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Circular Distribution of Corona Current
of Multiple-Conductor
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This paper is the 4th about characteristics of D. C. corona current

circular distribution of multiple conductor transmission line in order to

settle multiple conductors in E. H. V. cables with compressed gas. Gases

used under investigation were SFg, COj, Nj, etc. and the pressure range

was from 10 Torr to 7 kg/cm? abs.

Distribution and directivity factor of

corona current and corona starting voltages were measured and discussed.

1. Introduction

The authors have made a study of this
subject and already published the results of
the investigation under the same title in the
Bulletin of Nagoya Institute of Technology.®¥
~®  The Ist report dealt with the mean
corona loss-angle 0., of a multiple-conductor
transmission line in air and the shielding
effect when one of the double-conductors
was coated with insulating material. In the
2nd report we have described in detail the
shielding effects on the double-conductor in
combination with a brass-wire and a P. V. C.
And in the 3rd report the
corona starting voltage, the distribution and

coated-wire.

the directivity of the corona current on the
double-conductors at low air pressure, lower
than 1 atm., were reported, when an air-
sealed coaxial cylindrical-electrode equipment
was used, in which the gas pressure was
easily adjustable.
The contents of the 4th report are as
follows.
(1) Almost the same equipment was used
as in the 3rd report.
(2) Pressure range: 10 Torr to 7 kg/cm?
abs., mainly at 1 kg/cm? abs. or more.
(8) Gases used: Air, N;, CO; and SF,.

(4) Measurement of corona starting voltage,
circular distribution and directivity factor
of corona current.

(5) Introduction of a mathematical model
of corona current distribution and the
analysis of the critical corona angle.

The purpose of this paper is to make a
comparison of the differences between the
characteristics of the corona current distri-
bution on the double-conductors in various
gases. The electronegative gases, such as
SF¢ for insulant, are now under investiga-

tion.

2. Experimental Apparatus and Measur-

ing Method

The description of measuring equipment
is omitted here, because the details are the
same with Fig.1-A in the reference(3).
However, in this case, 36 Al-electrodes of
0.02 mm thickness was used instead of pre-
vious 36 piano-wire electrodes of 0.3 mmé¢
as measuring electrodes, to avoid the bending
tendency of a piano-wire which was not
suitable for theoretical calculation of the
electric field. The difference of the corona
starting voltage in both cases was negligible.

Fig.1 shows the measuring circuit. The
maximum output voltage is D. C. £70KV.
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Fig.1 Measuring Circuit.

Two piano wires of 0.3mm¢ each were
located parallel to each other with 3 mm
spacing for double-conductors in the previous
papers. The principal dimensions of the
equipment are as follows.

N=2, m/d=10, d=0.3mm¢, R=49. 5mm,
where N: number of conductors.

m: spacing between two conductors.

d: diameter of conductor.

R: inner radius of cylindrical elect-
rode.

A micro-micro ammeter and a X-Y Re-

corder were used to measure the corona
starting voltage. The bleeder-current I, as
a function of the appiied voltage, was fed
into the X-axis of the X-Y Recorder, and the
total corona current I, into the Y-axis. The
corona starting voltage is defined as the value
corresponding to the abruptly increasing
point of I,. One standard resistance 7, 20
to 2000Q, was inserted in each measuring
terminal of electrodes. And then the terminal
voltage of r was recorded with X-T Recorder
by potentiometer-method as a function of
peripheral angle corresponding to the time-
-scale of the X-T Recorder.
During measurement, all the rest of the
electrodes were grounded. The characteristics
were measured in the range of 10 Torr
up to 7kg/cm? abs.

Table.1 Purities of Supplied Gases.

N, CO, SFs
Purity (%) 99 (vol[xme) 99. 95
Water (p.p.m.) R — (égilgt};:) 7.9max.

3. Corona Starting Voltage

3-1. Calculation of Surface Gradients

At the coaxicial cylindrical electrode in
air, the corona starting potential gradient
E,, which was investigated by Watson et al.,
is given by the following experimental equa-
tion.

