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ABSTRACT

In a gas-insulated system, when the stressed conductors are encased by a solid dielectric, the corona
onset voltage (COV) over its surface increases, minimizing the corona discharge. The paper’s objective
is to calculate the positive COV over the surface of a solid dielectric cylinder that encased rod-rod gap
with a common axis and by shifting the two axes a certain distance. This calls for calculating the
Laplacian electric field using the charge simulation method. The streamer inception criterion is used to
calculate the positive COV at the dielectric surface for surrounding gases SFg, air, CO,, N;, argon and
SFs-N, mixture. The equivalences between the COV of SFg and the proposed SFs-N, mixture were per-
formed at different pressures and dielectric thicknesses to allow confident use as an alternative insulation
to SFe. The electric field and COV results agree well with the previously published values calculated by
software COMSOL and those measured experimentally, respectively.

© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

SFe-N, mixtures

by-nc-nd/4.0/).

1. Introduction

In gas-insulated systems (GIS), the solid dielectric is used to
insulate HV conductors. It plays the role of supporting material,
isolating the gas chamber, and insulating different potential metal
parts. Conductors in GIS may be covered with a solid dielectric to
insert high-resistive elements for gas-discharge paths. A cross-
section of a typical configuration of an industrial HV support insu-
lator encasing rod-rod gap is given in Fig. 1. It is described as a
mechanical shaft used to transmit mechanical motion across dif-
ferent potentials [1,2]. It shows two rod-rod gap configurations;
sample (a), a solid dielectric cylinder encasing a rod-rod gap with
a common axis, sample (b), a solid dielectric cylinder encasing a
rod-rod gap by shifting the two axes a certain distance. Fig. 1 sam-
ple (a) shows a well-defined location of a high field region around
the perimeter of the dielectric cylinder in the surrounding gas due
to the difference between the permittivity of the gas and solid
dielectric. By shifting the axis of the rod-rod gap, the high field
region is enhanced and localized on one side of the dielectric cylin-
der. The electric field enhancement over the surface of the solid
dielectric influences the corona inception in the high field region.
When the electric field over the solid dielectric surface reaches a
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critical value, corona discharge can be initiated. The streamer
inception criterion has been widely used in literature to predict
the COV at the solid dielectric surface [3-7]. The conditions neces-
sary for the initiation of streamer discharge were applied to obtain
the critical strength of the background field and the corresponding
COV. Streamer discharge results in partial deterioration of the solid
dielectric requiring equipment repair or even its replacement [8].
Therefore, the insulation design highly requires knowledge of the
COV at the gas-solid dielectric interface. HV equipment should
be designed so the COV is higher than its normal operating voltage.

SFs possesses excellent insulating properties, which makes it
widely used in GIS. However, it has a drawback that adversely
affects the environment since it is a potent greenhouse gas. Intense
research has been published to find alternative insulation to SFg
that has a lesser impact on the environment and comparable
dielectric [9-17]. Unfortunately, the liquefaction temperature of
all investigated gases is high [18-19]. To decrease the liquefaction
temperature, SFg is mixed with N,. To reduce the use of SFg to the
most, a suitable SFg-N, mixture substitutes SFg for developing
environmentally friendly HV devices. Getting a suitable SFg-N,
mixture with a solution to the SFg usage drawbacks would be pos-
sible. The possibility of adopting the 50% SFg + 50% N, mixture as a
standard gas option for gas-insulated transformers, gas-insulated
transmission lines, and HV circuit breakers was studied. This mix-
ture operated at 15% higher pressures exhibits the same dielectric
strength as pure SFg. The same mixture was listed as having 0.88
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Fig. 1. Investigated samples, length L, solid dielectric cylinder radius R, rod radius r,
gap length G.

the dielectric strength of pure SFg at the same pressure and a con-
densation point 20 °C lower [11].

