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ABSTRACT

Thermal reignition performance data for a two pressure SF, model interrupter
are presented with peak currents in ihe range 45-60 kKA. Two different nozzle
materials and two different test circuit configurations have been used. The results
show a strong correlatioq between a premature degradation in interrupter failure and
the presence of tungsten particles produced from the upstream contact and present in
the contact gap during the current zero period. The relevance of these considerations
to contact designs commonly used in various high voltage circﬁit breakers is

discussed.
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[. INTRODUCTION

The circuit breaking perfoﬁnzince of gas blast iﬁterrupters ié knpwny to 'be
strongly dependent on the conditions prevailing in the interrupter nozzle during the
current zero period of the fault current waveform. This paper relates to the sthdy of
such conditions in an interrupter operating at typical fault currents of 45-60 kA peak.
The intention of this study is to distinguish between a number of the various
fundamental processes which occur in order to assess their influence on performance.
The conditions investigated include both sinuspida] and ramp simulation current
waveforms, of 56 kA peak and 1.5 kA r‘espectively, with both coppér and PTFE
(Polytetra fluroethelene) nozzles in a two pressure SF, device. The
measurements presented are those of curreﬁt, voltage and gas pressure distrib-
ulioﬁ along the ﬁozzle length.  Other measurementsAquoted include thermal
recovery performance data (in the form of log dv/dt versus log di/dt curves), In
particular, circuit breaker performance for a reduced power ramp circuit is compared
with that obtained for a full power circuit. This comparison enables the effect of
peak arc current on circuit breaker performance to be demonstrated and indicates that
early performance degradation may occur if suitable precautions for reducing

particulate material ejected from the contacts are not taken.

2. EXPERIMENTAL CONDITIONS

Exberimental results have been obtéinéd from a series of lests on a two
pressure SF; monoblast circuit breaker having the nozzle configuration shown in
figure 1. Also shown in this figure are the positiibnvs”of‘the pressure measurement
sites. Current measurement was by means of a coaxial 0.2 mQ shunt in series with

the interrupter. Voltage measurement was made using a Tektronix type P6015 high
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vdltage probei éonneéte;i to the upétfeam elécirode. All transient measurements were
captured via fast ADC’S uéing a-data acQuisition system automated using a
miniéomputer. Further details of the measurement procedure are given in the
references [1-3].
The thermal reignition performance of the circuit breaker was determined

for both PTFE and copper nozzles under full power test conditions were achieved by
means of a conventional LC ringing circuit operating at both 53 and 78 Hz for peak
‘currents up to 65 kA. In each case the nozzle profile and electrode material
(elkonite) were the same for each test condition. To ascertain the effect of such high
current arcingA upon the thermal reignition performance of an ihterrupter the
performance of the nozzle was compared under both full sinewave conditions
(described above) and reduced power conditions using a steady 1.5 kA current
ramped to zero at various di/dt rates. By setting the current decay rate prior to
current zero to a value which corresponds with. the rate for a high current half
sinusoidal waveform fuli power performance is simulated without exposing the circuit
breaker to the peak current. Since the short circuit testing of high voltage circuit
breakers is both tim(;, consuming and expensive, the use of this simplified procedure

with reduced power levels is attractive particularly for research investigations [4].

3. EXPERIMENTAL RESULTS

Figure 2 shows the measuréd arc voltage, current and pressure for the case
when the nozzle material waé copper and for a peak current of 56 kA :it a current
waveform frequency of 78 Hz[8)The results show pressure increases which are
pfoduced by the inéreased flow impedance caused by the reduction in effective area

of the nozzle as the arc cross-section expands in sympathy with the current waveform.
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For this reason the pressure rises are greatest at sites P2 and P3 which are
immediately upstream and downstream of the nozzle throat where the nozzle cross-
section is a minimum. The main pressure transients are c_omﬁlete by 5.5 ms leaiiing
to flow recovery before current zero. The results for arc voltage indicate a reduction
after 2 ms and a recovery again after 5.5 ms of the current waveform corresponding
to the duration of the pressure perturbations. This is also indicative of full nozzle
blocking with the arc partially short circuited via the metal nozzle. Figure 3 shows
_corresponding measurements for the arc voltage, current and pressure in the case of
a PTFE nozzle with a peak current of 48 kA. The results are similar to the éopper
nozzle except that in this case there is no drop in voltage midwaveform. Also the
observed pressure transients have a greater amplitude. It is noteworthy that for both
nozzles the maximum pressure occurs at 3 ms after arc initiation and that for the
PTFE nozzle P,,, 5 bar which is appoximtately twice that for the copper nozzle ( 2.5
bar).

The results for thermal reignition performance are shown on ﬁgurés 4,5,6
Figure 4 shows the post-current zero dv/dt versus the pre-current zeré di/dt
performance data for the model circuit breaker with both PTFE and copper nozzles.
Conditions under which the test head cleared and failed to clear are distinguished so
that a critical performance band may be established separating the 100% clearance
probability from the 100% failure probability. Comparison of the two curves shows
that the cépper nozzle produces a similar perfbrmance to that of the PTFE nozzle.
Figure 5 shows the corresponding thermal performance results for the reduced power
simulation case with a 1.5 kA current ramped to zero. Resuits for both PTFE and
copper nozzles are again shown. The performance of the two nozzles is similar and

satisfies the relationship:-
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dv/dt = 3.3 x 10° (dirdt)™*

with dV/dt and di/dt in kV/ps and A/us respectively.