E.=Amd(1+C/Vér) (KV/cm), - (3.1.1)
where A and (Care the constants determined
by the polarity, r radius of curvature of the
conductor in cm, 0 relative air density and
m, coefficient of surface condition.

The maximum surface gradient, E,..:, of
the double-conductor of this experimental
apparatus is given as follows. (See Appen-
dix.)

Emor=8.40V [KV/cm], - re-veerreerreres 3.1.2)
where V is the supplied voltage in kilovolts.
The corona starting voltage V. is obtained
by the condition of E.=FEp.. as

Vi=Am6(1+C/Vér)/8.49 (KV).

Table 2 shows the calculated valués with the
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Table.2 Comparison of Corona Starting Voltages in Air at 1 atm.
m Voltage Constants(4 Temp. Vs (KV) Deviation
Model d Poarit 8
Cem) olarity A C cc) Calculated | Measured %)
0. 300 Positive 33.7 0. 241 10.8 1. 050 12.2 12.7 + 3.9
I .
0.-030 | Negative | 810 | 0.308| 10.0 | 1.053| 13.27 12.95 - 2.4
N 0.705 s
1 0.081 Positive 33.7 0.241 14.0 1.038 18.88 18.86 — 0.1

mi==1, Positive: Watson’s const., Negative: Whitehead's const.

% Model I was only used to evaluate the experimental accuracy.

constants, A and (C, by Watson et al. and
The difference of
measured and calculated values was within
39 range at Model I and within 0.19; at
Model I.

our experimental values.

3-2. Corona Starting Voltage in Several

Gases

(1) Corona starting voltage at low pressure
(10 to 800 Torr).

Fig. 2 shows the V,-pressure characteristics
at low pressure. The characteristic curve
of V, in Fig. 2, when the conductor potential
is negative (notation®), crosses the line
in the positive (notation) in air at near
100 and 800 Torr. The P-V, in air shows

V.©>V,® at latm. This characteristic
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Fig.2 Corona Starting Voltage of Double-Conduc-

tors at Low Pressure.

N=32, m/d=10, d=0.3mm¢.

could not be observed in other gases, and
the corona starting voitage of © is always
lower than that of @. The difference
between positive and negative V; in SFy is
smaller at 100 Torr or less. At the high
pressure more than 100 Torr, V,DSFs is 1.6
to 1.8 times as large as V.©SFs. The ratio
of V.CO,P to CO,O is 1.12 to 1.18. V,
of N; shows only one point at 1kg/cm? abs.
because of the complexity of the figure.

(2) Corona starting voltage at high pressure

1 to 7Tkg/cm? abs.).

Y
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Fig.3 Corona Starting Voltage of Double-Conduc-
tors at High Pressure.
N=2, m/d=10, d=0.3mmé.

o
N



— 286 —

On the corona starting characteristics at
high pressure (Fig.3), the difference betwe-
en gases is not recognized so clearly as at
low pressure. V@ in air exceeds V. ©CO,
Vs of @ in CO; and
air, © in CO; and air, respectively, ascend in

near 2kg/cm? abs.

parallel with each other in the increase of
pressure and the ratio between V.’s of the
same polarity draws to 1. On the other hand,
V.@® and V.O of each gas ascends with con—
stant ratio as the pressure increases in general.
The ratio of V.® to V.© equals 1.7~1.5
in SFg, but in CO,, air and N, is 1.17~1.30.
These curves are approximately written as
InVi=a-+blnP (P : pressure) under the 3
kg/cm? abs. and as V,=a'+b'P over the
3kg/cm? abs.

4. Characteristics of D. C. Corona Current
in N, Gas

4-1. Circular Distribution in N, Gas

The characteristics of corona current a-
round double-conductors in N, are very dif-
ferent between © and ©. Fig.4 shows an

example of the distributions. The distribu-
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Fig.4 Circular Distribution of D. C. Corona Current
of Double-Conductors in N, Gas.
N=2, m/d=10, P=1kg/cm? abs,,
I,=40rA.
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tion in @ is very stable. But in ©, the
distribution changes so violently in time
that one varies on each measurement. These
characteristics seem to suggest the inverse
phenomena described in the latter. To
maintain the constant corona current, the
applied positive voltage must be increased
slightly in time as the results of the sup-
pression effect of space charge. In negative,
reversely, the corona current increases rapid-

ly in time by their negative characteristics.
4-2. Directivity Factor in N, Gas

We adopted the directivity factor to analyze
the corona current distribution.
Imax
min

where In..:: corona current of the electrode

Directivity factor x=

elements corresponding to 4=
90° and 270°, in the direction of
maximum surface gradient of
the double-conductor.

