship between the 
dependent and the independent variables. 
Consequently, the current value of the coefficient is 
R = - 0.995, taking into account the negative 
relationship between the two variables. The last 
coefficient indicates that the regression model fits 
the data very well. 

E) Current Density Distributions of the Passive 
Electrode 

The ionic current-density distribution on the 
collector is an aspect of the DC corona discharge in 
air, which is of a particular interest in the case of a 
blade-to-plane electrostatic precipitator. In the 
experiments here, it was found showed that this 
distribution under the following relationship 
corresponds to Warburg’s law as stated in [10] : 

   pJ x J( ) J(0)cos                                                  (14)                                                                                                                          

where Ө is a distribution angle relative to the 
hypotenuse between the electrodes, both the discharge 
blade (z-axis) and the probe on the collection plate (x-
axis). J(0) refers to the current density of the corona 
directly under the discharge blade. 

The collection efficiency varies along the collector 
plane length in proportion to the amount of the 
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collector current at that collector location, as shown in 
Figures 4 and 5. The maximum collection efficiency 
occurs within a specified collector plane at collector 
locations facing the corona blade electrode, where 
collector currents are at their maximum value each of 
which follows the Warburg collector current 
distribution for different maximum collection 
efficiencies at different maximum collector currents. It 
is possible to estimate the amount of dust collected 
along the collector plane. Estimates of dust collected 
with the maximum collection efficiencies were of 
95% (to                 x = 0 mm) and 0% (to x = 60 mm), 
all with the Warburg collector current distribution. 

 

 
 

Fig. 4. Current density distribution with radial distance,V = 30 kV. 
 

 
 
Fig. 5. Current density distributions with radial distance, 

V = 32 kV. 
 

The exponent value p varies depending on the 
temperature and the applied voltage. Warburg found a p 
value of 4.5 to 5 for negative polarities [10], and it was 
not possible to round the exponent to a 5.0 value because 
it is an abnormal practice. The Warburg distribution is 
confirmed by Figures 4 and 5. The corona current density 
distribution agrees well with the Warburg relationship, 
provided that the exponent is taken as p=5 and p=4.9 for 
the applied voltage V=32kV, and V=30kV, respectively. 

The values 4.7, 4.9, and 4.6 in Figure 6 and the exponent 
p in Figure 7 are well suited to the experimental results. It 
should be noted that in a DC monopolar corona [12], 
where the probe collector is fixed at the center of the 
plane collector beneath the high voltage electrode, the 
values of J and E are at a maximum for x=0, and they 
decrease at the movements away from the centre of this 
plane along the x-axis according to the Warburg law. 

 
Fig. 6. Current density distributions with radial distance and 

Warburg’s low at variable temperatures, V = 30 kV. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Current density distributions with radial distance and 
Warburg’s low at variable temperatures, V = 32 kV. 

F) Current Density and Electric Field 

Figures 8 and 9 show the experimental results of the 
measured current density (J) and the electrical field (E) at 
the probe collector, depending on the temperature (T) with 
different corona applied voltage (V), and the mutual 
approximation of the current density assumes that the 
current density is simply proportional to the electrical field. 
They show how the configuration of the electrical field 
changes with the gas temperature between the two 
electrodes. It can be seen that at a temperature of 20° C, 
field lines are mostly attracted by the additional ground 
potential boundary, while at 40° C more lines terminate on 
the collector surface. 
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Fig. 8. Measured current density vs. applied voltage for 
various temperatures at Vb = - 60V, h = 40 mm, Ha = 14g/m3                        

and P = 1012 hPa. 

 
 

Fig. 9. Electric field vs. applied voltage for various 
temperatures at h = 40 mm, Ha = 14g/m3 and  P = 1012 hPa. 

 
Figure 8 shows the increase in current density with an 

increase in temperature at different applied voltages. A few 
electrons move straight to the collector plane, without 
being blocked by gas molecules, to generate an electron 
carrying current when the temperature is above 20° C. The 
electron current increases with the growth of the applied 
voltage and the gas temperature, increasing to 72 μA/m2 
below the applied voltage of 22 kV and to a temperature of 
40° C. Electric field measurements influenced by space 
charge are of key importance for the analysis of corona 
discharge characteristics and the ion flow field in corona 
discharge applications such as electrostatic precipitators.  

Tassicker suggested a boundary bias probe process to 
establish the electrical field strength at the probe surface of 
the collector electrode with the existence of a space charge. 

Figure 9 shows the electrical field strength on the 
surface of the probe collector with respect to the different 
temperature at the applied voltage V. The field is very 
unevenly distributed at different temperatures. The degree 
of irregularity is between 20° C and 40° C. The electrical 

field tends to the Laplacian field at low voltage, but 
breakdown happens at high applied voltage when the field 
E is near the propagation field; E = 1100 kV/m is required 
for the negative streamer at T = 20° C. The field also grows 
with the applied voltage at a given temperature. In this 
configuration system, the electrical field can reach up to    
E = 1550 kV/m for very high temperatures and high 
voltages. 

The most important change is the large increase in the 
electrons number in the collector region. Additional 
electrons are generated in two ways:  

 Accelerate the electron detachment of negative 
ions in the collector region by increasing the temperature 
of the gas. 

 Confirm by generating energetic electrons directly 
with enhanced secondary ionization or cathode thermal 
emission at elevated temperatures. The electrons are 
accelerating to the collector planes, and the corona 
discharge current is becoming an even greater current. The 
airflow acceleration known as ionic wind is caused by a 
momentum transfer during collisions. The action-reaction 
principle causes a force to be exerted on the electrodes, 
which is known as electro hydrodynamic thrust. When the 
applied voltage approaches the breakdown voltage, the 
electric wind influences the experimental measurements, 
leading to a hypothesis of a possible involvement of 
streamers in the mechanism of electric wind generation, in 
addition to the role of ions. The discharge does, in fact, 
have a large number of streamers in its ionization zone. 
Perhaps an extra speed generated by the discharge in the 
axis of the high voltage electrode can be explained by the 
fact that the streamers also induce the electric wind. The 
presence of the ionic wind or a difference in velocities 
between ions and charged particles within blade-to-plane 
electrostatic precipitator is thought to reduce the collection 
efficiency by increasing the rate of turbulence. 

IV. CONCLUSION 

In this article, we revealed the negative characteristics 
of DC corona discharge in an electrostatic precipitator 
blade-plane configuration system at various temperatures 
from 22° C to 46° C. Current density distributions, current 
density and electric field are measured in an electrostatic 
precipitator with varying temperatures, supporting a bias 
probe on the ground plane. A typical Townsend quadratic 
law is followed by the current evolution versus applied 
voltage. By increasing temperature at a given voltage 
value, it is considerably increased and decreased with                   
32 kV, T = 46° C. The onset of the corona effect decreased 
by increasing temperature, which was in line with the Peek 
model prediction. The linear regression parameters and the 
quadratic law of the models imply that the regression 
models match the data very well. 

The Warburg law is equivalent to the measured current 
density distributions, according to the superimposing 
theorem. The electrical conductivity of gas increased 
because the electric field increases linearly with the applied 
voltage and temperature. 
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