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Abstract. This paper aims to analyze the behavior of DC bipolar corona discharge in a two wires-to-plane
configuration under variable humid air conditions. A circular biased probe was adapted to the plane and
used to measure the ground-plane current density and electric field during the bipolar corona. The values
of the electric field and the current density at the plane surface were the maximum beneath the two
corona wires which decreased when moving away from them. The current-voltage characteristics followed
the quadratic Townsend’s law. The experimental results show that the bipolar corona discharge is strongly
affected by the air humidity. The current density and the electric field decrease linearly with the humidity
for all the tested wire diameters.

1 Introduction

In uniform fields when the field magnitude is increased
gradually, just when measurable ionization begins, the ion-
ization leads to a complete breakdown of the gap. How-
ever, in non-uniform fields, before the spark or breakdown
between electrodes, there are many manifestations in the
form of visual and audible discharges. These discharges
are known as corona discharges and they are defined as
a self-sustained electric discharge in which the field in-
tensified ionization is localized only over a portion of the
distance between the electrodes.

The stable corona discharge is used in various ways
in an increasing number of engineering applications. The
analysis of ionised fields in different geometrical electrode
arrangements is an important area of research. One of the
configurations mostly used for theoretical and experimen-
tal studies is the wire-to-plane geometry, which is largely
used in the design of HVDC transmission line, electrosta-
tic precipitators and separators [1–4], painting and spray-
ing powders [5,6].

However, the corona effect produced by overhead
HVDC transmission lines forms space-charges in the sur-
rounding air which may, for example, cause radio inter-
ference, audible noise and electrification of objects, in ad-
dition to generating power losses. Also, the space-charges
will affect the natural balance of ions in the air, which
might have some unknown biological and environmental
effects. Therefore, it is of interest to study the fields associ-
ated with HVDC power transmission lines in the presence
of corona, both theoretically and experimentally.

a e-mail: yzebboudj@yahoo.fr

Monopolar DC corona discharge consists of high-field
active electrode surrounded by ionization region where
free charges are produced, a low-field drift region where
charged particles drift and a low-field electrode acting as a
charge collector [7–9]. However, in bipolar DC corona dis-
charge there are two high-field active electrodes each sur-
rounded by an ionization region [10–13]. Figure 1 shows a
simple bipolar DC wire-to-plane system. It consists of twin
wires, each with a radius R, located at a height H above
the ground plane and separated by a distance D. Assum-
ing the wires to be infinitely long, the problem is consid-
ered two-dimensional in Cartesian coordinates. The space
charge environment may be divided into two different re-
gions: a bipolar region between the two conductors and
a monopolar region between each wire and the ground.
This discharge generates both positive and negative ions,
and the pertinent recombination between ions of different
polarity. This makes the analysis of a bipolar ionised field
more complicated than that of a monopolar one. Also, the
local value of the electric field strength depends not only
on applied voltages and conductor geometry, but also on
the generated space-charge.

The corona drift region is governed by the Poisson
and current continuity equations. A complete solution of
these equations is not straightforward. For practical ap-
plications, therefore, many authors have made some sim-
plifying assumptions for the basic equations and empirical
and semi empirical formulas have a useful function. Actu-
ally, the ions created in the ionization region drift to the
passive electrode and the space charge modifies the origi-
nal Laplacian applied field. Many theoretical and experi-
mental works have been devoted to the study of the dis-
charge behavior with various electrode systems. However,
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Fig. 1. Bipolar wire-to-plane configuration.

measurements of the modified electric field over the collec-
tor electrode are not easy in the presence of space charge.

In this paper we have proposed a method to mea-
sure the current density and electric field at the grounded
plane where the humidity of ambient air is associated.
The method uses the biased-current probe which was in-
troduced by Tassicker [14] and further developed by many
authors [15–17]. This type of probe can be miniaturized
and is suitable for DC corona discharge investigations. A
linear probe is used for current density and electric field
measurements during the DC corona discharge in bipolar
wires-to-plane [13] and wire-to-plane [17,18]. The probe
collector is of rectangular form and surrounded by two
plates biased at a voltage Vb. For the first time, we use
the circular biased probe in the presence of space charge
during the bipolar corona discharge.