Lu;n: current through the electrode

elements of §=0° and 180°.
Fig. 5 shows the directivity factor ¢ of N,
@. The characteristics of I,—«x curve at
P=1kg/cm? abs. are separated into two
regions at ca. 300#A. In region I with scre-

5001 = D.C.Positive
‘ \x P= 1 kg/cm?abs.
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ened area, there is an extremely high point
In region I, 1,>300¢A,
the screened area disappeared and the « fell

of £ more than 100.

down rapidly under 10, then the total corona
current contained pulses.

In the range over the I,=5001A point, the
measurement was not taken for fear that
sparks might be caused by a V-I, curve.

At P=2Kkg/cm? abs. the corona current in

200 N\

i

v
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760Torr .
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Fig.6 Improvement of Instability of D. C. Negative
Corona Current of Double-Conductors in Nj-

Air mixed Gas.(®

N=2, m/d=10, I,=300~A.
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region [ was so very unstable that we could
not measure t accurately. But the screened
region was observed as at P=1. In this case
the transition region was located between
1,=20~30pA. In regionI the corona current
became quite stable. The value of ¢ is lower
than at P=1.

over five hundred ¢A or more, each value of

In the large current region
£ approaches the same gradually. But # in
N:©® could not be accurately obtained be-
cause of the unstable characteristics.

In mixed N, with air,"® the distribution
of corona current becomes regular and the
irregularity at the crest disappears. It is

shown in Fig. 6.

5. Characteristics of D. C. Corona Current

in CO; Gas

5-1. Circular Distribution in CO, Gas

The corona current distribution in CO, is
regular and stable.
of the distribution.
circular figure; we can show it over the
The distribution
of © becomes nearly elliptic.

Fig.7 shows an example
The @ forms a twin-

whole measurement of I,.
In this case,
of course, the outside extent of corona cur-
rent distribution also appears toward #=90°

\ o
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Fig.7 Circular Distribution of D. C. Corona Current of Double-Conductors in CO; Gas.
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and 270°. The magnitude of the extent,
however, is relatively small. This is the

common tendency with the negative current,

5-2. Directivity Factor in CO, Gas

The directivity factor x of positive in CO,
decreases in inverse proportion to the applied
voltage, but increases with pressure.®™ In
decreasing I, all of these characteristics have
a tendency to sharpen the directivity of
corona current. The characteristics of I,-x
curves in Fig.8 show the above tendency
clearly. The characteristics are expressed
by logr=a—blogl. It is very interesting to
note that these straight lines seem to cross
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at #=1 in a large current region.

6. Characteristics of D. C. Corona Current
in SF; Gas

©6-1.
Fig. 9-(a) indicates the corona current dis-

tribution at 50 KV constant in SFs. The

corona current descends rapidly in reverse

Circular Distribution in SF; Gas

proportion to the pressure, because the dis-
charge is suppressed owing to the electron
attachment and the absorption coefficient of

photon. It is recognized that the corona
current distribution is very different in @
and ©.

because the two-parts are symmetrical. In

In Fig.9, only one half is shown

@ the distribution curves of corona current
are of the so-called cocoon type, but in ©
the curves are of the twin-circle forms as
of CO, @. These tendencies are also recog-
nized in the case of constant pressure.

Fig.9-(b) shows the corona distribution at
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of Double-Conductors in SFg Gas. N=2,
m/d=10, P=1kg/cm? abs.
P=2kg/cm? abs. The total corona current
in @ 1is considerably smaller, because the
corona starting voltage of @ is somewhat
larger than of .
6-2.
It was previously reported that the & in

Directivity Factor in SF; Gas

SFs decreased with increasing applied voltage
in both @ and &.
increased, ¢ increased at a constant voltage.

