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Abstract

A theory is presented for the development of streamers from a positive point in atmospheric
air. The continuity equations for electrons, positive ions, and negative ions are solved
simultaneously with Poisson’s equation. For an applied voltage of 20 kV across a 20 mm gap,
streamers are predicted to cross the gap in 26 ns, and the calculated streamer velocities are in
fair agreement with experiment. When the gap is increased to 50 mm for the same voltage,
the streamer is predicted not to reach the cathode. In this case an intense electric field front
rapidly propagates about 35 mm into the gap in 200 ns. For a further 9-5 us the streamer
slowly moves into the gap, until the electric field at the head of the streamer collapses, and
the streamer front stops moving. Finally, only positive space-charge remains; this moves
away from the point, allowing the field near the point to recover, giving rise to a secondary
discharge near the anode. The electric field distribution is shown to be quite different from
that found previously for SFe; this is explained by the much lower attachment coefficient in
air compared with that in SF¢. These results show that streamers in air have a far greater
range than streamers in SFe. This greater range cannot be explained by comparison of the
values of E*, the electric field at which ionisation equals attachment.

1. Introduction

Air and SFg are both used as electrical insulating gases. In both gases
the sequence of events leading to electrical breakdown is: (1) the formation of
an electron avalanche with sufficient space-charge to distort the electric field
and initiate streamer formation; (2) the propagation of a streamer all the way
across the gap between the electrodes; and (3) the heating of the gas in the
streamer channel to form a highly conducting channel which will either lead to
the formation of a high current electric arc, or the collapse of the gap voltage if
the power supply cannot provide the large current required for an arc.

The relative dielectric strengths of each gas are generally discussed by: (1)
comparing their material properties in each gas, for example, the balance between
ionisation rates and attachment rates; or (2) by examining the dynamics of
the formation of a critical avalanche which leads to the formation of streamers
(Pedesen 1970). However, the actual dynamics of streamer propagation are quite
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different in each gas, and far greater insight is obtained by comparing the streamer
mechanism in air with that in SFg.

When a positive voltage, applied to a wire in air, is increased slowly, the first
corona phenomena observed are short positive onset streamers confined close to
the wire, followed rapidly by the formation of the ‘Hermstein Glow’ (Cross and
Beattie 1980), an apparently continuous glow corona uniformly covering the wire.
However, when the positive voltage is raised on a sub-microsecond time scale, the
onset streamers grow into full streamers which can propagate all the way across
the gap. This streamer channel bridging the gap can rapidly become a highly
conducting spark which leads to complete electrical breakdown (Marode et al.
1979). It is this kind of streamer which is used to remove pollutants from flue
gases (Masuda and Nakao 1990). Similar streamer phenomena occur in SFg in
response to dc and impulse applied voltages (Ibraham and Farish 1980; Wiegart
et al. 1988).

A theory is presented for the development of streamers from the positive point
of a point-plane gap in air at atmospheric pressure, and a comparison is made
with previous results for SFg. Two cases are presented for air, one in which the
streamer crosses the gap to the cathode, and a second case in which the streamer
fails to reach the cathode. Both cases agree well with available experimental
data, and reveal new features of streamer physics; in particular, the range of
streamers in air is found to be far greater than in SFg due to the effect of
attachment on the electric field distribution in the streamer channel.

2. Theory

The streamers are constrained to move down a 100 pm channel, allowing
one-dimensional electron and ion dynamics to be used, while the electric field is
computed in two dimensions by solving Poisson’s equation. The electron, positive
ion and negative ion continuity equations, including ionisation, attachment,
recombination and photoionisation are solved simultaneously with Poisson’s
equation to give distributions of electron and ion densities and of the electric
field.

The coupled continuity equations for electrons, positive ions, and negative ions
are:
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where t is the time, z is the distance from the anode, and N, N, and N,, are the
electron, positive-ion and negative-ion densities respectively, while W,, W, and
W,, are the electron, positive-ion and negative-ion drift velocities respectively.
The symbols a, 1, 3 and D denote the ionisation, attachment, recombination
and electron diffusion. The term S is the source term due to photoionisation.
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Poisson’s equation is

V'E=§(Np—Ne_Nn)1 (4)

where € is the dielectric constant, and e the electron charge.

The data for the material properties of air and of flue gas mixtures (i.e.
a, 1, We, D) come from our own calculations (Lowke and Morrow 1995). We
find that differences in the material functions between air and flue gas are not
significant so that our calculations apply equally well to air or flue gas. We use
the photoionisation data of Penney and Hummert (1970) for air, and also their
method of calculating photoionisation densities (see their equation 2).

The numerical methods used to solve the continuity equations have been
described in detail elsewhere (Morrow and Noye 1992; Morrow 1991a). However,
we have found that serious errors arise from using the disc method (Davies and
Evans 1967) to compute the electric field for the case of air with streamers
crossing the entire gap. Thus a successive over relaxation (SOR) method has
been employed, which like the disc method gives a two-dimensional representation
of the electric potential ¢ (with azimuthal symmetry). As with the initial work
of Davies et al. (1971), our method uses one-dimensional continuity equations
with a two-dimensional Poisson equation to give gross features of the physics.
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Fig. 1. Equipotential contours, at 1 kV intervals, for a 20 mm gap in air with 20 kV applied,
showing the streamer development after 12-5 ns.
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3. Results

Results are presented for the development of streamers from the positive point
of a point-plane gap in air or flue gas at atmospheric pressure, and these results
are compared with results in SFg for similar conditions (Morrow 1991a, 1991b).
The point is a hyperboloid with an ~1 mm radius of curvature at the tip. A
gap of 20 mm or 50 mm is used, with an applied voltage of 20 kV.

