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Sparkover Voltage Estimation of Standard Sphere Gaps for
Negative Polarity by Calculation of Ionization Index

Yasuo Nishikori*, Soji Kojima* and Teruya Kouno*

Abstract - The field utilization factor n (the mean electric field / the maximum electric field) of
standard sphere gaps was calculated by the charge simulation method, taking into account the ground
plane and shanks. 7 changes mainly with g/r and slightly with 1;, 1, and t, where D=2r is the sphere
diameter, g is the gap length, |, and I,, respectively, are the lengths of the upper and lower shank, and t
is the shank diameter. Generally, 57 increases as 1,, 1, and t each becomes larger. IEC standard 60052
{2002) limits t<0.2D I, 2 1D and prescribes A=1,+D+g where A is the height of the spark point on the
upper sphere. Therefore, n7 is the largest when A=9D and the smallest when A=3D. The simple
equation of a straight line, 7 =1- (g/3r), can generally be used as a representative value of 57 for a

wide variety of sphere diameters that are permitted by the IEC standard. The maximum electric field
E,, at sparkover of standard air gaps has also been calculated by the relation E,=V/(n g). E,, describes
a U-curve for g/r, up to the sphere diameter of 1 m. Moreover, for 1.5-m and 2-m diameters and
especially for negative polarity, sparkover voltages have been calculated by integration of the
ionization index.

Keywords: field utilization factor, maximum electric field at sparkover, Peek's equation, standard

sphere gaps

1. Introduction

Although the corona threshold and spark breakdown
voltages can be satisfactorily predetermined in cases where
empirical formulas or curves are available, a more general
applicable method is required.

The advent of the streamer theory and its later
modifications led us to a general method of a breakdown
criterion that is often adequate for accurate calculations but
possibly lacking in rigor.

Pedersen [1] performed calculations of such a criterion
for standard sphere gaps. The ionization index of these
gaps was compared with those of the parallel plane
electrode by using the same values of Sanders [2] for the
field dependence of the ionization coefficient & in both
electrode systems. The results were not entirely satisfactory
because of inadequate knowledge of the axial field
distributions in gap spacing.

Recent development in high-speed computer technology
in connection with the study of high-voltage engineering
has led to an increasing desire to evaluate the electrostatic
field.

With respect to the electric field of a sphere gap, one of
the authors has been researching the effects of the ground
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plane and shank on sparkover voltages using Pedersen's
method (Nishikori et al. [3], [4]).

Interesting characteristics appeared when the field
utilization factor for the calculated sphere gap and the
maximum electric field at sparkover were considered. As a
result, follow-up calculations were performed and are
reported in this paper.

The axial field distributions in gap spacing up to the
sphere radius, which covers all sizes of the standard
diameters prescribed by IEC standard 60052 [5], are more
exactly calculated by the charge simulation method, which
takes into account the quantitative effects of both the
ground plane and the shank geometry. Therefore, the field
utilization factor 7 (the mean electric field / the
maximum electric field) is also exactly calculated,
depending on both the ground plane and the shank
geometry.

Based on Pedersen's method and the exact results
calculated by the charge simulation method, the sparkover
voltages of standard sphere gaps for a wide variety of
sphere diameters have been calculated especially for
negative polarity.

The height A of the spark point on the upper sphere is
prescribed by IEC standard 60052 as A=L+D+g for
individual sphere diameters D from 2 cm to 2 m.

Generally, the calculated sparkover voltage V, changes



46 Sparkover Voltage Estimation of Standard Sphere Gaps for Negative Polarity by Calculation of Ionization Index

mainly with the gap length g and slightly with the shank
geometry, which consists of length 1, of the upper shank,
length 1, of the lower shank and shank diameter t. V, is
related to the maximum field E, at sparkover by the
fundamental relation E =V /(1 g), which was developed
by Schwaiger [6]. With respect to the longer gap length,
the sparkover voltages could be closely matched by two
empirical curves and a very sharp transition, which is
known as the Toepler discontinuity [7]. An explanation by
Meek [8] suggested that this discontinuity was caused by
the breakdown mechanisms 1 and 2.

In mechanism 1, the avalanche must cross the whole gap
length before breakdown. In mechanism 2, the breakdown
equation is fulfilled for a small fraction of the gap length,
because & is virtually zero in the mid-gap region.

It is clear that the calculated results can provide a very
detailed description, such as the Toepler discontinuity and
the influences of the ground plane and the shank geometry
on sparkover voltages.

