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ABSTRACTF
This paper presents an analytical model for thge asséssment of the unipolar corona
saturation current limit for positive corona discharge in air, based on the determination
of the field line lengths and trajectories. The madel is applicable to emitter electrodes
with a cylindrical surface facing a plane @r’anlidentical cylindrical collector electrode, if
their spatial characteristics, the/fomymability of the surrounding medium and the
applied voltage are known. Expekimental investigation is performed to compare the
results of the unipolar corona saturation current limit from the proposed model to the
actual corona current flow in @n experimental setup that comprises cylindrical emitters
of various radii, facing a~plane~€lectrode. Both the total current amplitude and the
current density distributien over the collecting electrode's surface have been examined.

Index Terms - Corona, discharge, electrohydrodynamics (EHD), unipolar corona

saturation current, ionic Wind.

1 INTROGDUCTION

THE phenomenon of/corona discharge is being used in
numerous electrostatie, processes [1]. Application examples
include propulsion methods [2, 3], surface cooling [4],
pollution controf {5],*Cooling augmentation [6], and even
agricultural applieations [7]. Corona discharge initiates when
adequatéivoltage potential is applied to an electrode with a
sufficiently“shafp edge or a small curvature radius, generating
a-Strong electric field that ionizes some of the surrounding
medium,molecules (usually atmospheric air). The charged
molecules then move towards the collector electrode. This
charged particle flow effect is the hallmark of corona
discharge in gases [8]. Generally, a corona discharge is
characterized by two regions; a small region very close to the
surface of the emitter electrode, the ionization region, and the
drift region, where the ionized gas molecules are forced
towards the collector electrode [9]. The complete mechanism
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behind the corona discharge becomes quite complicated when
the phenomena taking place inside the ionization region need
to be taken into account [10], but the overall system can be
dramatically simplified by neglecting the effects inside the
ionization region - an approach generally suitable for the
assessment of macroscopic parameters. Specifically, the
macroscopic solution of this complex phenomenon can be
greatly simplified by assuming that only unipolar ions are
created and drifting with constant mobility in the gas.
Unipolar flow is the dominant type of flow with low current
coronas, in significantly inhomogeneous electric fields, where
the ionization region is confined very close to the emitter
electrode and most of the drift region is filled with a low
electric field [9].

The determination of the electric field and ionic current
distribution is very useful in order to fully understand the
phenomenon and, in extend, the mechanisms behind the
applications making use of corona discharges. Today, there
are several applications in which wire-cylinder electrode



configurations are being used, such as ozone generators [11]
and aerodynamics [12], while they also might find future use
in other applications as well, where other electrode
configurations are already being used, such as electrostatic
precipitators  [13], fluid accelerators [14-16] and
electrospraying [17, 18].

In this paper, mathematical solutions are given for the
determination of the saturated unipolar ionic current and its
distribution over the collecting electrode's surface. The
cylinder-plane  and twin cylinder-cylinder  electrode
configurations have been studied. The mathematical model is
also being experimentally verified. It must be noted that only
positive coronas have been examined due to the fact that they
are more stable and efficient for most applications [19, 20].

2 METHODOLOGY

Assuming parallel cylindrical electrode configurations with
infinite length and symmetrically connected sources/sinks, the
analytical model of the field lines can be worked out in two
dimensions, due to the existing longitudinal symmetry. When
two cylindrical conductors are at the same potential with
reference to predominantly earth potential far away from the
conductors, a "bundle conductors" configuration is formed,
where the field distribution can be calculated by assuming
only two line charges running in parallel and eccentrically
placed within the conductors, which is a method extensively
applied in high voltage transmission lines [21-24]. The electric
field is depending only on the distance perpendicular to the
conductors, thus remaining unchanged along the longitudinal
dimension. Therefore, the formation of equipotential lines in
any case is a set of circles, with their center always 0n the X
axis [25]. Thus, considering a plane vertical to the eleCtrodes
axis, the field lines can be described as circular arcs,vertically
emerging from, or impinging to the electrode surfaces,” with
direction from the emitter (positive electrode), towards the
collector (negative or grounded electrode). These lines can be
defined using circle equations with centers pfaced on the Y-
axis, as shown in Figure 1.
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Figure 1. Parallel cylinders/Cylinder to plane electrode configurétion, field
lines formation.

