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COM1UNI CATION

DISCHARGE ONSET VOLTAGE PREDICTION FOR A
GAS-INSULATED SYSTEM VIA THE FIGURE-OF-MERIT CONCEPT

G. C. Crichton and S. Vibholm

Physics Laboratory II
The Technical University of Denmark

Lyngby, Denmark

ABSTRACT

The accuracy of discharge onset prediction via the figure-
of-merit concept for a strongly electronegative gas is ex-

amined. A coaxial system is employed, for which the inner
electrode possesses a surface roughness of Ra=35 pm. With
SF6 as the insulating medium a reference discharge-onset
characteristic is obtained for gas pressures up to 0.8 MPa.
From a knowledge of this onset characteristic, the direct
calculation of discharge onset voltages in other strongly
electronegative gases is undertaken by utilizing the figure-
of-merit concept. For gas pressures in the range O.02<p<0.8
MPa, the voltage values predicted are found to concur with
the experimentally determined data.

INTRODUCTION

One of the notable advances in the design of power
apparatus results from the application of the electro-
negative gas SF6 as an insulating medium. A compre-
hensive review of the basic developments in this area

is available in the literature [1].

At present the dielectric properties of many other
strongly electronegative gases are under study [2,3].
This activity is given impetus by the advantages which
would accrue through the application of a gas or gas
mixture with insulation characteristics superior to
compressed SF6. Under practical conditions, and as-

suming acceptable economic and chemical behavior, this
would imply that the particular gas or gas mixture
should be less sensitive to the deleterious effects of
electrode surface roughness or moving particles upon
the withstand voltage level of the system.

For the macroscopic electrode geometries associated
with gas-insulated systems, breakdown in compressed
SF6 can be readily accounted for by the streamer
theory of breakdown [4]. In addition, the effect of
microscopic surface defects upon the system withstand
level can be understood by considering discharge grow-
th in the presence of a simple idealized model of a

rough surface [5]. It is important to note however
that the presence of a stabilizing corona can alter the
expected breakdown behavior considerably [6]. In such
cases calculations will yield only discharge onset
levels.

For practical systems, which inevitably possess a
degree of surface roughness, accurate withstand pre-
diction is precluded since a precise knowledge of the
associated field perturbations is not attainable.
Thus, at best, any protrusion model can but show the
trends to be expected in the breakdown/corona char-
acteristic [7]. This limitation with a practical sys-
tem can be circumvented by the application of a com-
parative technique based on the figure-of-merit con-
cept. [4].

If a detailed knowledge of the breakdown character-
istic of a system exists, with for example SF6 as the
insulating medium, then the figure-of-merit concept
enables the breakdown response of the system to be de-
duced for other gases. Rapid assessment of the select-
ed replacement gases is then made possible, which per-
mits gases of particular merit to be identified readily
prior to undertaking additional laboratory tests.
Figure-of-merit data for a reasonable number of elec-
tronegative gases and gas mixtures are available in
the literature [8,9,10].

In the present Communication, an experimental veri-
fication of the technique is undertaken using gases
and gas mixtures selected to allow an examination of
the concept over a significant range. A coaxial elec-
trode arrangement with a controlled degree of surface
roughness is utilized, and a reference discharge char-
acteristic for this system is obtained with SF6 as the
insulating medium. Discharge onset levels for both
electrically stronger and weaker gases are thereafter
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computed from this reference characteristic and the re-
sults are compared with experimentally derived data.

DISCHARGE ONSET CALCULATIONS

As mentioned above, the influence of electrode sur-
face roughness on the electrical withstand level of a
system can be deduced by examining the breakdown char-
acteristics of simple protrusion models. Such analyses
indicate that the practical dielectric behavior of the
gas is effectively represented by one specific para-
meter ratio. The existence of this common ratio led
Pedersen to propose that it could be used as a figure-
of-merit [11] for strongly electronegative gases, as
the values would reflect the sensitivity of each gas to
electrode surface defects. In addition, this figure-
of-merit M is shown to be re-definable in terms of more
simple quantities related to the linear part of the
Paschen breakdown curve; viz.

M _ UO(E/P)l im,

where, for this part of the Paschen curve, the break-
down voltage Us can be expressed as

Us = UO + (E/p)iim pd (2)

For strongly electronegative gases or gas mixtures, U.
is observed to be a linear function of the parameter
pd for values well above the Paschen minimum [8,9,10].

Furthermore it became evident that, through the
figure-of-merit, breakdown or corona onset voltages in
a practical electrode system could be calculated for
any gas or gas mixture, provided that a reference dis-
charge characteristic was available for that system
[4]. In short, if in the same electrode system the dis-
charge onset levels UA and UB of two gases A and B are
uniquely connected to electron avalanche growth along
a particular line of force, then in such a situation
discharge onset in gas A is related uniquely to onset
in gas B; viz.