2 Experimental method

2.1 Two wires to plane electrodes and air supply

This work aims to obtain new measurements of current
density and electric field for the bipolar DC corona in two
wires to plane system in which the humidity of the air
is controlled. A plan view of the circular biased probe is
shown in Figure 2. It is made up of a current collector (P)
surrounded by a plane (E) with a guard plane (G). Twin
wires (1), separated with a distance (D), are fixed with two
insulating supports (2) at height (H) from the electrode
(E) where the probe collector (P) is incorporated in the
same level surface. All the components (E, G) are made
of stainless steel and lay on insulating supports (3) which
are placed on a grounded copper plate (4). The probe is
also made of stainless steel and requires careful assembly.
Indeed, some leakage current, of about a few pico-amperes
affecting the current measurements, could originate from
the bias plane or the high voltage wires. The probe collec-
tor (P) was fixed with two insulating plates (5) and the
leakage was prevented by the copper plate (4). The leakage
currents along the surfaces of the two insulating supports
(2), affecting the current measurements, could originate
from the high voltage wires. The leakage was prevented
by using the guard planes (G).

Positive and negative direct voltage, supplied by a 0
to ±140 kV source (6), were applied simultaneously to the
wires. The current collector (P) was connected to a pico-
ammeter (7) and the bias plane (E) was connected online
to the DC low voltage source (8). The electrode system
and the measurement devices of temperature and humid-
ity (9) were placed into a plexiglas box of 200 L (10),
Figure 2c. The air inside this box came from the ambi-
ent atmosphere and was made to move in closed circula-
tion by a pump (11). The humidity was controlled with a
three-way circuit with taps. Air was hydrated (12) with
the water vapor provided by heating a half full bottle of
distilled water; ways (13) and (14) being closed. The dry-
ing of the air was made by the way (14) by using silicagel
contained in a bottle, when the ways (12) and (13) were
closed. The opening of way (13) and the closing of ways
(12) and (14) of the circuit allow a constant humidity to
be kept inside the box. Air was then filtered (15) before it
was let in the box again. In order to eliminate the possible
influence of the air flow on the corona discharge, the pump
was stopped during the measurements.

2.2 Circular biased probe

The circular biased probe theory is fully developed in
reference [14], but will be briefly summarized here. The
probe collector (P) collects a current I0 resulting from the
corona discharge without the bias voltage in operation.
This current reduces or increases to I when the voltage
Vb is applied to the plane (E) and produces a bias field
Eb. When the probe collector (P) is placed beneath the
positive corona wire, Eb is opposed to the unknown field E
at the surface of the probe when Vb < 0 and Eb is added
to E when Vb > 0. On the other hand, when the probe
collector is placed beneath the negative corona wire, Eb

is added to E when Vb < 0 and Eb is opposed E when
Vb > 0. The corona currents I under the condition Vb

and I0 under the condition Vb = 0 are respectively:

I = JS = μρ(E + Eb)S = μρ ×
(

ϕS0 + ϕS1

ε0

)
, (1)

I0 = J0S = μρES = μρ × ϕS0

ε0
, (2)

where μ is the positive ion mobility (m2/V s), ρ is the
space-charge density (C/m3), S = πr2

m (m2) is the effec-
tive surface of the collector (P), rm = (re + r)/2 is the
effective radius (see Fig. 2b), r is the radius of the collec-
tor (P), re is the radius of the plane orifice, ϕS0 is the flux
due to the unknown electric field E to be measured and
ϕS1 is the flux due to the biased electric field Eb:

ϕS0 = SEε0, (3)
ϕS1 = C0Vb, (4)

where C0 is the capacity between the probe collector (P)
and the polarised plane (E) [14]:

C0 = 4rε0

[
1.07944 + 0.5 ln

(
1 +

r

2g

)]
, (5)
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(a)

(b)

(c)

Fig. 2. Experimental assembly with the circular field probe (not in scale) (1) corona wires, (7) pico-ammeter, (11) pump,
(2, 3, 5) insulating props, (8) DC low voltage source, (12) water vapor, (4) copper screen, (9) hygrometer, (14) silicagel,
(6) DC high voltage source, (10) box, (15) filter, (P) probe collector, (E) biased electrode, (G) guard planes.

where g = (re − r) is the air gap between (P) and (E).
From equations (1)–(4) the current ratio is given by:

I

I0
= 1 +

C0

πε0r2
m

Vb

E
. (6)

The unknown external field E could be determined by the
measurements of I0 and I. The relationship (6) gives a
characteristic I/I0 linear with the biased voltage Vb. How-
ever, for high values of Vb, when the total field at the sur-
face of the plane is inverted, due to the polarized electric
field Eb > E, a deviation of the characteristics occurs and
thus the relationship (6) is not valid.