On the other hand, each field line equation should be also
depending on its emergence angle ¢. In the case of a cylinder
to plane configuration, a similar distribution exists, since the
plane can be replaced equivalently by a second cylindrical

electrode acting as "image charge", at the opposite side of the
plane, at equal distance [21, 26]. In this case the model of the
field lines remains the basically same, except the fact that now
the total length of the field lines is halved.

With reference to the geometry of Figure 1, we need first to
define the radius R(p) and the center position Yo(p) of each
field line equation. Then we could easily estimate the
corresponding length L(p) of each field line, considering the
fact that the field lines are always perpendicular to the
electrode surfaces.

3 NUMERICAL MOBEL
3.1 CYLINDER-PLANE CONEIGURATION
According to Figure 1, we have that;

Yo(9) = R(¢) cos(p) &7 sin(e) 1)

The radius R(@) of the cirelesdefining each field line is given
by:

Xy — 1 cos(¢)
St 77 2
R (@) sin(p) 2
where x, =@+ 1, with d representing the cylinder-plane
distance andyr representing the radius of the cylinder.
By“eombining equation (1) and (2) and rearranging, we
finally getthe position of the circle's center on the Y axis:

Yo(9) = x cot(g) — 7 csc () ©)

Therefore, for any given field line emerging with angle ¢,
the position of the defining circle's center on the Y axis and its
radius are known.

For a cylinder-plane geometry the total field line length is in
fact the full arc length covered by angle ¢ as follows:

L) = ¢ R(@) = ¢ (xo S—inr( ;(;S(q)))
_pd+r—r cos(p)) (4)

sin(¢p)

In the case of two parallel cylindrical conductors the total
field line length should be two times the corresponding field
line length for the case of a cylindrical conductor parallel to a
plane, at a given angle ¢.

Figure 2 illustrates an example of the estimated field lines in
a cylinder-plane electrode configuration at distance d = 5 cm,
for V =1 kV and r = 0.5 cm, at different angles ¢, ranging
from 0 to 90 degrees, in 30 degree steps.

It is known that the saturation current can be expressed in
relation to the length of the field line [9, 10, 27]. The unipolar
saturation current density limit jsacross any field line of length
L crossing a gap of voltage V, is given by:

VZ
Js =1 & L_3 (5)
where u is the average ion mobility of the fluid in the gap
and & is the vacuum permittivity. The average ion mobility in
air is usually considered to be (1.8 - 2.2) x 10* m?/Vxs, with



references indicating that it can be as low as 1.3 x 10" m?/V/xs
and as high as 2.6 x 10 m?/V/xs [28-31].
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Figure 2. Field lines formation in a cylinder-plane electrode configuration, for
V=1kV,d=5cmandr=0.5cm in 30° steps, up to 90°.
For a cylinder to plane configuration, the insertion of
equation (4) into equation (5) results to:
sin3 () ( A ) ©)
@3(d +r —rcos(p))® \m?
where ¢ is the emergence angle of the field lines, as

illustrated in Figure 1.
With reference to Figure 3, if we consider an elementa

Js(@) = peyV?

r

of the cylindrical conductor axis, d4(p) wide, then

contribution to the total saturation current is:
o (4O
dlsep(9) = dA(0) X js(p) () ™

where 4(p) can be calculated by using @s (1) and (2)

strip on the plane, at distance 4(p) from the vertical pr 'e&@
ip's

as:

40) = K@) - Vo) = @+ D

Differentiating equation 8@1 respect to angle ¢ we get
that:

cojgp) do (%) ©

E Za
Finally, after tuting equations (6) and (9) in equation
I's
ft

(7), th ration current limit Is ., flowing per unit
le cylindrical emitter can then be estimated by
integrating
dls ¢, Oyer the cylinder's surface:
T
I c-p = zf dlg c—p(QD)
0
T d+2r sin® () (10)
= 2 Il 80 VZ f 3 3 d(p
o 1+ cos(e)@3(d +r—r1cos(p))

The unipolar saturation current limit Is represents the
maximum possible current flow between the electrodes,

( L’“d{

assuming that the current flow is kept entirely unipolar, i.e.
during normal corona flow. However, by approaching
breakdown regime it is possible for the actual current to
exceed the saturation current limit due to bipolar conduction
phenomena or streamer breakout [9].