This paper aims to calculate the positive COV over a solid
dielectric surface encasing rod-rod gap. By applying HV AC, the
peak voltage value is chosen as a reference value since it determi-
nes the maximum field stress, which is responsible for the incep-
tion of corona discharge. Positive COV is calculated for
electronegative gases (SFg, SFe-N, mixtures, air, and CO,) and elec-
tropositive gases (N, and argon). This study is conducted to calcu-
late the positive COV using SFg-N, mixtures at the solid dielectric-
gas interface. Streamer criterion is used for COV calculation. This
calls for accurate field calculation in the vicinity of a solid dielectric
surface using CSM [20-27]. The electric field is accurately calcu-
lated for a solid dielectric cylinder encasing rod-rod gap with a
common axis and shifting the two axes at a certain distance. Ficti-
tious ring charges are used for simulating the surface charges of
the two gap configurations. Due to the asymmetry of the solid
dielectric cylinder in sample (b), ring charges with variable charge
density are used to simulate the surface charge over the solid
dielectric [27]. In addition, the electric field is accurately calculated
for a rod-rod gap without the solid dielectric. The calculated values
of field and COV over the solid dielectric surface are compared with
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those calculated before by the software COMSOL 5.2. and mea-
sured experimentally before, respectively [1,2] and found to be
coinciding.

2. Method of analysis
2.1. calculation of electric field

The analysis is based on the CSM [20-27]. The distributed
charges on the surface of the rods are simulated by a set of ficti-
tious ring charges arranged inside the rods. However, the surface
charge on the interface between two dielectrics is simulated by
two sets of ring charges on both sides of the dielectric interface.
Satisfaction of pertinent boundary conditions, namely, the Dirich-
let condition at the surface of rods and the Neumann condition
at the dielectric surface, results in a set of equations whose simul-
taneous solution determines the unknown ring charges. Knowing
the simulation ring charges, the electric potential and field can
be calculated at any point in the investigated geometry.

2.1.1. Simulation of surface charge on a solid dielectric cylinder
encasing rod-rod gap

Sample (a): A solid dielectric cylinder encasing rod-rod gap with
a common axis.

Fig. 2 sample (a) shows the solid dielectric cylinder encasing
rod-rod gap with a common axis. The rod-rod gap is stressed by
an applied voltage V. The distribution of charges on the surface
of each rod is simulated by three sets of ring charges distributed
uniformly inside each rod (Fig. 2 (a)). The 1st set n;, the 2nd set
n, and the 3rd set n; simulate each rod’s flat, rounded and cylindri-
cal parts. Hence, the number of distributed charges on each rod
surface = N, (=n; + n; + n3). All ring charges simulating the surface
charge of the rods are placed inside it at an envelope distant a,
from its surfaces.

In the solid dielectric, the dipoles are aligned by the electric
field, resulting from the voltage, V and compensate each other
through the dielectric volume, leaving net charges at the interface
between the dielectric and the surrounding gas. Two sets of ring
charges simulate these surface charges. Each set has M ring charges
uniformly distributed, one placed inside the dielectric at an envel-
ope distant A, from the dielectric surface and the other placed in
the surrounding gas at an envelope distant A; from the dielectric
surface. Subsequently, the total number of simulation charges
equals 2 N + 2 M. Two sets of boundary points are selected to esti-
mate the simulation charges: one on the rods’ surfaces and the
other on the interface between the dielectric and surrounding
gas. The distance between two successive boundary points is ag
on the rods’ surfaces and Ay on the dielectric surface.

Sample (b): A solid dielectric cylinder encasing rod-rod gap
with shifting the two axes a certain distance.

The simulation of surface charges on each rod is the same as
explained before in sample (a). As explained before, the net charges
at the interface between the solid dielectric and the surrounding
gas are simulated by two sets of ring charges. To account for the
asymmetry created by the presence of shift distance S in axes, as
shown in Fig. 1 sample (b), simulation ring charges with variable
charge density are considered. Each ring is assumed to be divided
into 2n segments, and the charge density remains constant over
the segment, Fig. 2 (b). The segment length is assumed variable;
to be minimum in the high field region and increases gradually
around half of the periphery of the ring. Hence, the number of sim-
ulation charges for the solid dielectric cylinder is 2n times 2 M.
Subsequently, the number of simulation charges for the investi-
gated geometry equals (2 N + 2n x 2 M). The number of segments
is taken as a function of the offset distance S, n = integer(f,S),
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Fig. 2. (a) Distribution of simulation charges for sample (a). (b) Division of ring charge along their entire perimeter into 2n ring segments.