The probe functions depend mainly on the choice of
these dimensions and the precision of its construction. A
good sensitivity of the current ratio I/I0 is obtained for a
probe radius r not very high and an air gap g very small
as described by Selim and Waters [15] in their study of the
probe properties. The authors indicate that the ratio r/g
must be as high as reasonably possible. The probe must
be easily removable for regular cleaning from dust. The
model under consideration is optimized to obtain these
qualities. The probe collector radius is r = 2.235 mm,
the plane orifice is re = 2.27 mm, which gives an air gap
g = 0.035 mm, a ratio r/g = 64, an effective radius of

30803-p3



The European Physical Journal Applied Physics

the probe collector rm = r + g/2 = 2.2525 mm and the
capacity value C0 = 0.223 pF.

Expression (6) can be written as:

I

I0
= 1 + PVb, (7)

with:
P =

C0

πε0r2
mE

=
1585.35

E
. (8)

The slope P is determined by the measurements of the
current ratio I/I0 and the polarised voltage Vb, thus, the
electric field E can be determined if P is known.

We made the measurements of I/I0 for different bias
voltages Vb, between −100 and +100 V, where the corona
voltage +V is applied to one wire and −V is applied to
the other simultaneously and the air humidity Hr is main-
tained a constant value during the tests. The measure-
ments have allowed us to determine the field E, at the
plane surface, using equations (7) and (8).

We also used the probe collector to measure the corona
current-voltage characteristics I-V when the bias voltage
Vb = 0. The corona voltage +V and −V are raised simul-
taneously and gradually from the value V1 to the value V2

such as V1 < Vi < V2, where Vi is the corona inception
voltage. The measurements are made for two cases: when
the probe collector is placed beneath the positive corona
wire and when it is placed beneath the negative one.

3 Experimental results and discussion

The present work is concerned with the measurements of
current density, electric field distributions at the plane sur-
face and the corona current-voltage characteristics with a
biased probe. The wires along the z-axis and the x-position
of the probe collector on the passive electrode are achieved
by displacing the wires (see Fig. 1). The measurements are
carried out for various parameters such as:

– the applied voltage V (+V and −V );
– the x-position of the probe on the plane;
– the wire diameter 2R;
– the relative humidity Hr.

The distance between the positive corona wire and the
negative corona wire is fixed to D = 120 mm and the wire
height is H = 50 mm. The tests are done within a large
range of the corona voltage with varying humidity levels.
The temperature and the pressure inside the box remain
practically constant during the tests.

3.1 Current-voltage characteristics

In non-uniform field the interrelationship current-voltage
of the corona discharge is the one described by
Townsend [19]:

I = KV (V − Vi)(A/m), (9)

where I is the corona current discharge, V is the applied
voltage, Vi the inception corona voltage and K is the di-
mensional constant.

Other authors [20–22] have reported attempts to de-
rive the Townsend’s law for the point-to-plane system. The
topical research on the corona current-voltage character-
istic has reported attempts to elaborate a model for the
Townsend’s law in the point-to-plane where the dimension
of the point radius is associated. Meng et al. [23] have re-
cently introduced an empirical formula, based on the ex-
perimentation, for Townsend’s law in the point-to-plane
system:

I = K ′V (V − Vi)n, (10)

where K ′ is the dimensional constant and n is the pa-
rameter which falls into the range 1.5–2.0 and takes a
value of 1.6 for their study. The main criticism concern-
ing Townsend’s law suggested by the authors is that the
parameters K ′ and V0 both depend on the interelectrode
distance. The current-voltage I = f(V ) characteristics are
measured for the three tested wires and for various rela-
tive humidities. They follow the Townsend’s law as shown
in Figures 3–5.

– The measured I-V characteristics when the probe is
placed beneath the negative corona wire are always
upper to those measured beneath the positive one, Fig-
ure 3. In fact, the negative values of current are higher
than the positive ones for the same applied voltage.
This is due to the existence of a difference between the
positive inception voltage and the negative one; also
the mobility of the negative ions is higher than that of
the positive ions.