UA (PA) =MA (EA/PA) Lim UB (PB) (3)

with

PA = (MA/MB) PB (4)

p is gas pressure and (E/p) rim is the limiting field
value below which ionizing growth is absent. Conse-
quently, from a knowledge of the functional dependence
of UA with PA, the construction of a discharge onset
characteristic for another gas becomes a simple matter.

APPARATUS AND EXPERIMENTAL TECHNIQUE

The experimental assembly consists of a cylindrical
coaxial electrode arrangement. The inner electrode has
a radius of 11.0 mm and the inter-electrode spacing is
19.0 mm. The axial length of the constant-curvature
section of the outer electrode is 80 mm and that of the
inner 450 mm. The overall length of the outer elec-
trode is 160 mm. For the highly stressed inner elec-
trode various surface roughness Ra values [12] in the
range 0.1 to 35 pm can be made available although in
these preliminary studies surfaces are restricted to
Ra=35 pm. This represents a sensible upper limit for a

practical system and does not violate the concept of a

microscopic perturbation [13]. In addition, this geo-

metry allows the phenomenon of corona stabilization to

be exploited over a considerable pressure range [6]
such that, with the absence of sparking, possible
changes in surface topology are minimized. As discuss-
ed, this latter aspect is a crucial factor in the for-
mulation of the comparative approach.

The surface finish of the inner electrodes was pro-
duced by a turning process, following which the respec-
tive Ra values were determined. Thereafter, but before
mounting in the pressure vessel, the electrodes were
cleaned in an ultrasonic bath. The vessel was subse-
quently evacuated to a pressure of -1 Pa for a period
of several hours before filling with the desired gas.
Mixtures were allowed approximately 24 hours to achieve
a uniform composition prior to measurement. Gas tem-
peratures were in all cases 19.60C.

Voltages were obtained from a stabilized, SF6-insula-
ted dc generator, 300 kV/3 mA, and monitored by means
of a high precision, high resolution 300 kV measuring
system based on a current compensation technique [14].
Discharge onset current pulses were detected oscillo-
graphically, and the associated voltage levels were re-
corded for negative polarity conditions in SF6, C2ClF5,
l,2-C2C12F4 and an 80/20% SF6/N2 mixture. In the case
of the mixture, N2 was admitted first to the pressure
vessel. No artificial irradiation was employed, and
the applied voltage was raised at -1 kV/min. The term
discharge onset describes the appearance of individual
avalanche formations, recorded as discharge current
bursts of peak magnitude I10.1 pA and duration t-2 ms.

For each gas selected, voltage measurements were com-
menced at the highest gas pressure, the rarnae of wlhich
can be determined from a knowledge of the relevant M4
values. Voltage/pressure characteristi-cs were obtained
with a clean electrode mounted at the start of each
series. In order to obtain a well-defined cdischarge
onset, each electrode was conditioned initially by run-
ning a stabilizing-corona (<I> 100 pA) at the highest
gas pressure for a period of -3 min. An SF6 control
run commenced and terminated eaclh series. This was
deemed necessary since the surface topology could
change due to sparking at the lower pressures where
corona stabilization is lost. Any changes of this
nature would invalidate the comparison. The circuit
energy available was limited in all cases to <50 mJ.

RESULT'S AND DISCUSSION

The first requirement is to obtain-i for the selected
electrode and reference gas a voltage/pressuire char-
acteristic for discharge onset. SF6 i. selected as the
reference with (Ep)Zim and Md sensibly conistant over
the anticipated pressure range; the values are 88.6, kV/
kPa.m) and 0.004 kPa-m, respectively. The SF6 pressure
range required to be stuaied depends on the M of the
replacement gas under consideration. For example if
its M value is less tliain that for SF6 (e.g. -0.5 M(1F6)),
and if its vapor pressure at the ambient temperature is
<0.2 MPa, then SF6 need only be studied at relatively
moderate pressures; viz. 0.05<p<0.5 MPa [4]. As men-
tioned in [4] gas compressibility effects can be accom-
modated, but for the gases under consideration in the
present study corrections of this nature in [41 will be
no more than -1% over the aniticipated pressure range.

The results for discharge onset voltage levels in SF6
as a function of gas pressure for two electrodes having
Ra-35 pm are shown in Fig. 1. In addition to the ex-
pected reduction in withstand levels due to surface
roughness, a deviation between the recorded data sets
is in evidence as gas pressures exceed 0.15 MPa. The
repeatability of these data is better than 1%.
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Fig. 1: Lischarge onset voltage U in SF6 as a
function of gas pressure p. Ra=35 pm; T-293 K.
A and B are the reference onset characteristics
obtained with electrodes having nominally equal
Ra. M=0.0040 k1Pam; (E/p)iim = 88.6 kV/(kPa*m).