04 0; = ;’101 , where, f; and f, are arbitrary constants,

f— T

AT
i=1,2,...,n The distance between two successive boundary
points remains ap on the rods’ surfaces and Aq on the solid dielec-
tric surface.

For sample (a), the simulation accuracy is affected by the num-
ber of simulating ring charges 2 N + 2 M and their location depend-
ing on the parameters ag, a1, Ap and A;. The sample length, L, is
taken as fp x L, where fp > 1. In addition, for sample (b), the accu-
racy is also affected by the arbitrary constants f; and f> and the
2n number of ring segments with variable charge density.

Charge simulation of rod-rod gap without solid dielectric

The rod-rod gap used above is stressed by an applied voltage V.
The charges on the rods’ surfaces are simulated by the same ring
charges described before in sample (a). Hence, the number of sim-
ulation ring charges = 2 N.

2.1.2. Calculation of the unknown simulation charges

To determine the simulation charges, pertinent boundary con-
ditions must be satisfied at the chosen boundary points. These
boundary conditions are explained as follows:

(i) The potential, ¢, calculated at any boundary point on the
rods’ surfaces, is the algebraic sum of the potentials at this point
produced by the simulation ring charges of the rods and the sur-
rounding gas. The potential, ¢, must be equal to the applied voltage
V for the HV rod and zero for the grounded rod. i.e.

®; = ijiqpiij +ijf;wzinHPiij =Vi,i=12.- 2N# (M

(ii) Two boundary conditions are satisfied at each boundary
point A(x, z) on the interface between the solid dielectric and the
surrounding gas. At any point on the interface, when it is seen from
the solid dielectric side, the potential ¢, is the algebraic sum of
potentials at this point due to the simulation charges of the rods’
surfaces and the surrounding gas. The potential ¢, is the algebraic
sum of the potentials at this point due to the simulation charges of
the rods’ surfaces and the solid dielectric cylinder [20-26], if the
point is seen from the gas side. As the potential is continuous, ¢,
and ¢, should be equal, i.e.

SPIQ + Y on i PiQy = S MPQ i = 2N+ 1, 2N + M#
(2)

(iii) En1 and En2 are the normal components of the field, at any
boundary point A(x, z) when seen from the solid dielectric and the
gas sides, respectively. They are related to each other through the
relative permittivity, &, of the solid dielectric to satisfy the conti-
nuity of electric flux in the direction normal to the dielectric inter-
face [20-26]. These field components are calculated using the
simulation charges used in calculating the potentials ¢; and ¢,
respectively.

& (ijgl FnyQ; + ngztvzinHF nifo) = (Z}'Z:N:MF nij),
P—2N+ 1, 2N + M# 3)

Satisfaction of the boundary conditions using equations (1) - (3)
applied at the respective boundary points A(x, z) results in a set of
simultaneous equations (4) whose solution determines the
unknown simulation charges.

oA
P 0 P Qn

Qus
Qon

QZN+1

QZN+M

Q2N+M+1

(e —DE, —F, (&)F,

QZI;J+2M 0

where, P and F, are the potential and normal field coefficients of
a simulation charge calculated at a boundary point A(x, z) [20-26].

For constant density ring charge, the potential and the field
coefficients are given in [20,21 25, 26]. For variable density seg-
mented ring charge, the potential and the field coefficients are
given in [27]. The electric field and potential can be calculated at
any point in the gas and the dielectric cylinder when the simula-
tion charges are known for the investigated geometry.

2.1.3. Calculation of potential and electric Field

The potential, ¢1(X, z), the radial and axial components, Ex;(Xx, z)
and Ez,(x, z), and the absolute field E{(X, z) at a point A(x, z) located
on the rods’ surfaces or in the solid dielectric are expressed by
equations (5-8). They are the sum of the potentials, the radial-
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and axial-field components produced at this point by the simula-
tion charges of the rods, and the surrounding gas:

@1(%,2) = SN PIQ + 2 PiQ# (%)
Exi(x.2) = S FQ) + N e FX Qi 6)
Ez(x,2) = SN F2Q) + X750 Fo Qi @)
Ei(%,2) = \/En(x,2)? + Ea(x. 24 ®)

where, P;, Fx; and Fz; are, respectively, the potential and the
radial- and axial-field coefficients calculated at the point A(X, z)
due to the j™ ring charge [20-26]. The coordinates of the j* ring
charge and the coordinates of the point A(x, z) determine these
coefficients.