– The relative humidity Hr affects the I-V characteris-
tics. At a given applied voltage when Hr increases,
the corona current decreases significantly. This can be

Fig. 3. Measured current-voltage characteristics for the
2R = 0.2 mm diameter in various relative humidities:
T = 18 ◦C, P = 758 mmHg (a) the probe collector beneath
the negative wire; (b) the probe collector beneath the positive
wire.
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Fig. 4. Measured current-voltage characteristics for the
2R = 0.2 mm diameter in various relative humidities and
when the probe collector is placed beneath the positive wire:
T = 19 ◦C; P = 759 mmHg.

Fig. 5. Measured current-voltage characteristics for various
wire diameters: Hr = 70%; T = 19 ◦C; P = 759 mmHg.

explained by the electronegative nature of water
vapor; adding water vapor to air would increase the
attachment coefficient of the mixture, while the ion-
ization coefficient would be constant. Furthermore, the
ion mobility decreases with the humidity.

– The wire diameter 2R also affects the I-V characteris-
tics. In fact, the inception voltage Vi increases when
2R increases as shown in Figure 5.

The I-V characteristics of the bipolar corona in wires-
to-plane system appear to follow the general formula pro-
posed by Meng et al. [23] given by equation (10). In our
study the values of the exponent n for the wire radius ex-
perimented 2R are n = 1.77 for 2R = 0.2 mm; n = 1.63 for
2R = 0.4 mm and n = 1.59 for 2R = 0.8 mm.

Fig. 6. The dependence of the corona current I0 on the volt-
age difference V − Vi for various wire diameters: Hr = 70%;
T = 19 ◦C; P = 759 mmHg.

Figure 6 shows the dependence of the corona current I0
on the voltage difference V − Vi (on a log scale).

3.2 Current density and electric field distributions
on the passive electrode

The probe collector is used to measure the current density
J0 when the probe is unbiased (Vb = 0):

J0 =
I0

πr2
m

, (11)

where rm = 2.25 mm is the effective radius of the probe
collector and I 0 is the collected current of corona dis-
charge. The measured current density and electric field
profiles at the ground plane are shown in Figures 7 and 8,
respectively. The measured values present a maximum be-
neath each wire (at x = ±D/2) where the space-charge
of the same polarity is concentrated and the wires-to-
plane distance is minimal. It should be noted that in DC
monopolar corona [18] where the probe collector is fixed
at the center of the plane collector beneath the wire, the
values of J and E are at a maximum for x = 0 and they de-
crease as we move away from the centre of this plane along
the x-axis according to the Warburg’s law [24]. For wire
diameters of 0.200, 0.310, 0.400 and 0.800 mm the unique
laws obtained by reference [18] from the curve-fitting are:

J(θ) = J(0) cos4(θ), (12)
E(θ) = E(0) cos1.5(θ), (13)

where:
θ = tan−1(x/H). (14)

In bipolar corona J and E are at a maximum beneath
the wires and null at midway between the wires accord-
ing to the superimposing principle. We have derived from
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Fig. 7. Measured ground-plane current density for the applied
voltage V = 20 kV; wire diameter 2R = 0.4 mm: Hr = 80%,
T = 22 ◦C; P = 760 mmHg.

Fig. 8. Measured ground-plane electric field for the applied
voltage V (kV); wire diameter 2R = 0.4 mm; Hr = 80%,
T = 22 ◦C; P = 760 mmHg.

the curve-fitting for the current density J and the elec-
tric field E the Warburg’s law respectively identical to
equations (12) and (13). Moreover, the profiles are asym-
metrical, that is, the negative values of the electric field
and current density are higher than the positive ones for
the same applied voltage. This is due to the existence of
a difference between the positive inception voltage and
the negative one; also the mobility of the negative ions is
higher than that of the positive ions. The calculated cur-
rent density and electric field at the ground plane using
finite element method given by reference [13] are is shown
in Figures 7 and 8. The calculated values predicted by this
method are in good agreement with the measured values.
The discrepancy observed between the two results can be
attributed to experimental errors. In addition, measured

Fig. 9. Measured ground-plane electric field as a function of
the applied voltage in various relative humidities Hr: the probe
collector is placed beneath the negative wire 2R = 0.4 mm
diameter.

results vary markedly with changing atmospheric condi-
tions.

