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Abstract: Corona discharge has attracted much interest among researchers as it has a
lot of applications in industry and a number of effects on power systems. Corona
inception in the coaxial cylindrical electrode arrangement, which finds many practical
applications, depends on the electric field strength around the inner conductor and on
atmospheric conditions. In the present study a new model for positive corona inception in
a steady or slowly-varying electric field is presented. The model, implementing streamer
criterion, assumes that an equivalent electron avalanche develops towards the anode by
virtue of ionization by collision and photoionization in an electric field distorted by the
avalanche space charge. Based on a great amount of literature experimental data, a new
empirical expression for the estimation of positive corona inception field strength has
been derived. The formulation of a photoionization coefficient as a function of inner
conductor radius and relative air density enabled the investigation of the effects of the
latter parameters on the basic characteristics of the avalanche at corona inception,

namely critical avalanche length, radius, number and electron density.

1 INTRODUCTION

Corona discharge is of great importance in
electrical engineering because of its abundance of
industrial applications and effects in power
systems. Extensive experimental and theoretical
research has focused on corona discharges in the
coaxial cylindrical electrode arrangement, which,
having the advantage of a known geometric field
distribution, finds many practical applications.
Therefore, a model for the estimation of corona
properties at inception as influenced by inner
conductor radius and/or relative air density is
useful from, besides fundamental, an engineering
point of view.

In a steady or slowly-varying electric field, corona
inception occurs when the electric field strength at
the inner conductor surface attains a critical value,
called corona inception field strength. The latter
depends on inner conductor radius and relative air
density and is commonly estimated with the aid of
empirical expressions, such as the well-known
Peek’s formula, or through a theoretical approach.
In a previous work [1], the computed positive
corona inception field strength was found to be in
very good agreement with literature experimental
data for an avalanche number of about 10* when
considering solely ionization by collision during
avalanche growth.

Although the computational method presented in
[1] is a useful tool for engineering applications, it is
well established that avalanche growth at positive
corona inception is assisted by photoionization in
air. In the present study a new model for positive

corona inception in the coaxial cylindrical electrode
arrangement in air is presented. The model,
implementing streamer criterion, assumes that an
equivalent electron avalanche develops towards
the anode by virtue of ionization by collision and
photoionization in an electric field distorted by the
avalanche space charge. A new empirical
expression for the estimation of positive corona
inception field strength has been derived. Also, a
photoionization coefficient has been formulated as
a function of inner conductor radius and relative air
density. Thus, the effects of the latter parameters
on the basic characteristics of the critical
avalanche at corona inception were investigated.

2 CORONA INCEPTION FIELD STRENGTH

A great amount of experimental results on positive
corona inception voltage in the coaxial cylindrical
electrode arrangement has been reported in
literature [2-21]. It is well established that inner
conductor radius and relative air density affect the
corona inception field strength; the latter is usually
estimated through Peek’s empirical formula [2],
which can be written as:
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where ry is the radius of the inner conductor, A, B
and C are factors, varying among researchers [1],
and 0 is the relative air density, given as [22]:
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where P (Torrs) and T (°C) are the pressure and
temperature, respectively.

A quadratic expression for the estimation of the
positive corona inception field strength in the same
electrode arrangement is given in [21]:

ORGEEIRECL

where K/C = 42 kV?/cm and E, = 24.36 kV/cm.

Expression (1), with factors A, B and C according
to Peek [2] as adapted in [21], yields results in
good agreement with literature experimental data
over the range of 0.0004 < déry < 2 cm; the same is
true for (3), however for éro > 0.002 cm (Figure 1).
It is noteworthy that for ér, smaller than ~0.0004
cm both (1) and (3) largely underestimate the
positive corona inception field strength (Figure 1).
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Figure 1: Variation of positive corona inception
field strength, Ei/6, with 0ry, in the coaxial
cylindrical electrode arrangement in air.

Based on the literature experimental data shown in
Figure 1, a new empirical formula for the
estimation of positive corona inception field
strength in the coaxial cylindrical electrode
arrangement in air has been derived:

S/ =6.4+12.4-exp(5r,) " 4)

The results of (4) are consistent with experimental
data for 0.00004 < ory, < 16 cm, with an average
error over 464 measured values of 2.87%.

3 STREAMER CORONA INCEPTION MODEL

The spatial distribution of the geometric electric
field strength in the coaxial cylindrical electrode
arrangement is given as:

E(r) for b <r<R (5)

_ Vv
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where V is the applied voltage, r is the distance
from the centre of the inner conductor and ry and R
is the radius of the inner and outer conductor,
respectively (Figure 2).