For a 20 mm gap streamers are initiated by the release of ~100 electron—ion
pairs near the anode, and within 12-5 ns the streamer develops and is more than
halfway across the gap, as shown in Fig. 1; the streamer can be seen to distort
the equipotential surfaces as it ‘pushes’ towards the cathode. The progress of
the streamer can be charted by computing the electric field E = —V¢ along the
central axis of the system, as shown in Fig. 2. After 26 ns the streamer reaches
the anode.
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Fig. 2. Electric field distributions computed along the centre
line of the potential distributions of the type shown in Fig. 1,
at various times shown in ns.

During the streamer’s progress the streamer velocity changes considerably,
as shown in Fig. 3. These results are in good qualitative agreement with the
experimental results of Creyghton et al. (1992) (reproduced in Fig. 4) particularly
the final velocity of 5x 10° ms™!. (A separate figure is used for Creyghton’s results
because the experimental conditions differ significantly from our computational
conditions.) Creyghton used two optical fibres at different axial positions to
measure the arrival times of the streamer front and thus the streamer velocity.

For a 50 mm gap in air, as shown in Fig. 5, three distinct phases of streamer
development can be identified:

(1) a rapid streamer propagation phase, during which an intense electric field

front propagates rapidly away from the point into the gap, slows down,
and stops about 3-5 cm from the point after 200 ns;
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Fig. 3. Computed streamer velocity versus position in air, for

a 20 mm gap with 20 kV applied.
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Fig. 4.

Measured streamer velocity versus position in air, for

a 35 mm gap with 25 kV applied (reproduced from Creyghton

et al. 1992).

a streamer channel decay phase, during which a slow evolution of electron
and ion densities takes place for a further 2-0 us eventually leaving only
a net positive space-charge, accompanied by the gradual collapse of the

electric field at the head;
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Fig. 5. Electric field distributions at various times in ns, for
a 55 mm gap in air with 20 kV applied.

(3) a gap clearing phase, during which positive space-charge moves away
from the anode creating the corona wind, and the electric field near the
anode begins to rise, leading to the prediction of a secondary discharge
near the anode.

Qualitative experiments were performed in our laboratory with the 50 mm
point-plane geometry discussed in this paper. A very small sharp point was used
at the tip of the electrode in order to regularly trigger streamers (Woolsey 1994).
Under the above conditions regular streamers were generated with an applied
voltage of ~20 kV, and the streamers were observed to cross ~75% of the gap.
With an applied voltage of ~24 kV streamers clearly crossed the entire gap.

The electric field distributions for streamers in air are quite different from
those found in SFg, as shown in Fig. 6 for a 65 mm gap in SFg, with an impulse
voltage of 200 kV applied (Morrow 1991a, 1991b).

4. Discussion

The results presented in Figs 2 and 3 are in excellent qualitative agreement
with the experimental results of Creyghton et al. (1992) (for a different geometry
and voltage), particularly with regard to the final streamer velocity. The results
obtained in our laboratory are only qualitative, but it is clear that for an applied
voltage V > 20 kV streamers can propagate across more than 50% of the gap,
and for V > 24 kV the streamer crosses the entire gap. (The need for a sharp
point at the tip of the electrode may correspond to our use of a narrow streamer
channel for the entire gap.) This gives considerable confidence that most of
the dominant physical processes have been taken into account adequately in the
model. The structure of the streamer and its dependence on physical parameters
can therefore be examined using the model.
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Fig. 6. Electric field distributions at various times in ns, for a 65 mm
gap in SF¢, with 200 kV applied.

One factor of particular interest is the dependence of streamer propagation
on photoionisation. This is because the electrons move towards the anode, while
the streamer head moves towards the cathode, and thus, in the absence of
photoionisation, there are no seed electrons in front of the streamer. When the
photoionisation coefficients are set to zero, the initial electrons are absorbed into
the anode, and no streamer results. Note that dynamic effects such as electron
diffusion have been included, and extreme care has been taken in using numerical
methods which do not introduce non-physical effects (Morrow and Noye 1992;
Morrow 1991a). Thus photoionisation is a crucial feedback mechanism placing
seed electrons ahead of the streamer front in order for the streamer to propagate.

The most remarkable result is the dramatic difference in the structure of
streamers in SF¢ compared with air. For a voltage an order of magnitude higher
in SFg the streamer penetrates only half as far into the gap, compared with air.
For a voltage of 50 kV across a similar gap in SFg the streamer penetrates about
3-5mm (Morrow 1991a), compared with about 35 mm for an applied voltage
of 20kV in air. It was shown that in SFg the streamer channel must maintain
the electric field at a value close to E* (the field at which ionisation equals
attachment E* ~ 90kVem™ at 1 atmosphere), in order that the gas remain
conducting while the streamer is propagating and current is flowing in the circuit
(Morrow 1987). This is because electron attachment is so strong in SFg. In air
the restriction that E ~ E* should not apply because of the weaker attachment
in air ( E* ~30kVem™ at 1 atmosphere) (Morrow 1987). For example, the
attachment time constant for air at E = 10 kV, and atmospheric pressure, is
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= 1/nW, ~ 100 ns, which is far greater than typical times for the formation of
streamer channels in air. Thus attachment in air is far too slow to affect the
streamer dynamics, and the range of streamers in air is far greater than in SFe.

5. Conclusions

Streamer propagation in air and flue gas mixtures can be described with a
relatively simple model which elucidates most of the experimentally observed
properties. In both air and SFe a computation is given of a streamer which
propagates part way across a breakdown gap and stalls. It has been shown that
when computing the insulating properties of air and SFe, it is not adequate to
simply compare relative values of the critical field for which ionisation equals
attachment; it is necessary to model the discharge in order to determine if the
gap will be bridged by plasma, and therefore break down.
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