Similarly, the potential ¢x(x, z) and the radial- and axial-field
components, Exx(X, z), Ezy(x, z) and the absolute field E,(x, z) at
any point A(x, z) in a gas medium are expressed by equations
(9-12). They are the sum of the potentials and the radial-and
axial-field components produced at this point by the ring charges
of the rods and the solid dielectric:

P2(x,2) = SN MPQ# 9)
Ex;(x,2) = S0 M X Qi (10)
Ezy(x.2) = 7 MFzQi# (11)
Ex(x.2) = \/Ea (.2 + En(x,2)%# (12)

2.2. Positive corona onset voltage (COV) Criterion

When the applied voltage V and the corresponding electric field
are high enough, an avalanche develops from free electrons avail-
able near the dielectric surface in the ionization zone. The ava-

lanche size N, is equal to exp <f ac(l)dl) [= exp (K)], where K is
1

an empirical constant that depends on the gas around the dielec-
tric, and [ is a field-dependent path that an electron avalanche
can travel along inside an ionization zone. The dielectric surface
influences the discharge inception by enhancing the local electric
field. This field enhancement is caused by the difference in the
dielectric permittivity of the dielectric material and the surround-
ing gas. At a critical value of the applied voltage, the critical ava-
lanche size exp (Kp) results in a streamer discharge developing
and transforming into discharges over the dielectric surface. The
streamer discharge inception voltage is the positive COV; it is the
peak value of the AC applied voltage, which results in the ava-
lanche size of exp (Kp). The border of the ionization zone is defined
where the effective ionization coefficient o (I) > 0 as «
()= (x(& - n()), Eis the prevailing electric field on the field
path I, p is the gas pressure, o (£) and #(§) are Townsend’s first ion-
ization and the attachment coefficients as functions of (E/p),
respectively. Avalanche growth calculations considering the space
charge field along a field line were done as explained before [28].
The avalanche starts to grow from the boundary of the ionization
zone along a field line towards the higher voltage rod If the critical
size of the avalanche along one of the field lines inside the ioniza-

tion zone is obtained, the streamer inception criterion [ o (I)dl >
1

Ky is reached. Townsend’s first ionization and attachment coeffi-
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cients are given before for the gases under investigation; SFg, CO,
and N, [16], air [29], and argon [30].

Fig. 3 (a) shows a schematic representation of field lines and
ionization zone boundaries at different applied voltage values V;
and V,, where V; < V5, (V5 = COV) for sample (b). Fig. 3 (b) shows
the streamer inception integral, K calculated along different field
lines at a given applied voltage. The streamer inception criterion
is fulfilled at applied voltage with a maximum K value (K max) just
equal to Kp. For gases under investigation, the inception integrals
Ky are taken as follows: For air, Raether suggested K, value of
18.42 [1,3,16] against 5, 10.5 and 15 for Ny, SFs, and CO,, respec-
tively [16]. For argon, K, was considered equal to 10.2 [1]. For
the SFg-N, gas mixture, the value of K, is taken as
Komixture = kKosrs + (1 — k)Konz, where k is the per unit concentra-
tion value of SFg in the gas mixture [16].

3. Results and Discussion
3.1. Accuracy of the charge simulation

A set of checkpoints were selected midway between the bound-
ary points on the rods and the dielectric surface to check the charge
simulation’s accuracy. The deviation of calculated potential from
the applied voltage and the deviation angle of the field from being
normal to the surface of the two rods were calculated at the check-
points to assess how well the Dirichlet condition is satisfied at the
two-rod surfaces. Also, to check how well the Neumann condition
is met at the dielectric surface, the continuity of the electric poten-
tial and the normal electric field error were also calculated at the
checkpoints.