As discussed in [7] the extent of a reduction on on-
set levels brought about by a rough surface depends on
the fraction of the total electron avalanche develop-
ment which occurs in the perturbed field region. From
an examination of simple models a transition at
RaPcrit-5 Pa-m is expected for SF6 [15] which agrees
with the present observations. The extent of the de-
viation at any one pressure is controlled thereafter by
the field distribution associated with each particular
protrusion. Hence for a constant Ra the starting point
of the deviation indicates the existence of two dis-
tinct pressure domains, and for two nominally identical
surfaces (equal Ra) differing field distributions.
Consequently, as an expression for the discharge onset
voltage as a function of the SF6 gas pressure is re-
quired for each characteristic, it is expedient to sub-
divide each data set into two groups with Pcrit as the
common limit. For third-order polynomials correlation
coefficients of 0.9999 are then readily achieved with
standard deviations of less than 1%.
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Fig. 2: Discharge onset voZtage U in C2C12F4 as a
function of gas pressure p. Ra=35 pm; T-293 K.
M=0. 0019 kPa-m; (E/p)Zi7=149. 2 kV/.(kPa-m).
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The results for 1,2-C2C12F4, C2ClF5 and an 80/20%
SF6/N2 mixture are presented in Figs. 2 to 4, together
with the relevant gas data; see also [8,9,10]. These
particular gases were selected on the basis of

(a) 1,2-C2C12F4, low M but high (E/p)lim;

(b) C2ClFS, single gas, M and (E/p)jim comparable with
SF6; and

(c) 80/20% SF6/N2, binary mixture, M and (E/p)Zim
values comparable with SF6.

Fig. 3: Discharge onset voZtage U in C2CZF5 as a
function of gas pressure p. Ra=35 pm; T-293 K.
M=0.0036 kPa*m; (E/p)JZipflO3.6 kV/(kPa*m).

The data of curve A, Fig. 1, form the basis for the
calculated values displayed in Figs. 2 and 3. The
curve B data relate to Fig. 4. Agreement to within
better than +10% of the measured values is achieved,
with the main deviation occurring in the C2ClFs results.
The calculated values in this case may be less reliable
at the higher pressures due to a pressure dependence of
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Dfscharge onset voltage U in 80% SF6/20%
a function of gas pressure p. Ra-35 lwm;
K. M=0.0042 kPa m; (E/p)Zim=85.2 kV/f1kPamJ).

M acl (EP)Lim. In our laboratory the measurement of

M anda (E/p)Zim are restricted to gas pressures of <0.1
\IPa riiaximum. The vertical bar in Fig. 3 indicates a

calcuclated lower limit based on an extrapolation from
tliese low-pressure data. It should be noted, however,
tvat the product M (E/p)iim=Uo remains relatively in-
scisitive to changes in gas pressure.

linese preliminary studies indicate that for a surface
roughness environment the figure-of-merit concept forms
a promisilai, basis for the evaluation of a new gas or

gas .ixxture. However, it would be more satisfactory if
Al anid UZ data could be obtained for gas pressures

witii`n tiie range of practical interest, viz. 0.1 to 1
MPa, since the majority of strongly electronegative
gases aie far from ideal.

Figure-of-merit studies should also be extended to

systems where the macroscopic geometry forms the main
basis for comparison, since the perturbed fields gen-

erated by surface roughness will in certain situations
be of secondary importance.

CONCLUS IONS

The figure-of-merit concept for a strongly electro-
negative gas has been examined for a coaxial electrode

system possessing a rough surface (Ra=35 ,um). The nec-

essary reference discharge-characteristic is obtained
with SF6 as the insulating medium, for gas pressures

in the range 0.02<p<0.8 MPa. Based on this reference
characteristic, discharge onset levels in selected re-

placement gases have been directly computed through
application of the relevant figure-of-merit data.
These predicted levels are observed to agree to within
better than +10% of those determined experimentally,
and thus the soundness of the concept is confirmed.

The application of this technique could reduce sub-

stantially the number of laboratory tests required to

be undertaken to evaluate fully the insulating behavior
of a proposed replacement gas or gas mixture.

Finally, it should be noted that the figure-of-merit
approach encompasses the streamer breakdown criterion,
and consequently its application to discharge onset

data obtained under impulse conditions must be treated

with reservation owing to the inevitable statistical
timelag associated with the occurrence of the initiatory
electron.
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