But if the pressure was

Fig.10 shows the I,-x characteristics at 1
kg/cm? abs. & is small in the positive, but
large in the negative. This relation of

s@<#© in SF¢ was in the inverse relation in

. 180°
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Fig.11 Time-Variation of Inverse Corona Current
Distribution of Double-Conductors in SFg

Gas.
N=2, m/d=10, P=2kg/cm? abs.,
V=50 KVO.
CO,. The experimental formulas are as
follows.
PP i VTSR 6.2.1)

where in @ case A=7.61, B=0.270 and in
© case A=171, B=0.603.

7. Inverse Phenomena of Circular Distri-
bution
We observed at times the inverse distri-
bution of corona current, rotating 90° from
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the normal form.

In Fig.11 the chart gives an example
under the condition of 50 KV& constant in
SFe. After obtaining the more or less flat-
like single circle distribution immediately
after applying the voltage, the valleys of
inverse phenomena developed towards ¢ =90°
and 270° where the crests should appear.
The valleys gradually became deep with the
passage of a short period. After 10 minutes
or so the inverse phenomena became stable
and the distribution was continued for 2
hours or more. These phenomena arose at
45 KV©O, too.

On the other hand, unstable distribution in
N; ©, which changes rapidly in a short
time, has no fixed points at which valleys
"arise.  Consequently those in N, can be
clearly distinguished from the inverse
phenomena in SF¢©. The reason for the
inverse phenomena in SF¢ seems to be caused

by its large attachment coefficient.

8. Analysis of Circular Distribution of

Corona Current

8-1. One of the Mathematical Models

of Circular Distribution

Many distributions of corona current have
been discussed, such as the twin-circular
type, the cocoon type and others. These
types are determined by the kinds of gases,
pressure, polarity and range of corona cur-
rent. The Booth’s curves are introduced
then to unify those types, and shown in
polar coordinates as follows.

P2 = B2 4G2SIN20 v reenreeereereeirririeeneens 6.1.1D
Fig. 12 shows the forms in Eq. (8.1. 1), which
are classified as follows.

(1) b<<2a: lemniscatelike type

(2) b=2a: twin-circular type

(8) b>2a: cocoon type

(4) b>2a: elliptic type

(6) b »2a: single-circular type
These figures are relatively suitable for
showing experimental results.

The lemniscatelike type corresponds to the
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Fig.12 Booth's Curves.

distribution in N;@; the twin-circular -type
to the general form; the cocoon type to the
ascending-valley form; the elliptic type to in
CO;® and the single circular type to prein-
verse phenomena.

The directivity factor is infinite in (1) and
(2) theoretically, and can be defined only in
the range of b>2a. The directivity factor
of Booth’s curve, ¢35, is given as follows.

0=0°% ¢ Poax=Tmax=D0 «ercrrrrerrerreeueus (8.1.2)

0=90°: Tmin=TInin=vVbE—4a% «rvv... 8.1.3

6= T s/ Toin= bV F— A0

' =1/V1—CQa/b)? -weeone (8.1.4)
And the total corona current I,z is

I,Bzgz”rdg:bgz”\/l— (a/b)*sin?6dg
=4b+E(20/b) -ereervererenens (8.1.5)
where E (2a/b) is complete elliptic integral.

Therefore the relation between kg and I, is
=4I pnaxs E(YT=1/K5%) wreereereeennen (8.1.6)

or kn= [1—{E—1(1,B/41,,,”,,) }2}‘% ------ 6.1.7)

On the other hand, the experimental for-
mula is

BolB=A i (8.1.8)
where A and B are constants determined by
the kinds of gases, pressure, polarity, etc.
We are investigating in order to draw out
better mathematical models of it.

