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Abstract

The aim of this paper is to present a numerical and experimental study of the positive
corona discharge in the Wire-Cylinder-Plane geometry intended for electrostatic charging of
insulating materials. A detailed experimental procedure is described to determine the corona
discharge characteristics where different electrode layouts have been tested to improve the
performance of the charge process. In addition, the corona governing equations are successfully
implemented and solved in the studied geometry using Comsol Multiphysics Software. The
study focused on the effect of the presence of the non-ionizing cylinder on the coronating wire.
It has been found that increasing the diameter of the cylinder or bringing it closer to the wire
reinforces the shielding effect between the two electrodes, which results in the reduction of the
corona current and current density at the level of the measurement plane. The measured I-V
characteristics and current density distributions were found to be in good agreement with the
corresponding numerical predictions.

Keywords: Corona discharge, space charge, current density, ionized fields, electrostatic charge,
shielding effect.

1. Introduction

Theoretical and experimental research has been executed for numerous a long time in order
to understand and control the corona effect. Indeed, many of these studies were aimed at
reducing its harmful effects which manifest themselves on high voltage electric power
transmission lines [1-4]. Currently, the corona discharge is at the basis of several industrial
applications, such as electrostatic dust precipitation [5], surface treatment [6-7], ozone
generation [8-9], painting and spraying powders [10], granular mixtures separation [11-12], etc.
In addition, corona discharge is exploited for charging dielectric materials for many
practical applications in various configurations of electrodes [13-16].

The process of the electrical charging of the media is then obtained by using the corona
effect often generated between an active energized electrode with a small radius of curvature
and a passive earthed electrode with a larger radius of curvature [17-18]. Currently, a new type
of electrodes, the Wire-Cylinder-Plane type, is increasingly used in various electrostatic
applications [19-22]. In this configuration, the corona discharge is developed between a
grounded collector plate and a dual electrode, consisting of a thin ionizing wire supported by a
non-ionizing metal cylinder, the two electrodes being stressed with the same high voltage.



The purpose of the present work is to study the efficiency of the process of electrostatic
charging which depends in particular on the various geometric parameters of the used electrode
system. Indeed, the works carried out until now, and which deal with this geometry, have never
explored the effect of the dimension of the non-ionizing cylinder or of its distance from the
active wire. With this in mind, we have tested the influence of variations of the cylinder radius,
the wire-to-cylinder spacing and the wire-to-plane distance.

2. Materials and methods

An overview of the experimental setup is shown in Fig. 1. The corona discharge is
generated in a Wire-Cylinder-Plane (WCP) geometry which consist of an ionized electrode (1),
a constantan wire with a diameter of 0.4 mm, attached to a non-ionized metallic cylinder (2) of
40 mm in diameter. The dual electrode (Wire-Cylinder), fixed by two insulating supports (3),
is carried at a high voltage V,, provided by the DC-HV source of 0 to +140 kV, 0.08 A.

Probe v Plane

Fig.1. Schematic view of the experimental arrangement



A set of three plate electrodes, composed of a measuring plane (P) surrounded by two
grounded guard plates (G), is placed at a distance h from the wire. Each plate is of dimensions
147 x 780 mm?, 1 mm thickness, and is made of stainless steel. The three plates are separated
by very small spacers to ensure the continuity of the electric field. A current collector (4),
incorporated in the centre of the measurement plane (P), is connected to a current measuring
device (5) by a coaxial cable (6). The plane electrodes rest on two plates; one is insulating (7)
while the other is conductive (8) connected to the ground, all mounted on a wooden stand (9).

In order to be able to record the spatial distribution of the current density on the measurement
plane, the insulating supports (3) are free to move in the horizontal x-direction, so that the
current collector (4) moves relative to the Dual-electrode along the ground plane [5].

The experimental investigation made it possible to study the effect of variation of various
geometrical parameters such as the cylinder diameter D¢ (22, 26, 30 and 40mm), the wire-
cylinder spacing d (20, 30 and 40 mm) and the wire-plane distance h (30, 40, 50 and 60 mm).

As the corona discharge largely depends on the atmospheric conditions [23], in particular the
threshold of the appearance of the discharge, we proceeded during the tests to the measurement
of the atmospheric pressure, the temperature and the relative humidity of the air.