2. Electric Field Calculation

The sparkover characteristics of the gas between two
electrodes are closely related to the electric field
distribution created by the applied voltage between the
electrodes. In order to understand how individual
influences of the ground plane and shank geometry
contribute to the sparkover of the sphere gap, it is
necessary to know how they affect the field distribution in
the space between the spheres and particularly how they
affect the regions of the sphere gaps which are the most
stressed.

This paper describes a method which sets up the charge
simulation method. This method deals with the field
distribution along the central axis between the sphere
electrodes in three dimensions with rotational symmetry.

In the charge simulation method, the potentials of
fictitious charges of a point, line and ring, respectively, are
taken as particular solutions of Laplace equation. These
charges are placed outside the space in which the field is to
be calculated, so that their integrated effect satisfies the
boundary conditions exactly at a selected number of points
on the boundary. Because the potentials due to these
charges satisfy Laplace equation inside the space under
consideration, the solution is unique inside that space.

2.1 Conditions for Calculation

Fig. 1 shows the arrangement for the electric field
calculation performed by the charge simulation method. In
this arrangement, when the ratios of the gap length g, the
lengths of the upper shank 1; and lower shank 1, and the

diameter of shank t (here, the diameters of both upper and
lower shanks have the same value) with respect to the
sphere diameter D are determined, the electric field is
found to be essentially unique.

In the IEC standard, however, the ranges of height A of
the spark points are prescribed, as shown in Table 1, and
so there are some differences due to the sphere diameters.

Because of its discrete nature, the charge simulation
method requires selection and displacement of a larger
number of charges to achieve satisfactory accuracy.

Fig. 2 shows the arrangement of the contour points and
fictitious charges in the upper electrode system.

In the region of the shank, there exist 11 line charges and
11 contour points corresponding to the line charges.

In the region of the sphere, there exist 1 point charge
(the ring charge having a radius of zero), 36 ring charges,
and 37 corresponding contour points.
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Fig. 1 Arrangement of vertical sphere gaps
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Fig. 2 Arrangement of fictitious charges and contour points
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Table 1 Limits of height A by the IEC standard

D(cm) | Upto6.25 |10-15| 25 {50,75} 100 | 150,200
Min of A 7D 6D [5D| 4D [3.5D| 3D
Max of A 9D 8D {7D| 6D | 5D 4D

In the lower electrode system, the arrangement is a
mirror image of Fig. 2.

The total fictitious charges for all over the sphere gap
electrode system are 2x (37+11)=96, and correspond to 96
contour points. Furthermore, the calculation taking into
account the quantitative effect of the ground plane can be
performed by including the image charges of all the
fictitious charges.

2.2 Approximation of Field Utilization Factor

The field utilization factor 71 of standard sphere gaps
was calculated by the charge simulation method, taking
into account the ground plane and shanks, as shown in Fig.
1. 7N changes mainly by g/r and slightly by 1,, 1, and t.
Generally, 1 increases as 1, 1, and t each becomes larger.
The IEC standard limits t<0.2D,]; 2 1D and prescribes
A=L,+D+g, as shown in Table 1.

Therefore, 1 is the largest when A=9D and the smallest
when A=3D, if the other values are constant. Fig. 3 shows
the upper limit, lower limit and typical values of 7.

Curve 3 in Fig. 3 is calculated using the lower limits of
A and 1;, and an arbitrary lower limit for t. So, it is
considered to be the lower limit of 7. Curve 1 uses the
upper limits of A and t, and an arbitrary upper limit for 1;.
It is an example of the upper limit of 7T, because larger I,
values up to infinity are permitted. Curve 2 is the straight
line shown in (1) below.

n=1-(g/3r) 1))
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Fig. 4 Variations of the maximum electric field for the IEC
standard clearance limit (D=1 m)

From Fig. 3, this simple equation can generally be used
as a representative value of 7, although the length and
diameter of the shanks must change for the range permitted
by the [EC standard.

We have also calculated the maximum electric field E,,
at sparkover of standard air gaps, which is given by the
following fundamental relation [6].

E.=V/ing )

where V is used for the standard value of sparkover listed
in Table 2 of the IEC standard, and 7 is used for (1).
Peek’s equation [9], given by (3) below, is often referred
to as the maximum electric field at sparkover and it is that
the right-hand side of the curve of Peek’s equation, is
almost constant, and dependent only on the sphere radius r.

E,/p=3671(1+0533/r) (V/cmitorr)  (3)

However, due to the effects of the ground plane that
make 7 smaller and the effects of the upper shank that
make " larger, part of the curve is expressed as
monotonously increasing.