8-2. Analysis of Critical Corona Angle

Critical corona angle ¢. is defined as the

angle between the X-axis and the tangent
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conductor No.2

(b)
Fig.13 Schematic Diagram of Electric Field.

line through the center point of lemniscate-
like form. In the static theory the corona
current should be zero in the range of >0,
but actually small current does exist. The
surface potential gradient E¢ on angle ¢
shown in Fig. 13-(b) is written as fdllows.

E¢=FEpa:(1+2cosp)/(1+2),

A=1/{(m/d)+0.72} }
If the corona starting gradient is noted as
E,, E,=F; gives the boundary angle of
corona creating region. This ¢ is called the
critical corona angle ¢. and written as fol-
lows.

0c=cos Y (E,/Emnax) 1+1/2)—1/2}

Using the bleeder current I, instead of E,
and E..x, the above equation is changed into

pc=cos~ Y (Ls/1,)A+1/2)—=1/2} - 8.2.3)
where I,; is the bleeder current at corona
starting and I, at measuring ¢. The surface
charge of a double-conductor (m/d=10) can
be regarded as parallel equipotential lines of
charge. Therefore the electric line of force
in the static field before corona is obtained
as follows.

Q1+ @s=constant ..o (8.2.4)
where ¢, and ¢, are shown in Fig. 13-(a).
The theoretic critical corona angle without
space charge ., is defined as the angle of
cylindrical electrode where the electric lines
of force come out of the angle ¢, on the
conductor surface.

O cro=" QoA P0)/2ereemsermrmrnirmnuriicninnins (8.2.5)

po=tan=[ {(d/2)singc}/{m+ (d/2)cospc}

= (sing.) (180/x) /{ (@m/d) +cosp. }
LY [ SPO (8.2.6)
Fig. 14 shows @, and f¢m, Which was meas-
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Fig.14 Critical Corona Angle and Space Charge
Effect.

=92, m/d=10, P=1kg/cm? abs,,
Ny ®.

ured in the case of N;®P at 1kg/cm? abs.
which had clearly screened off areas. @#cm
was read from distribution on Cartesian co-
ordinates. The difference between 6.~ and
0.0 is caused by the diffusion and repulsive
effects of space charge. The difference is
almost constant up to I,=5#A4, and at more
than 5¢A it decreases linearly with increas-
ing I,. The large deflection of the angle in
a region of small I, is due to the effects of
the repulsion and the like, by the space
charge produced in the small area. This
result is twice the amount of the calculated
value. But in region of large I, it seems
that the amount of space charge near ¢=0
affects the deflection only a little at the
point of ¢ far from ¢=0.

8-3. Analysis of the Directivity Factor

It is recognized that the directivity factors
x change under various conditions. The«
in the negative case is described qualitatively
as follows. By the corona dischage in E(r,
©)>E, or r.<r<r,(¢), which produces posi-
tive ions (M%) and electrons (e”) as shown
in Fig.15, M* goes toward the conductors
and e~ toward the cylindrical electrodes. e~
is not influenced in the layer of the corona
discharge (r<{r;(¢)) by the canceling effect
in M* and e~. After e~ gets out of 7,(¢p),
where electrons exist only, cohesion between
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Fig.15 Trajectories of Negative Carriers.

the electrons decreases. The forces on e~
are separated into two forces: f, by the
electric field, and f, by the synthetic force
of the repulsive action. The trajectory of
e~ shown in Fig.15 is deflected to the ¢
increasing. e~ cannot reach the electrodes
directly, but they attach themselves to neu-
tral gas molecules in negative ion M~ after
many impacts. Then e~ goes on as M-~
toward the electrodes. The electron attach-
ment path of e~ to SF¢ p, is small with
large attachment coefficient » and it varies
in inverse proportion to the gas density n.
For example in gases A and B is 74>7s,
the relation of p is ps<<pz and e~ in gas B
is deflected laterally more than in gas A.

Consequently, the smaller the », the smaller

the 5. In Ps<<Ps, ma<<nmp results ps>ps,
then x4<kp. Therefore the ¢ increases with
pressure.

As the reason of decreasing r with in-
creasing I, in addition to the lateral expan-
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sion effect, the decreasing relative variation
on ¢ of (E—E;) is also pointed out.