4. DISCUSSION OF RESULTS

The results of figures 2-5 show a number interrelated features. For instance
the pressure measurements of figures 2 and 3 suggest that substantial nozzle blocking
OCCurs. ' However the voltage measurements with the Cu and PTFE nozzles are

- different. Inspection of the thermal performance characteristics of figures 5 and 6
show nozzle material related effects which. are absent for the reduced power, ramped
effects. A corﬁparison of the performance data for the two test methods is shown in
figure 6. In this case for di/dt > = 20 Alps there is increasing deviation between
the sinewave and ramp results with full power sinewave performance becoming
increasingly inferior as the di/dt increases. The mean of the critical performance
band in the full power case is well represented b);:—

dv/dt = 4.6 x 109 (di/dt)”?

It is not surprising that there should be a performance difference between the
full and reduced pow;rer effects in view of the nozzle blocking implied by the results
of figures 2 and 3. However these latter results suggest that such performance
altering effects should have cleared before the initial thermal recovery period.
Therefore alternative explanations are needed for the results trends observed. Indeed
such flow perturbation effects are utilised to improve performance in puffer and self
pressurising circuit breakers.

In order to examine the reasons for this anomaly a more detailed inspection
of plasma spectroscopy results during tﬁe current zero »region reported by El Kholy

[5] has been made. These results are for arcing to tungsten copper contacts as in the
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present case and the results show that the current zero spectra may be of one of
two types:-

@) those showing strong copper emission lines only

(ii)  those showing both copper and tungsten lines.

The appearance of the tungsten lines at i=0 in certain current ranges have been
shown td be random [5]. By exploring in an approximate manner the statistics of
clear/fail during the thermal recovery period, comparisons may be made with the
“occurrence or otherwise of tungsten lines at current zero. The results show a strong
correlation between thermal reignition failure and the occurrence of the tungsten IineS
in that in the vpost current zero- plasma of those arcs which reignited (i.e. the
interrupter failed), tungsten lines are always present. It is noteworthy that:

@) the di/dt (and hence peak current) at which failure becomes persistent
corresponds to that at which tungsten lines become persistent,

(ii)  if the gas pressure is increased then the d'i/dt for persistent failure increases
as does the di/dt for per;v;istent tungsten appearanée - the correlation between the two
phenomena being high.

The results -p‘resented above have implications for the operation of puffer and
self-pressurising circuit breakers. With duo flow operation contact material
entrainment into the main arc gap is believed to be reduced. However operation in
certain types of puffer modes and even more so in a self-pressurising mode leads to
severe nozzle blocking, both in the. main and subsidiary -(hollow contact) nozzles and
generates backflows. The importance and relevance of duo flow operation in
removing erroded contact material under such conditions could therefore be limited

rm the light of these results. The effect in real interrupter units of contact separation.

- during different points on wave and the associated erosion particularly with heavy-
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fault current arcs could in principle exacerbate the situation. However, experiments
performed on a commercial puffer breaker [6] using optical fibres to monitor the
spectral content of light emitted from. the arc in the nozzle indicate that proper
interrupter design appears to successfully overcome these difficulties with
conventional puffer operation. Although these results do show the presence of copper
emission within the throat of a PTFE nozzle (possibly due to the remnant effects of
contact movement past the observation point), nonetheless the metallic emission
_vanishes before current zero for a point on wave switching at the bgginning of a
current half cycle. Furthermore there is no pronounced increase in the metallic
emission when the peak current is increased from 10 to 60 kA peak even at current
peak. Taken in conjunction with the present results this confirms that the full
performance capability of an interrupter unit is consistent with lthe absence of metallic
emission at current zero and that one performance limiting boundary is likely to be
bassociated with the persistence of particulate tungstén. Thus an adequate performance
volume might be envisaged in multi-dimensional space with tungsten particle
occurrence as one boundary.

The irregular ejection of the tungsten particles from the interrupter contact has
already been established by Siddons [7] as being due to tungsten matrix remaining
after the copper has been "leached" due to its lower melting point from the sintered
copper tungsten material. High speed frammg photographs confirm the existence of
such luminous particles at and after current zero [8]. The evidence there*fore is that
a high concentration of these particles - possibly thermionically emitting and because
of their relatively high mass retarding their acceleration with the gas flow - which is
responsible for forcing a premature degradation of the interrupter performance at

relatively low fault currents (and di/dt). It would then follow that the practice of



utilising in various types of circuit breakers may not only enhance the removal of
evaporated contact material by a coﬁnter flow but also support more diffuse arc -
contact current transfer. Such an effect is also apparent in the results for the copper
nozzle on figure 2 whereby the arc voltage is significantly lowered. Rotation of the
arc along the annular electrode of rotary arc circuit breakers is another example of

how such contact erosion and hence tungsten particle emission may be restricted [9].-

‘5. CONCLUSIONS
Pressure measurements along the wall nozzle wall of a monoblast two pressure
SF, circuit breéker clearly show that during the high current arcing-r_egim'e the
pressure distributions differ from those in the absence of arc?ng due to the blocking
(choking) effect of the arc. During the peak current phase of the fault current
waveform the blocking effects for nozzles made from different materials show
different features. The performance results presenied in this paper show that not only
does the performance of a circuit breaker deteriorate with increasing fault current
(and hence di/dt) but that this deterioration is independent of nozzle blocking provided
the nozzle has clez;red before current zero. The evidencé is that premature
Iperformance deterioration may occur not due to nozzle blocking nor the persistence
of evaporated contact material but rather due to the ejection of particulate tungsten
from the sintered copper tungsten contacts duripg the critical thermal recovery phase.
i\i;)netheless the use of hollow contacts in many circuit breaker designs may well
reduce the impact of this physical phenomenon although the justification for the use
of subh contacts may hitherto have been ascribed to quite different reasons (e.g.

contact vapoﬁr removal and duo flow effects).
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