The investigated samples have a length L of 200 mm, the radius
of each rod, r = 8.5 mm. For sample (a), the solid dielectric cylinder
radius range, 9.5 < R < 17.5 mm, the gap length G = 4-8 mm, the
relative permittivity &, = 2-6. For sample (b), R = 17.5 mm,
G =4 mm and ¢ = 4. and, S range, 1 < S < 8 mm, corresponding
to dielectric thickness t range, 8 < t < 1 mm.

For sample (a): the simulation accuracy strongly depends on the
number of simulation charges and their coordinates. The best accu-
racy is achieved for the investigated R range at arbitrary constant
fo=1.2 and the obtained simulation variables are given in Table 1.
The total number of charges = 2 N + 2 M = 1248. For sample (b), in
addition to the simulation variables given in Table 1 and the arbi-
trary constant f,, the arbitrary constants f; = 1, and f, = 3 and the
number of segments of ring charges simulating the dielectric sur-
face, 2n = 14 segments. Hence, the total no of charges =2 x (N +
2n x M), (=8684).

For rod-rod gaps without solid dielectric, the simulation is
achieved by the charges at their locations in the sample (a). The
total no of charges = 2 N, (=676 charges).

At the surface of the HV and grounded rods, the maximum per-
cent potential errors and electric field deviation angles don’t
exceed: (i) at the surface of the flat parts, they are approximately
zero, (ii) along the rounded part they are 0.004% and 0.16°, respec-
tively and (iii) along the cylindrical part they are 0.06%, and 0.11°,
respectively. At the dielectric surface, the maximum percent errors
of the calculated potential and normal field values along the dielec-
tric surface are 0.03 x 102 % and 0.06 %. The maximum percent
potential errors and electric field deviation angle at the rods’ sur-
faces remains the same for the rod-rod gap without a solid dielec-
tric. In comparison with reasonable CSM accuracy published in the
literature, potential errors on the electrode surface of less than
0.1% are considered reasonable for an accurate field calculation
[21]. The maximum percent errors for the continuity of the electric
potential and the normal electric field along the dielectric surface
are 2 x 10 % and 1.5% [23], respectively. The calculated maximum
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Fig. 3. (a) A schematic representation of field lines and the ionization zone borders at applied voltages V; and V,, m is the maximum field point. (b) Variation of K at V, over

field lines starting at a;, by, ¢;, dy and e; on the ionization zone border.

Table 1
Simulation variables obtained at the best accuracy of CSM for sample (a).

Simulation variables HV rod or grounded rod

dielectric surface

Flat part Rounded part Cylindrical part
ap and Ag a9 =0.014r a=001r Ao =0.054r Ao =0.048 R
a; and A, a;=003r a;=003r a;=0.03r A;=0.07R
No. of charges n; = 64 n, =19 ns = 255 M = 286

Total no of charges 2N+2M=1248, N=n; + n; + n3

errors in the research work are much lower than those reported
before in related calculations [23,27,31,32,33].

3.2. Electric field Distribution

Fig. 4 shows the calculation of electric field E using Eqgs. (6-8) at
an applied voltage V=1 kV, G =4 mm, & = 4, S = 7 mm and
t = 2 mm, and its components Ex and Ez along the HV rod, flat,
rounded, and cylindrical surfaces. It is shown that the field is nor-
mal at the surface of the HV rod (Ex = 0, Ez = 0 at flat and cylindrical
parts, respectively).

The field E is uniform at the flat portion with a value of
0.6245 kV/cm for sample (a) against 0.6249 kV/cm for sample (b)
and very precisely coincides with the relation Everage = [V [ (& X G) =
0.625 kV/cm], where, Enh.x = 0.8900 kV/cm for sample (a)
against E,x = 0.8868 kV/cm for sample (b). i.e. the field enhance-
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ment factor for sample (a), & = Emax /| Eaverage = 1.425 against 1.419
for sample (b). These results show that shifting the axes affects the
uniform field by 0.06 % and E,.x by 0.36 % at the HV rod surface.

Fig. 5 (a) shows the 2D cut of the high field region in the x-z
plane where V = 10 kV; the colour plot represents the calculated
field in the surrounding gas for sample (b), (t = 2 mm correspond-
ing to S = 7 mm). Potential and electric field distribution is calcu-
lated using Egs. (9-12).