It should be noted that, although the collecting plane
electrode is generally considered to have infinite dimensions
in the analysis presented above, Equation (10) shows that the
total current flow is actually confined within distan (m)
(given by equation (8)) to either side of the@mg
cylindrical electrode (since the field lines extepd@up o this
distance at most). Furthermore, it should al$o be @: that the
proposed model has certain limitations. se the model
relies on the longitudinal symmetry of %rr ngement, the
presence of substantial space chargeswer an unevenly
distributed potential across the trodes can disrupt the
formation of the electric fiel @ning the electric field
lines (e.g. shifting them frog g'rc ar to elliptical arcs) and,
thus, reducing its accuracy. ilar phenomenon occurs at
the ends of the arrangements, where the longitudinal
symmetry ceases®to existiand the electric field is deformed.
However, as lo swthe arrangement's total length is
substantiall than the electrode gap d, the contribution
of the deforme d lines near the end of the arrangement to
the m‘tal c& ould be considered insignificant.

Figure 3. Indicative schematic, (equation (8)).

For applications that rely on corona discharge, the above
solution can be simplified, assuming that d»r. In that case,
Equation (6) becomes:

. sin® ()

Js(@) = e V? WEPER

_ (& V) (sin(p) } ( A )
- d3 @ m?
However, it is known that the maximum current density

across the gap is [9]:

o ugV?: /A
Jo =" g3 (ﬁ)

11)

(12)



The combination of equations (11) and (12) result to
equation (13), which suggests that the current density js(p) is
altering according to Warburg's law.

. [sin(@)]” (4
]s(‘P)=]0[ ” ] (F)

Furthermore, the assumption that d»r also simplifies

Equation (9):

d A
dA(p) = 1 + cos(¢p) do (E)
Therefore, equation (10) can be greatly simplified by
numerically evaluating the integrating part and becomes:
p _ 2uelV? f” sin®(¢)
sc—p d2 (p3[

(13)

(14)

1+ cos(p)] (15)
1.62 ueV? /A
— a2 \m

m
Based on the same methodology, the solutions for more
electrode configurations can be easily derived as well, as
discussed in the next session.

3.2 TWIN CYLINDER-CYLINDER
CONFIGURATIONS

Based on the same methodology, the solutions for more
electrode configurations can be easily derived as well.

For a twin cylinder-cylinder configuration, as illustrated in
Figure 4, the field lines length L(p) given by equation (4),
should be multiplied by 2 (length is doubled) while the
maximum unipolar saturation current limit per unit length i§
equal to:

Iyec =2 fo “dly(p) = 2 fo X i) dy (%)

Consequently, the total unipolar saturation current of a twin
cylinder-cylinder electrode configuration is:

IS c—c
—2ue,V? f i sin®(¢) (i) 17)
o (2e)3(d+r—rcos(p))? m
Equation (17) can also be simplifiediby assuming that d»r
and then numerically evaluating the integration. In that case,
we have that:

1 €0 Vi ™Tsin(e)1?
[y = 443 j(; [ P ] do
0.2974 x gy V3r (A
- d3 (E)

The previously described analysis could also be applied in
the/Case of'spherical electrodes, although there is a major
difference in the geometry, since the electrodes do not exhibit
a longitudinal symmetry anymore. However, the field lines
could yet be described by circular arcs, vertically emerging
from the spherical emitter's surface and then impinging
vertically on the surface of the collector whichever type that is
(plane or spherical). So, in spherical geometries, the results
are expressed in terms of the total saturation current as a
whole, rather than per unit length as in the previous sections.
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Figure, 4./Indicative schematic of the field lines in a cylinder-cylinder
configuration.

4 EXPERIMENTAL CONFIGURATION

In order to investigate the validity of the developed
mathematical models, measurements have been carried out in
order to specify the total corona current flowing between the
electrodes at different voltage levels before breakdown occurs,
in a cylinder-plane configuration. Also the current density
over the plane has been measured as a function of distance
from the cylinder's axis vertical projection on the plane. On
that purpose, Ni-Cr wires of different diameters were used as
emitters above a flat aluminum plate (collector). A simplified
schematic of the experimental setup is given in Figure 5.
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Figure 5. Experimental setup.