Figure 2: Avalanche formation in the positively
stressed coaxial cylindrical electrode arrangement.

If the electric field strength in the gap exceeds a
critical value, E,, sufficient to sustain ionization
(“critical field strength”), an electron avalanche may
initiate developing towards the inner conductor
from a point at a distance r. from the centre of the
inner conductor, where the electric field strength
reduces to E, or, equivalently, the effective
ionization coefficient, A;, becomes zero (Figure 2).

According to Hartmann [23], the field dependent
effective ionization coefficient, Ay, (A1 = a—-n + ¢
with a, n and ¢ the first ionization, attachment and

detachment coefficients, respectively), is given as:
[—B‘PD
E

(6)

Aomdali—C|e J70-\}'

R, 3
v (%)
where A=1.75.10°, B=4.10*, C =1.15-102,

M =1+102H, N=1+3.2-10°H ,
0.9
1.49+exp(—Ry /587)

0=1+115-10"H%, w=

E is the electric field strength in V/m, Py is the
pressure in Torrs at 0 °C and H is the absolute
humidity in g/m°. At standard atmospheric
conditions (P= 760Torrs, T= 20°C and H= 11g/m°)
the critical field strength Eqy (A; = 0) is 25.9 kV/cm.

The space charge of the avalanche affects its own
growth by distorting the geometric field; the electric
field is enhanced in front of the avalanche.
Assuming that the space charge at the head of the
avalanche is concentrated within a spherical
volume, the space charge field associated with an
avalanche progressed up to the distance r, from
the centre of the inner conductor is given as:

Es(r)= 2 2
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where e is the electron charge (1.602x10'19 C) and
& Is the permittivity of free space (8.854x10'12
F/m). Q,, is the avalanche number, that is, the
number of electrons in the head of the avalanche
progressed up to the distance r,, given as:

Q, =exp| [A(ndr (8)

]

when taking into account solely ionization by
collision during avalanche growth. As detailed in
[1], under this assumption positive corona
inception occurs for an avalanche number of about
10" for a wide range of inner conductor radius and
relative air density.

However, for avalanche numbers of about 10* the
associated space charge field is far too low for the
fulfilment of streamer criterion. According to the
latter, at threshold corona inception conditions an
electron avalanche develops into streamer, when
the space charge field becomes of the same order
of the geometric field [24, 25]. It is well established
that positive streamer corona inception occurs
rather through a multiavalanche process [26-29],
assisted by subsidiary avalanches produced
mainly by photoionization in air [16, 26-35]. Hence,
to account for the assisting effect of
photoionization on positive streamer corona
inception, a photoionization coefficient, Ky, is
introduced in (8), which then becomes:

Qr, =exp Jg(kph +1)~/11(r)dr : 9)
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By assuming that the avalanche develops towards
the anode in steps of Ar (Figure 2) under the
influence of the total electric field, that is, the sum
of the geometric and space charge field, given by
(5) and (7) respectively, the avalanche number at
the distance r, — Ar from the centre of the inner
conductor is given as:

Vil P
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where Q,, is given by (9), r,, and r,, are the radii of
the head of the avalanche progressed up to the
distance r, and r, — Ar, respectively. The avalanche
radius may be given as [36]:

(11)

where D and v, are the electron transverse

diffusion coefficient and electron drift velocity,
respectively; the ratio D/ve can be described, as
adapted in [23] from [37], as:

D 333:1072(E/R)*®
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By using (4) and adopting streamer criterion, the
photoionization coefficient ky, in (10) has been
estimated through an iterative process employing
approximately 10000 steps of Ar (Figure 2). Kpn
decreases with increasing inner conductor radius,
ro, and especially with relative air density, 6. These
effects may well be described by the following
empirical expression:

017:5°%)

Ko =061 51 (13)

The photoionization coefficient according to (13)
may be considered as an average value during
avalanche growth. Its decrease with relative air
density may be associated with the decrease of the
mean free path of the emitted photons [38-40].

4  RESULTS AND DISCUSSION

The basic characteristics of the critical avalanche
at streamer corona inception, namely length,
radius, avalanche number and electron density,
were obtained for a wide range of inner conductor
radius under variable relative air density and for an
absolute humidity of 11 g/m°.