Normality for potential contours and field lines at the intersec-
tion points is achieved. Fig. 5 (b) shows the electric field calcula-
tion, E, along the solid dielectric surface at V = 10 kV for sample
(a), (t =9 mm, and t = 2 mm), as well as sample (b), (t = 2 mm).
By shifting the axes distance S = 7 mm, Emax increased from
3.93 to 13.57 kV/cm, at the same V, with a subsequent decrease
of the COV. For aligned axes, a decrease of the dielectric thickness,
t, from 9 to 2 mm causes an enhancement of the electric field from
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Fig. 4. Electric field distribution along the surface of the HV rod for sample (b), along the flat and rounded parts, (b) along the cylindrical part.
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Fig. 5. (a) The 2D cut of the high field region - distribution of equipotential contours and field lines near the dielectric surface, for sample (b) at V = 10 kV. (b) E for samples (a),
(t=9 mm and t = 2 mm) and for sample (b), t = 2 mm. (c) E for sample (b), t = 2 mm compared with that obtained by COMSOL 5.2 [1].

3.93 t0 9.79 kV/cm at the same V with a subsequent decrease of the
COV. Fig. 5 (c) shows the calculated electric field along the surface
of the solid dielectric, for sample (b), at V=10KkV, &, =4, S =7 mm,
R =17.5 mm, and r = 8.5 mm, compared with the calculated values
obtained before using software COMSOL 5.2 [1]. The maximum cal-
culated field value is 13.565 against the previously calculated value
of 13.563 kV/cm [1], i.e., they are nearly equal. This value is located
at point m, shown in Fig. 3 (a), over the solid dielectric surface.
Fig. 6 shows the maximum p.u. field along solid dielectric sur-
face related to the average field, (V/G), at G = 4 and 8 mm and &,

(p.u.)1.0

0.0

Fig. 6. Calculated maximum p.u. field along solid dielectric surface related to the
average field V/G, for sample (b), against t, (S = 9- t mm).

of 2, 4 and 6, for sample (b), against t corresponding to varying val-
ues of S, (=9-t mm). The maximum p.u. field over the dielectric sur-
face is less than the average for different values of t, S, G or &,.
Positioning the electrodes closer to each other results in a higher
electric field around the HV rod and a lower maximum p.u. field
along the dielectric surface, corresponding to a higher maximum
field over its surface, reducing COV. The increase of t (i.e. the
decrease of S) and the decrease of ¢, cause a reduction in the max-
imum electric field, with an increase in the COV. (i.e. the best
dielectric performance).

3.3. Breakdown voltage for Rod-Rod gap without solid Dielectric

For the studied rod-rod gap without solid dielectric, the field
enhancement factor & equals 1.425. So, the electric field is nearly
uniform, and BD occurs directly [25]. The streamer inception crite-
rion is used to calculate the breakdown voltage (BDV) of the rod-
rod gap without solid dielectric. The peak voltage value of the
HV AC cycle at which the first sustained discharge appears is
referred to as the BDV. BDV is calculated for different SFg-N, mix-
tures. The critical avalanche initiates at the maximum field point of
the grounded rod and grows at the maximum field path towards
the HV rod.

3.4. Positive corona onset voltage (COV) over the solid dielectric
Cylinder

The peak voltage value of the HV AC cycle at which the first sus-
tained discharge appears is referred to as COV. COV is calculated
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for different electronegative (SFs, SFs-N, mixtures, air, and CO,)
and electropositive (N, and argon) gases. The equivalencies
between the COV of SFg and the proposed SFg-N, mixtures were
performed to allow confident use as alternative insulation to SFg.