3. Modeling and Numerical Procedure

Corona Discharge is a phenomenon that occurs in a gas in the vicinity of a highly stressed
conductor of a small radius of curvature. Electric field close to the conductor is very important
but remains not-disruptive. This provides condition for ionization of gas molecules in the
nearest vicinity of corona electrode. As a result, two distinct regions are formed: a high-field
thin region (ionization region) surrounding the active electrode and containing as many positive
as negative charges (free-charge), and a drift region of low-field where charged particles move
towards the passive collecting electrode [23-25]. The ionic space charges produced by corona
affects significantly the electric field and cause its distortion, and in turn electric field affects
the space charge distribution.

By considering the positive corona discharge as uniform along the length of the active wire,
and with edge effects neglected, we can perform a two-dimensional (2D) analysis of the
problem (Fig. 2). The DC corona electric field-space charge problem can then be described in
the air by a set of the following equations [1,17,24]:

Ap = —p/eg, (The Poisson’s equation) (1)
J = upE (Equation for current density) 2)
V.fz 0 (Current continuity condition) 3)
E= —V¢ (Equation relating the potential to the field) 4

Where ¢ [V] is the electric potential, E [V/m] is the electric field, J [A/m?] is the current density,
p [C/m®] is the ionic charge density, s [F/m] is the air permittivity and p [m?/V.s] is the ionic
mobility.
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Fig. 2. 2D Geometry view of simulated WCP geometry with the defined boundary conditions

These corona governing equations clearly show the physical interactions between the
electric field and the space charge density. After some straightforward manipulations of
equations (1)-(4), we obtain:

Vi =—p/e, )

EVp = —p?/g, (6)

The two above equations are coupled to each other, and it is difficult to solve them analytically
because of the physical interaction between the electric field and the space charge density. For
that, a numerical simulation is an alternate option.

In this work, the corona coupled equations (5)-(6) are solved numerically using the
COMSOL Multiphysics software, which based on finite element method (FEM). Two
application modes are adopted in a steady state regime; the Electrostatic mode (es), used to
determine the electric potential distribution via Poisson’s equation (5), and the Charge
Transport mode (ct) used to resolve the current continuity equation (6) for finding the space
charge density [5].

Furthermore, corona governing equations are subject to the following appropriate boundary
conditions:

- The potential of the ionizing wire and non-ionizing cylinder is equal to the applied voltage:
dw =dc =V,

- The potential of the plate is set to zero (ground): ¢ =0,

- Zero diffusive flux condition, dp/on = 0, is imposed on all boundaries except at wire’s surface
where the charge density is fixed to an initial value po, which is adjusted iteratively until an
auxiliary condition is satisfied [5]. Based on the Kaptzov’s assumption [26], this auxiliary
condition requires that the electric field strength at the surface of wire (Ew) remains constant
at the threshold field value Ep, given by the Peek's empirical law [27]:

0.308
E, = Eyon (1 + \/6_wa) (7

Where : Eo =3.1x10° VV/m is the dielectric breakdown strength of air, Sthe relative air density
factor with respect to SATP (25°C and 760 mmHg), 7 is the surface irregularity factor (7 =1
for smooth surface) and Rw is the wire radius (in cm).


https://en.wikipedia.org/wiki/Standard_conditions_for_temperature_and_pressure

4. Results and Discussion

In this section, we present the results of experimental and numerical modeling of corona
discharge generated in the Wire-Cylinder-Plane geometry. The numerical values of the
geometric and physical parameters used for the simulation are given in Table 1.

Symbol Description value

Dw Wire diameter 0.4 mm

Dc Cylinder diameter 22, 26, 30 and 40 mm

d Wire-cylinder spacing 20, 30 and 40 mm
Wire-plane distance 30, 40, 50 and 60 mm

u lon mobility 2x10“4 m?/V.s

& Permittivity of the air 8.85x10? F/m

Lw Length of the wire 147 mm

Lp Length of the ground plane 780 mm

Ho Height of the domain 400 mm

Ep Threshold field 9.41x10° V/m
Pre-specified precision for the evaluation

S of the wire surface electric field according 1%

to Kaptzov’s assumption.