The required high voltage was supplied by an adjustable
high voltage power source (Matsusada Precision W Series). A
voltmeter combined with a Coline HV40B 40 kV 1000:1 high
voltage probe were used for measuring the DC high voltage



applied to the emitter electrode, with an accuracy of 1%.
Current readings (corona current) have been acquired by a
high precision Thurlby 1503 ammeter with 10 nA sensitivity.
All the experiments were performed in atmospheric air, with
temperature ranging from 25 to 27 °C, and relative humidity
between 45 and 52 %. Also, in order to specify the current
density distribution over the plate, a thin conductive strip was
used, electrically isolated from the remaining part of the plate.
As the thickness of the strip was less than 30 pum, which is
very small compared to the gap d, its effect on the overall
electric field distribution was considered to be negligible. The
unipolar saturation current corresponding to that strip is
defined by Equation (10), multiplying by the strip's length L:

I V2L f‘pz d+2r
s — HE& PRI
2o 0, 1+ cos(e) (19)
sin®(¢)

@3(d +r —1cos(p))? do A

where L is the length of the strip and ¢1, ¢, are the
emergence angles of the field lines landing at the strip edges
over its width. The strip was 2.5 mm wide.

As the current going through the strip is very small, a
resistor was connected between the strip and the electrical
ground, with a precision Mastech MS8218 voltmeter
measuring the voltage drop. Figure 6 displays a graphical
representation of the experimental setup.

5 RESULTS AND DISCUSSION

5.1 FULL PLANE SATURATION CURRENT LIMIT

As the value of the ion mobility x4 in air varigs in
bibliography, we demonstrate the saturation currentidensity
limit, in a cylinder-plane geometry, as an area formed by the
results calculated with an ion mobility between
1.8 x 10 m?/VV/xs and 2.2 x 10 m?/Vxs, whichyare the most
widely used values for air [28, 29]. The Ssaturation current
limit shown in Figures 7, 8, 9, 10, 11, 4%and 15 is calculated
via Equation (19). As it can be seen (in Rigure 7 and Figure 8,
the corona current tends to approach and‘or slightly exceed the
saturation current limit neap<the breakdown point of the
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geometry. This is the natural development of the phenomenon,
as the ionic drift region outside the ionization region acts as an
impedance that gives the corona discharge its characteristic
intrinsic stability [29]. In electrode configurations with a very
small electrode gap d, the saturation current limit tends to be
considerably higher than the actual corona current (Figure 9).
On the contrary, Figure 10 depicts that formations with
considerable gaps but very small electrode radius can result to
a corona current higher than the unipolar saturationgseurrent
limit.
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Figure 6, Graphical representation of the stri_p experimental model.

Corona currents are strongly dependent on the electric field
strength [32, 33]. Therefore, higher electric field strengths are
expected to generate higher corona currents. However, in the
case of Figure 9, the high electric field strength and relatively
small ionic drift region in the space between the electrodes
makes corona discharge lose its stability and results to a
breakdown long before saturation can be achieved. This effect
becomes more apparent as the radius of the emitter increases,
which results to higher saturation current limits due to the
large theoretical drift region formed by the long field lines, yet
the short space and very strong electric field within the space
directly between the electrodes (¢ = 0°) brings the geometry to
breakdown far before high corona currents may be realized.

12004 @ Experimental Data

| XY Theoretical Saturation Current Limit

1000 4 (M=(1.8-2.2) 10" mVs)

800

600

Is, | (HA)

400

2004

04

V (kV)

Figure 7. Correlation between the corona current | and the calculated saturation current limit Is in a cylinder-plane geometry, for d = 3 cm, r = 100 pm (left) and

d=3cm, r = 140 um (right).
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Figure 8. Correlation between the corona current | and the calculated saturation current limit Is in a cylinder-plane geometry for

d=2cm, r= 100 pm (right).
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Figure 10. Correlation between the corona current | and the calculated saturation current limit Is in a cylinder-plane geometry, for d =3 cm, r = 30 um (left) and
d=3cm, r =40 um (right).

On the other hand, larger gaps and very small electrode
radii are expected to generate high corona currents.
Assisted by the high impedance of the now expanded drift
region between the electrodes, the emitter's voltage can be
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increased while maintaining fair corona current flow
stability. In this case, the strong electric field and the high
field inhomogeneity in the space between the electrodes,
may result to ions of higher mobility, as well as to the



formation of bipolar conduction phenomena (e.g.
streamers), producing corona currents higher than the
anticipated unipolar conduction limit [9, 32, 34, 35].