3.4.1. Influence of encasing rod-rod gap with solid dielectric on Emax
at COV for shifted axes sample

Fig. 7 shows the calculated maximum electric field over the
solid dielectric for sample (b), (R =9 mm, r = 8.5 mm, S = 7 mm,
G =4 mm and g, = 4), and the same gap without the solid dielectric
at streamer inception voltage in the surrounding N, and SFg gases
against pressure. For N, gas at one bar, Emax values, 47.86 and
48.59 kV/cm are obtained by the present calculations and by COM-
SOL 5.2 [1], respectively, at COV of 32.7 kV, against (35.25 and
34.78 kV/cm) at BDV of 14.1 kV for the same gap without the solid
dielectric. i.e. for sample (b), for N, gas, Emax is higher by about 36
%, and COV is higher than BDV without solid dielectric by about
132 % for present calculations. The current calculations for SFg
gas at one bar, Emax, are (105.82, 97.25 kV/cm), at COV of
72.3 kV and BDV of 39.9 kV, with and without solid dielectric,
respectively. i.e. Emax for SFg is higher by about 9%, and COV is
higher than BDV without solid dielectric by 81 %. The field results
over the solid dielectric surface agree well with previously pub-
lished N, gas values; the maximum error does not exceed 1.5%.
The calculated Emax at COV present a linear increase with the
increase in gas pressure, and its value is always higher than Emax
at BDV without the solid dielectric. Surface processes which may
influence streamer inception are the attachment of free electrons
or photoemission processes by the dielectric surface. The solid
dielectric suppresses the growth of an avalanche compared to its
growth in bulk gas with a subsequent increase of COV. It is proved
that the maximum electric field required for streamer inception
along the dielectric surface surrounded by N, or SFg is larger than
that of the bulk gas alone [1].

3.4.2. Influence of gas pressure on COV in case of shifted axes sample

Fig. 8 (a) shows the present calculated COV compared with
those measured [1] for different gases at p in the range 0.1-
1 bar, for sample (b) (R = 175 mm, r = 85 mm, S = 7 mm,
G =4 mm and &, = 4). The COV results of SF6 have the highest val-
ues, while those of argon are the lowest. The COV values of air, CO,
and N2 do not show significant differences. Error bars for N2, air,
and CO, were in the range of (10-15) % [1]. The calculated COV val-
ues present a linear increase with the increase in gas pressure in all
gases. The calculated values agree well with a maximum error of

120  m N2 -Using COMSOL 5.2 (w/ dielectric) [1]
® N2 -Using COMSOL 5.2 (w/o dielectric) [1]
————— N2 - Present work (w/ dielectric) -
[ — — N2 - Present work (w/o dielectric) S
— - =SF6 - Present work (w/ dielectric) e /_ ,,,,
=80 b SF6 - Present work (w/o dielectric) Lo e
§ -, / .....
> PRt
2 Pt
et
g - '-'/':.. l—""
m 40 ‘f{.:-" _.____j——"
o I Tigd o——*
~ Ll — -
B g — &
’;—‘J
0 L L L ) L
0 0.2 0.4 0.6 0.8 1
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Fig. 7. Calculation of maximum electric field over the solid dielectric of sample (b),
for gases N, and SFg at COV and BDV with and without solid dielectric, respectively,
compared with those obtained by COMSOL 5.2 [1] in case of Ny,
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less than 10 % from published measured values [1]. Fig. 8 (b) shows
the calculated COV values for different SFg- N, gas mixtures com-
pared to practical values [1], for sample (b) (S = 7 mm,
t = 2 mm). The COV values increase linearly with an increase in
pressure for all gas mixtures. The calculated COV values over the
solid dielectric surface show a good agreement with a maximum
error of less than 10 % from previously measured values.

Fig. 9 shows the calculated COV values over the solid dielectric
surface and the BDV of the rod-rod gap without solid dielectric
against SFg percentage content at different pressures for sample
(b), (R=9 mm, r=285mm,S =7 mm and &, = 4). The COV values
increase with the increased SFg gas content in the gas mixture. The
rate of increase starts to reduce at a certain content (20%) and
tends to saturate in the 80% —100% range. COV values for gases
SFs, N, and SFg - N, mixture increase directly as gas pressure
increases. The COV of the gas mixture should be the weighted
value of each gas’s partial pressure or volume ratio. However, the
DIV values of the SFs - N, mixture are higher than the linear com-
bination of those of SFg and N,. This phenomenon in gas mixtures
is called the synergistic effect. The strongest synergistic effect
occurs when the percentage content of SFg lies between 20% and
30%, as previously mentioned [34].