4.1 Current voltage characteristics

During the corona discharge, a current depending on the applied voltage flows between the
active and the passive electrode. The corona phenomenon can then be globally characterized
by a current-voltage (I-V) relationships which follows the well known quadratic law of
Townsend [28] :

1=KV -V, (8)

Where | is the total corona current, V the applied voltage, Vo the corona onset voltage and
K a dimensional constant depending on the operating conditions.

Figs. 3-5 below illustrate the measured and calculated current-voltage characteristics of the
corona discharge for different studied configurations. For low applied voltages, no current is
detected. When the value of the applied voltage reaches the corona onset voltage Vo, the current
starts flowing from the wire to the plane because of the ionization of air between electrodes.
For high values of applied voltage, the current increases rapidly.

The corona discharge current is determined in the Comsol program by integrating the
current density along the coronating wire. The predictions given by the numerical model agree
well with the experimental curves.

4.1.1 Effect of wire-to-plane spacing h

We show in Fig. 3 the impact of changing the wire-to-plane spacing h on the I-V
characteristics. It clearly appears that the discharge current is greater and increases more
rapidly, with the applied voltage, for smaller inter-electrode distances. Obviously, this is due to
the fact that, in any corona discharge configuration, increasing the distance between the active
and passive electrodes yields to increasing the corona discharge threshold voltage [29,30], and
consequently the decrease of the corona current.
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Fig. 3. Current-voltage characteristics for different wire-to-plane spacing h
(Dw=0.4 mm, D=26 mm, d=30 mm).

4.1.2 Effect of wire-to-cylinder spacing d

Fig. 4 illustrates the current-voltage characteristics of studied geometry for two different
values of the wire-to-cylinder spacing d, namely 20 and 30 mm. From the figure we can see
that, for the same applied voltage, the decrease in the wire-cylinder spacing causes the
diminution of the total corona discharge current. This is due to the shielding effect exerted by
the cylinder on the ionizing wire, involving the reduction of the development of the corona
discharge [5,31,32].

4.1.3 Effect of cylinder diameter Dc

We show in Fig. 5 the influence of varying the diameter D¢ of the cylinder on the 1-V
curves. According to this figure, it can be seen that the smaller the diameter D¢, the higher the
magnitude of the discharge current. This is explained by the fact that the diminution in the
diameter of the cylinder leads to a reduction in the shielding effect on the coronating wire.

4.2 Current density distribution at the ground plane

The current density distribution on the ground plate is determined by connecting the
measurement plane (P) to the earth and the current probe (4) to the picoammeter (5). The plane
current density values are calculated as :

J=5 ©)

S

Where Ip is the probe’s current and Sp the area of the probe.
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Fig. 4. Current-voltage characteristics for different wire-to-cylinder spacing d
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Fig. 5. Current-voltage characteristics for different cylinder diameter D
(Dw=0.4 mm, d=20mm, H=40mm).

4.2.1 Effect of the applied voltage amplitude Va

Fig. 6 shows the calculated and measured current density curves along the collecting plane
of the WCP geometry under three applied voltage levels (20, 23 and 26 kV). The current density
profile takes a bell-shape (analogous to the well-known Warburg's law [33]), with a peak value
at the foot of the ionized wire and tends to zero further away. In addition, as we increase the
magnitude of the applied voltage V,, the current density will increase sensibly. On the other
hand, as can be seen from the figure, the plane current density distributions predicted by the
Comsol program agree well with the measured curves.



4.2.2 Effect of the inter-electrode spacing h

The influence of the inter-electrode spacing h on the distributions of the current density at
the ground plane is shown at Fig. 7. By increasing the distance h between the wire and the
plane, the current density values decreases considerably. As mentioned above, this is due to the

diminution of the corona discharge current with the increasing of the height h, due to the rising
of the onset corona voltage.
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Fig. 6. Ground current density distributions of WCP geometry for different applied voltage amplitudes
(Dw=0.4 mm, Dc=30mm, d=40mm, H=30mm).
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4.2.3 Effect of the wire-cylinder spacing d

Fig. 8 shows the calculated and measured ground current density distributions as a function
of wire-cylinder spacing d. Reducing the distance d decreases the magnitude of the current
density at the ground plane. Indeed, as mentioned above, bringing the cylinder closer to the
wire increases the shielding effect and reduces the current.