9. Conclusions

(1) The directivity factor & which de-
creases generally as increment of total corona
current I, can be written as the experi-
mental equation of f:-If:A, where A and B
are the constants determined by kind and
pressure of gases, polarity and region of I,

(2) Under the same conditions the &’s
positive @ in air, N, and CO, were higher
than negative ©. However, r in SFe, a
strong electronegative gas, was opposite.

(3) Under the applied voltage constant, &
in @ and © increased always with the
pressure. Under I, constant, in negative in
air, CO, and SFg the « ‘increased always
with the pressure, but in positive in Nj, COz
and SFs, # at 2kg/cm? abs. was lower than
that at 1kg/cm? abs.

4) In N,® the region I with a screened
area was clearly observed. In this region &
was more than 100 and in region I with
non-screened area less than 10. The corona
distribution in region I was lemniscatelike
type and in I twin-circular type. The dis-
tribution © was on great change in time
and the vaileys appeared almost at unexpect-
ed area.

) In CO, the distribution @ with the
high r was twin-circular type and in & with
the low «, elliptic type.

Table.3 Corona Current Distribution Forms in Various Gases at lkg/cm? abs.

Directivity factor « o0 < 1
Polarity |Attachment| Gas | lemniscate | twin-circle | cocoon type |elliptic type |single-circle unstable
Ng >
Negative CO, >
strong SFg ——s
Ny region [ region [
Positive CO; R —
strong SFg D —
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(6) In SFg, the distribution @ with the
low & was so-called cocoon type and & with
the high , twin-circular type.

(7) From Table3, we can recognize that
£© increases with attachment coefficients of
gases, but @ decreases.

(8) The inverse phenomena of the distri-
bution were observed only in SFy -,

(9) It was pointed out that Booth’s curves
were suitable for one of the mathematical
models of the corona current distributions.

10 In analysis of critical corona angle

without space charge, it was known that

Eumax ::V{l +(n— l)wsin%} /mrln(R/R,) (KV/cm],

d
m
Re=mrmoT,  m,= /_n Mo,
7=1
where d=2r is diameter of each conductor, R dis-
tance between the center of multiple-conductor and
grounded electrodes, R, radius of the equivalent
single conductor, m spacing between the adjoining
conductors, m. equivalent spacing between conduc-
tors and my; distance between the centers of the
n th and the jth conductors, all in cm.
By inserting the dimensions of this apparatus into
Equation (1), Enmaex becomes using a compensating
term8) (9

Eax=8.49V [KV/CmJ.eeererronvmrmmmnninnenaniunns @)

References
(1) S. Muto: Bulletin of Nagoya Institute of Tec-
hnology vol. 15 pp. 253-258 (1963)
2) S. Muto: ibid. vol. 16 pp. 264-268 (1964)

the lateral expansion effect of the corona
current distribution decreased with the in-
crement of I,.
Acknowledgements

The authors wish to thank Mr. Tatsuo Tani(Ele-
ctrotechnical Laboratory of Japan), Mr. K. Naka-
mura, Mr. S. Kozu and Mr. M. Udaka for their help

and cooperation.

Appendix

Surface Potential Gradients on Multiple-Cond-
uctor. In general the maximum surface gradient
Evmax of n-bundled conductors arranged in a regular

polygon, is given as follows.

(8 S. Muto & T. Tani: ibid. vol. 17 pp. 246-254
(1965)

(4) Handbook of Discharge p.110 I. E. E. of Japan
(1958)

(5) S. Muto & T, Tani: Trans. of the 1966 Joint
Convention of the 4 Electrical Institutes, Japan,
paper No. 765 (1966)

(6) S. Muto & T. Inaba: Journal! of J. R. E. D. No.
29 p.135 (1967)

(7) S. Muto, T. Inaba & S. Kozu: Trans. of the
1967 Joint Convention of the 4 Electrical Institutes,
Japan, paper No. 1053 (1967)

®) G. Quilico; CIGRE Report No. 214 (1956)

(9) G. Quilico; L'Elettrotecnica vol. XLI No. 10
pp- 530-538 (1954)