3.4.3. Influence of gas pressure on COV in case of common axis sample

The streamer criterion fails to accurately predict the COV at p
higher than 3 bar, for strongly electronegative gases and their mix-
tures with other gases [18]. Hence, the COV is calculated using
streamer criterion up to 3 bars for standard gas mixture option
50% SFg + 50% N, [11] and the strongest synergistic 20%
SFs + 80% N, mixtures [34] for comparison against COV of pure
SFg and pure Ny,

Fig. 10 shows how the calculated COV over the solid dielectric
surface for the common axis, sample (a), (r = 85 mm,
R =175 mm, G = 4 mm and ¢; = 4), increases with the increase
in gas pressure. Both COV and BDV values increase as the gas pres-
sure increases. The equivalencies between the COV of SFg and the
proposed SFs- N, mixtures to allow confident use as alternative
insulation to SFg are shown in the figure. At constant pressure,
2.5 bar, those mixtures of 50% SFs + 50% N, and 20% SFs + 80%
N, have 0.86 and 0.69, respectively, of the COV for pure SFs. To
reach the same COV with pure SFg, the pressure of the SFg- N, mix-
ture should increase, as shown in the figure. Mixtures of equal
amounts of SFg and N, at 2.5 bars exhibit the same COV as pure
SFs when operated at 15% higher pressure, as shown in the figure
and as mentioned before [11]. In addition, it has 0.86 the dielectric
strength of pure SFg at the same pressure, which is nearly equal to
the published value for bulk gas in a uniform field at few bars,
(=0.88) [11].

3.4.4. Influence of dielectric thickness on COV in case of common axis
sample

Fig. 11 shows how calculated COV values over the solid dielec-
tric surface for the aligned axis, (sample (a)), increase with the
increase in dielectric thickness, t at one bar. COV values increase
as the dielectric thickness, t, increases. The equivalencies between
the COV of SFg and the proposed SFg-N, mixtures to allow confi-
dent use as alternative insulation to SFg are obtained from the
shown figure. At constant dielectric thickness, t = 5 mm, COV of
SFs = 133.6 kV, COV of mixtures of 50% SFs + 50% N, and 20%
SFs + 80% N, related to COV of SFg are 0.81 and 0.7, respectively.
To reach the same COV with pure SFg, the dielectric thickness, t,
for the two mixtures should increase to 6.45 and 7.75 mm, respec-
tively. The calculated BDV values without solid dielectric are also
shown at the extension of COV relations.
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Fig. 11. Calculated COV for sample (a), against t at p = 1 bar, r = 8.5 mm, G = 4 mm,
g, = 4, and BDV without solid dielectric.

4. Conclusion

The presented analysis calculates the electric field accurately
for a rod-rod gap and rod-rod gaps encased with a solid dielectric
cylinder with a common axis and axes offset by a distance. Posi-
tioning the rods closer to each other results in a higher maximum
field along the solid dielectric surface, reducing the COV. The shift
in rod-rod gap-axis out from the dielectric cylinder axis also causes
an electric field enhancement, with a subsequent decrease of the
COV. As the solid dielectric thickness increases and the relative
permittivity decreases, the lowest value of the maximum electric
field is obtained, and the COV increases (i.e. best dielectric perfor-
mance). It is proved that the electric field required for streamer
inception along the dielectric surface where the surrounding gas
is N, or SFg is larger than in bulk gas alone, corresponding to higher
COV than BDV without the solid dielectric. The field results over
the solid dielectric surface agree well with previously published
values; the maximum error does not exceed 1.5%. The calculated
COV values present a linear increase with an increase in gas pres-
sure or dielectric thickness. The calculated COV values agree well
with the published measured values where the maximum devia-
tion does not exceed 10%. The equivalencies between the COV of
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SFs and the proposed SFs - N, mixture are investigated to allow
confident use as alternative insulation to SFg in the presence of a
solid dielectric cylinder. The amount of SFs using 50% SFs - 50%
N, mixture as a surrounding gas to cylindrical solid dielectric
encasing stressed rod-rod gap can be reduced significantly without
losing much dielectric strength.
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