5.2 SATURATION CURRENT DENSITY
DISTRIBUTION

In this section we examine the corona current flow
through narrow (2.5 mm) sections of a plane collector. Due
to the very small currents that need to be measured, a
resistor is added between the strip and the electrical ground.
By measuring the voltage drop across the resistor, the exact
current can be calculated.

Generally, and as depicted in Figure 11, the corona
current is greater for a given distance d and voltage V as the
radius of the emitter decreases. This is in good agreement
with the known theory of corona discharge, as the stronger
and more inhomogeneous electric field generates a greater
current flow. Still, the relatively small radii difference of
the emitter compared to the distance d results to field lines
of about equal length. As a result, the normalized
contribution of each field line for a changing r is nearly
identical (Figure 12). Changes of the electrode gap d have a
significantly greater effect on the contribution of the field
lines in relation to the emission angle ¢, as the length of the
field lines increases significantly.

As it is shown in Figure 12, the longer the electrode gap
is, the greater the contribution of small emission angles
becomes. On the other hand, smaller electrode gaps reduce
the contribution of large emission angles. Figure 13
displays the experimentally measured corona current g the
strip positioned across the plane electrode for different
voltages V.
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Figuregdl., Corona current across the collector plane electrode per
emissionjangle ¢ ford =3 cm, V=25kV.

According to the proposed theoretical model, it is
expected that field lines emanating from smaller emission
angles will have a greater contribution towards the total
corona current. The shorter ion flight path through the high
impedance drift region and the stronger electric field
between the electrodes, makes it easier for higher mobility
ions to appear and favours the formation of bipolar

Contribution

transport phenomena. This is in good agreement with the
developed mathematical model and the experimental
results. Figure 14 indicates that the majority of the total
current (=90%) is contributed by the field lines with an
emission angle up to 100° and that the current distribution
is virtually unaffected by the voltage. Figure 14 seems to
resemble Warburg's distribution where current density is
reduced with cos(p)™, which has been experimentally
observed for various geometries [36, 37].

In comparison to the theoretical unipolar ‘saturation
current limit of the geometry, it would appear)that the
actual contribution to the total corona current leans towards
the shorter field lines. As it can be seep’in Figure 15, small
emission angles ¢ contribute the most to the overall corona
current but may also override the ‘saturation current limit
significantly before breakdewn ) occurs, while large
emission angles may not éxceéd it at all. This may be
attributed to the fact that“the field lines emanating from
smaller emission angles are shorter and travel through a
drift region where asstranger electric field is present, while

field lines emanating=from higher emission angles travel
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Figure 12. Fitted field line corona current contribution reduction in
relation to the emission angle.
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Figure 13. Measured corona current on a 2.5 mm strip across the collector
plane electrode, in a cylinder-plane configuration, for d = 3 cm, r = 140
pm.
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Figure 16. Comparison between the analytical model (equation (10)) and
the simplified model (equation (15)). (d = 3 cm, r = 140 pm,
p=1.8x10* m¥Vxs).

through a longer drift region with greater overall
impedance. The high currents at smaller emission angles at
high voltages differences indicate the breakout of bipolar
conduction phenomena in the space between the electrodes.

Finally, to verify the accuracy of the simplified equation
(15), calculations were performed to compare its results to
those of equation (10). The differences, as it can be seen
from the indicative Figure 16, were miniscule, verifying
that the simplified model is applicable.

6 CONCLUSIONS

The work presented in this paper introd(iees an analytical
solution for the assessment of the(unipolar saturation
current limit in cylinder-plane and!twin-Cylinder-cylinder
electrode configurations. With the preposed model, which
is based on the mathematical amalysis of the field lines, an
exact solution is presented; giving the precise length of each
field line crossing the gap between a cylindrical emitter
parallel to a plane“eollector or parallel to an identical
cylindrical collector™Then, the unipolar saturation current
amplitude, as_wellyas the corresponding saturation current
density Vasiation- across the surface of the collecting
electrode;, was analytically calculated for different
geemetricalparameters of the electrodes.

The, proposed mathematical model was experimentally
tested/in a cylinder - plane configuration by using emitters
of varying radius and varying gaps. Both the total discharge
gurrent and the distribution of the corona discharge current
density across the plane have been investigated. The
experimental results were compared to the calculated values
from the proposed mathematical model. According to these
results, the corona discharge current on the collecting
electrode is following a distribution where the bulk of the
corona discharge current ejects from the lower half of the
emitting electrode's surface, which is closer to the collector.
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