The curves of maximum electric field E,,, obtained from
(1) and (2) describe a U-curve for g/r, up to the sphere
diameter of 1 m. As shown in Fig. 4 for the sphere
diameter of 1 m, the result obtained from (1) and (2),
represented as (®), is compared with the results from the
detailed analysis by Kowamoto et al. [10], represented as
(O,%).

In Fig. 4, V is set at the standard values for IEC standard
60052, and the symbols (O) indicate the smallest possible
N (1,=1D, 1,=2D, t=0.05D) and the symbols (<) indicate
the largest possible 1 (1,=0, 1,=3.5D, t=0.2D).

Fig. 5 shows, that the curves of the maximum electric
field for the 1.5- and 2-m diameter, in comparison with the
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results obtained from the Peek's equation, are different
from the U-form. The curve for the 1.5-m diameter has a
maximurn point at g=60 cm, and the curve for the 2-m has
a maximum at 50 cm. The reason is that the standard
values of IEC have irregularity at these points.
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Fig. 5 Variations of the maximum electric field for the IEC
standard clearance limit (D=1.5 m and 2 m)

3. Calculation of Sparkover Voltage

The sparkover voltage of standard sphere gaps was
calculated by Pedersen’s breakdown criterion [1], in which
the criterion can be used to correlate the sparkover voltage
in a uniform field with the sparkover voltage in a non-
uniform field of known field distribution.

Therefore, integration of the ionization index along an
axial non-uniform field in standard sphere gaps, calculated
from the charge simulation method, is compared with the
integration along a uniform field in parallel plate electrodes,
evaluated by (4) below, using the same values for the
ionization coefficient & for field dependence. Fig. 6
shows the field dependence of ionization coefficient O,
referred to in [2].

E,/p=3164(1+0328/\/g) (Viemltorr) (&)
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Fig. 6 Field dependence of ionization coefficient &
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Fig. 7 Determination of sparkover voltage and critical
avalanche length by Pedersen’s method

Fig. 7 shows the application to the sphere diameter D of
25 cm, in which the ionization index B of a sphere gap is
compared with the ionization index A of the parallel plane
electrode.

The sparkover equation of the
corresponding to B may be written as

sphere  gaps

loge(ax)+f0xadx= g(x) 5)

where «, 1is the numerical value of & at the avalanche

head. In a uniform field where x is equal to gap length g
and where & is constant, sparkover equation A becomes

gx)=log (x)+ax. (6)
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The sparkover begins to occur when the value of g(x),
found by solving (5), coincides with the value of g(x) in (6),
and the calculated values of the voltage and position,
respectively, denote the sparkover voltage and the critical
avalanche length.

This method can be applied to any gap geometry of a
well-known electric field distribution. The effect of the gap
lengths on calculated sparkover voltages is shown in Fig. 7 (a)
and (b), where the sphere diameter D is chosen as 25 cm.

Fig. 7 (a) shows the breakdown mechanism 1 for g=5 cm.

Fig. 7 (b) shows the breakdown mechanism 2 for g=10 cm,
which is nearly equal to the sphere radius r.

The sparkover voltage may change with the length and
diameter of the shanks, in the range prescribed by IEC
standard 60052.

Table 2 shows the results for the sphere diameters of 1.5
and 2 m, where the X class is for the smallest 7, and the
Y class is for the largest possible 7.

Table 2 Calculation results of sparkover voltage affected
by shank geometry, where X is for the min 77 and
Y is for the max 7. (Sphere diameters of 150
and 200 cm have negative polarity.)

D (cm) 150 200

Class X Y X Y

g (cm) V, (kV) V, (kV)
5 138 138
10 265 265 265 265
30 754 754 758 758
50 1129 1141 1198 1204
70 1389 1419 1530 1548
90 1570 1619 1785 1820
100 1639 1699 1888 1933
110 1699 1769 1978 2033
130 2129 2203
150 2240 2334

4. Conclusions

From the field utilization factor 7, calculated by the
charge simulation method, the simple equation
N=1-(g/3r) can be used as a representative value of the
field utilization factor for standard sphere gaps. V, is
related to the maximum electric field E,, at sparkover as
E, =V/ng). E, describes a U-curve for g/r, up to a
diameter of 1 m. The curves of the maximum electric field
for the 1.5-m and 2-m diameter are different from the U-
form, because the standard values of the IEC standard have
some irregularities at these points. For the 1.5-m and 2-m
diameter, especially for negative polarity, the sparkover
voltages have been calculated in the permitted range for the
shank geometry of the IEC standard by integration of the

ionization index.
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