Through the realized simulation program, we can plot the variation curves of the ground
plane current density for several cylinder-wire distances d, Fig. 9. According to this figure, by
increasing the interval d, the current density increases continuously and then saturates for values
of d >70 mm. Indeed, the augmentation of the wire-cylinder spacing reduces the shielding effect
between the two electrodes and from this threshold value the presence of the cylinder has no
effect, the configuration is then similar to the wire-plane geometry (black dashed curve).

4.2.4 Effect of cylinder diameter Dc

Fig. 10 shows the impact of varying the cylinder diameter D¢ on the ground current density
distributions. The current density values decrease when the diameter Dc increases due to the
shielding effect. This result is also confirmed by Fig. 11 which shows the calculated
distributions of J for several values of the cylinder diameter Dc. As shown in this figure, by
decreasing the diameter Dc, the current density increases continuously to approach the value of
J calculated for a Wire-Plan configuration (dashed curve in black). Indeed, when the diameter
of the cylinder is small, its effect on the ionizing wire is drastically reduced, the configuration
is then similar to the wire-plane geometry.
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Fig. 8. Influence of the wire-cylinder spacing d on the ground current density distributions
(Dw=0.4 mm, D=30mm, h=30mm, V,=20kV).
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4.3 2D distributions of the electric potential, electric field and space charge density

Other important corona discharge parameters that have not been measured such as electric
potential, electric field or space charge density are obtained using Comsol Multiphysics. The
modeling software makes it possible to plot the calculated variables in the inter-electrode space
with a two-dimensional representation using graphical colors as shown in Figs. 12-14.
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Fig. 12 : Simulated spatial distribution of the electric potential in D-WCP geometry
(Dw=0.4 mm, D;=40mm, d=30mm, h=50mm, V,=30kV).
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Fig. 13 : Simulated spatial distribution of space charge density in D-WCP geometry
(Dw=0.4 mm, Dc=40mm, d=30mm, h=50mm, V,=30kV).
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Fig. 14 : Simulated spatial distribution of the electric field in D-WCP geometry
(Dw=0.4 mm, Dc=40mm, d=30mm, h=50mm, V,=30kV).

In these figures, the effect of the presence of the non-ionizing cylinder on the coronating
wire is clearly seen. Indeed, according to Figs. 13 and 14, the calculated space charge density
is concentrated under the wire and the electric field lines are oriented towards the ground plane.
This is obviously due to the shielding effect exerted by the cylinder on the wire.

To illustrate this, we present in Fig. 15 the simulated space charge density and electric field
distributions in the Wire-Plane geometry. In the absence of the cylinder, the space charge is
less concentrated under the wire and the field lines are more dispersed in the inter-electrode
space.

12
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Fig. 15 : 2D distributions of the space charge density (a) and the electric field (b) in Wire-Plane geometry
(Dw=0.4 mm, h=50mm, V,=30kV).

5. Conclusion

The authors of this paper succeeded in numerically modeling and simulating the corona
discharge in the Wire-Cylinder-Plane geometry, a rather complex electrode configuration
compared to the classical arrangements already treated in the literature. The validity and
accuracy of the numerical model have been verified by a series of experimental results. The
tests carried out made it possible to record the electric parameters of the corona discharge for
different electrode arrangements in order to improve the performance of the charging process
of the studied configuration. Overall, the experimental results show good agreement with
numerical simulations.

It has been found that the presence of the non-ionizing cylinder above the ionizing wire has
a significant influence on the development of the corona discharge causing, in particular,
distortions of the electric field lines and the modification of the space charge density. The results
showed that increasing the cylinder diameter, just like decreasing the distance between the wire
and the cylinder, yields to the reduction of the corona discharge current and the current density
recorded at the level of the ground plane. This is due to the shielding effect which is accentuated
whenever the diameter of the cylinder is increased or when it is brought closer to the wire.

On the other hand, the use of the metal cylinder in the studied configuration allows a greater
concentration of the field lines under the ionizing wire and makes it possible to obtain a
controlled and localized deposit of charge.
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