Figure 3 shows the critical avalanche length, L.,
and radius, rg, as a function of relative air density,
0, with inner conductor radius, ry, as parameter. A
smaller avalanche, both in length and radius, is
required to meet streamer criterion, thus for corona
inception, with decreasing ry but increasing 6. The
shorter length of the critical avalanche can be
attributed to the higher geometric field values in
the vicinity of the inner conductor, resulting from
either a smaller inner conductor radius or a higher
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Figure 3: Critical avalanche length, L., and radius,
rer, @S @ function of relative air density 8, with inner
conductor radius, ry, as parameter.
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applied field; the latter is required for corona
inception due to the increase of the critical field
strength with relative air density. The shorter
critical avalanche length together with the
reduction of the ratio D/v, with increasing applied
field or relative air density may explain, as can be
deduced from (11) and (12), the decreasing critical
avalanche radius with decreasing inner conductor
radius but increasing relative air density. A similar
effect of relative air density on critical avalanche
length and radius has also been reported in [41].

These results can also be deduced from Figure 4,
where the computed critical avalanche length and
radius, corresponding to the measured positive
corona inception fields shown in Figure 1, are
plotted as a function of the product dry. Obviously,
there is a very good agreement with computed [13,
23, 32, 42] or experimentally observed [43]
avalanche length results referring to 6 = 1.
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Figure 4: Variation of éL., and &r., with éry; positive
corona inception in the coaxial cylindrical electrode
arrangement.
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Figure 5 shows the critical avalanche number, Q.
as a function of relative air density, with inner
conductor radius as parameter. A smaller
avalanche number is required for corona inception
with increasing relative air density, whereas the
effect of inner conductor radius depends on
relative air density. According to (7), the avalanche
number is proportional to the square of avalanche
radius; thus, with increasing relative air density,
although for the fulfilment of streamer criterion a
higher applied field is required therefore also a
higher space charge field, the reduction of critical
avalanche radius (Figure 3) results in smaller
critical avalanche number. A similar effect of
relative air density on critical avalanche number
has also been reported in [41].

The computed critical avalanche number,
corresponding to the measured corona inception
fields shown in Figure 1, is plotted against ory in
Figure 6. The product 6Q, takes values between
7.5x10° and 3x10° in a wide range of inner
conductor radius and relative air density. The
critical avalanche number at standard atmospheric
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Figure 5: Critical avalanche number, Q., and
electron density, n., as a function of relative air
density, &, with inner conductor radius, ro, as
parameter.
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Figure 6: Variation of 6Q., with ér,; positive corona
inception in the coaxial cylindrical electrode
arrangement.

conditions is consistent with the generally accepted
value of ~10° for streamer formation in air [24, 25].

Figure 5 also shows the variation of critical electron
density, ng, calculated with the aid of (14), as a
function of relative air density, with inner conductor
radius as parameter.

Qcr
Ner =77 3 (14)
% 7her

Obviously, n, augments as the inner conductor
radius decreases and also with increasing relative
air density; this is reasonably attributed to the
variation of the critical avalanche radius (Figures 3
and 4). These results can also be deduced from
Figure 7, where ncrlé2 is plotted as a function of ory.
Corona inception at standard atmospheric
conditions occurs with a critical electron density
between 1.35x10" and 4.50x10'%; these values
are consistent with previously reported values for
streamer propagation in air [34, 44].
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Figure 7: Variation of ncr/62 with 0Ory; positive
corona inception in the coaxial cylindrical electrode
arrangement.

5 CONCLUSIONS

A new model for positive corona inception in the
coaxial cylindrical electrode arrangement in air has
been presented. The model, implementing
streamer criterion, assumes that an equivalent
electron avalanche develops towards the anode by
virtue of ionization by collision and photoionization
in an electric field distorted by the avalanche space
charge.

Based on a great amount of literature experimental
data, a new empirical expression for the positive
corona inception field strength in the coaxial
cylindrical electrode arrangement in air has been
derived. It is valid (average error < 3%) for values
of the product of relative air density and inner
conductor radius from 0.00004 cm up to 16 cm. A
photoionization coefficient has been formulated as
a function of inner conductor radius and relative air
density. Thus, the effects of the latter parameters
on the basic characteristics of the critical
avalanche at positive corona inception have been
investigated.

A smaller avalanche, both in length and radius, is
required for positive corona inception with
decreasing inner conductor radius but increasing
relative air density. The critical avalanche number,
decreasing with relative air density, is within
7.5x10° and 3x10° at standard atmospheric
conditions for a wide range of inner conductor
radius. The critical electron density, increasing with
relative air density, decreases with inner conductor
radius, taklng values within 1.35x10* and
4.50x10" at standard atmospheric conditions.
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