The values of the electric field E at the ground plane
with varying humidity and applied voltage are given in
Tables 1 and 2. A summary of the test results are shown
in Figure 9. The field E increases linearly with the ap-
plied voltage V at a given humidity Hr. At low voltage,
E tends to the Laplacian field but breakdown at high ap-
plied voltage occurs when E is close to the propagation
field: E ≈ 500 kV/m necessary for positive streamer and
E higher than this limit necessary for negative streamer.
E increases also with the relative humidity Hr at a given
applied voltage V.

4 Conclusion

Measurements of the current density and electric field us-
ing a bias probe at the ground plane in DC bipolar corona
system with varying humidity are presented in this paper.
The current dependence upon voltage follows a common
square law I = kV (V −Vi) of Townsend. It is significantly
reduced by increasing humidity and at a given voltage the
negative value of the current is always higher than that of
the positive one.

The measured current density J and electric field E
distributions at the ground plane are similar to those orig-
inally proposed by Warburg according to the superimpos-
ing principle of the two polarities, but the profiles are
asymmetrical, that is, the negative values of electric field
and current density are higher than the positive ones for
the same applied voltage. It is indeed possible to inter-
pret this result by the existence of a difference between
the positive inception voltage and the negative one, and
a difference between the mobility of the positive ions and
the negative ones.
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Table 1. Results of electric field measurement at the ground plane with the twin wires of diameters 2R = 0.4 mm.

Electric field measurement at the ground plane E (kV/m)
Probe collector beneath the negative corona wire (x = −6 cm)

V (kV) 14 16.8 20 24
Hr (%)
50 ± 5 291 ± 14.6 345 ± 17.3 403 ± 20.2 515 ± 25.8
60 ± 6 265 ± 13.3 301 ± 15.1 351 ± 17.6 448 ± 22.4
70 ± 7 169 ± 8.5 184 ± 9.2 234 ± 11.7 334 ± 16.7
80 ± 8 80 ± 4.0 102 ± 5.1 159 ± 8.0 252 ± 12.6

Probe collector beneath the positive corona wire (x = +6 cm)
V (kV) 14 16.8 18 20 24
Hr (%)
50± 5 69 ± 3.5 173 ± 8.7 217± 10.9 296± 14.8 342± 17.1
60 ± 6 36 ± 1.8 127± 6.4 158 ± 7.9 236 ± 11.8 297 ± 14.9
70 ± 7 20 ± 1.0 68 ± 3.4 93 ± 4.7 151 ± 7.6 228 ± 11.4
80 ± 8 6 ± 0.3 23 ± 1.15 43 ± 2.15 89 ± 4.5 177 ± 8.9

2R = 0.2 mm; T = 19 ◦C; P = 759 mmHg

Table 2. Results of electric field measurement at the ground plane with the twin wires of diameters 2R = 0.8 mm.

Electric field measurement at the ground plane E (kV/m)
Probe collector beneath the negative corona wire (x = −6 cm)

V (kV) 24 26 28 30
Hr (%)
40 ± 4 390 ± 19.5 473 ± 23.7 541 ± 27.1 642 ± 32.1
50 ± 5 362 ± 18.1 436 ± 21.8 536 ± 26.8 610 ± 30.5
60 ± 6 301 ± 15.1 377 ± 18.9 491 ± 24.6 574 ± 28.7
70 ± 7 180 ± 9.0 262 ± 13.1 431 ± 21.6 543 ± 27.2

Probe collector beneath the positive corona wire (x = +6 cm)
V (kV) 24 26 28 30
Hr (%)
50 ± 5 350± 17.5 391 ± 19.6 461 ± 23.1 499 ± 25.0
60 ± 6 275 ± 13.8 338 ±1.9 385 ± 19.6 425 ± 21.6
70 ± 7 145 ± 7.3 209 ± 10.5 251 ± 12.6 279 ± 14.0
80 ± 8 34 ± 1.7 104 ± 5.2 139 ± 7.0 167 ± 8.4

2R = 0.8 mm; T = 19 ◦C; P = 759 mmHg

The measurements show that the electric field E at
the plane varies linearly with the applied voltage V and it
decreases significantly when the humidity increases. The
field E under the negative wire is higher than the field
under the positive one.
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