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Calculation and experimental determination of the speed of advancement of the plasma
leader channel of a pulse spark discharge in atmospheric air

Goal. Calculation and experimental determination of middle speed v, of advancement of plasma leader channel of a pulse spark
discharge in the long air interval of the double-electrode discharge system (DEDS) «tip-plane». Methodology. Bases of the
theoretical electrical engineering and electrophysics, electrophysics bases of technique of ultra- and high-voltage and high pulse
currents, bases of high-voltage pulse technique and measuring technique. Results. The close calculation and experimental method of
determination of middle speed v; of advancement of plasma leader channel of an electric pulse spark discharge is offered in the long
air interval of DEDS «tip-planey. This method is based on the offered calculation empiric formula for finding of the indicated speed
v, and results of decoding of oscillograms of process of cut of in-use standard interconnect aperiodic pulse of over- and high-voltage
of temporal shape of T,/T,~200 us/1990 us of positive polarity at an electric hasp in indicated DEDS of long air intervals with their
minimum length of I, numeral making 1,5 m (first case) and 3 m (second case). It is shown that middle speed v of advancement in
atmospheric air of front of plasma channel of positive leader of an electric pulse spark discharge in probed DEDS «tip-planey for
two considered applied cases at lyy=1,5 m of lyn=3 m numeral makes approximately v;~(1£0,03)-10° m/s. The found numeral value
of this speed v well coincides with the known experimental information for speed of advancement of vi=10° m/s in atmospheric air of
plasma channel of negative leader for a long storm spark discharge in DEDS «charged cloud-earthy. It is set that for the standard
interconnect aperiodic pulse of high- and ultra- voltage of temporal shape of T,/T~200 us/1990 us of positive polarity middle value
of aggressive strength E, of high pulse electric field in the air interval of probed DEDS «tip-plane» numeral makes minimum length
of Lyin=1,5 m near E;;=360,8 kV/m, and for his minimum length of l;,=3 m of — E;~=313,4 kV/m. Originality. The comfortable is
developed in the use and reliable in practical realization technicians-and-engineers calculation and experimental method of research
in the conditions of high-voltage electrophysics laboratory of difficult electro-discharge processes of development of leader hasp of
long air intervals and determination of minimum electric durability of air insulation of electrical power engineering and
electrophysics equipment on working voltage of classes of 330-1150 kV. Practical value. Application in area of industrial electrical
power engineering and high-voltage pulse technique of the got numeral electrophysics results and offered calculation and
experimental method of determination of middle speed v; of advancement in atmospheric air of plasma channel of leader of a long
spark discharge will allow, from one side, to deepen our scientific knowledges about a long electric pulse spark discharge in an air
dielectric, and, from other side, to develop high-voltage electrical power engineering and electrophysics devices with enhanceable
reliability of their work both in normal operation and malfunctions. References 20, figures 5.

Key words: plasma leader channel, electric pulse spark discharge, air dielectric, advance speed of a spark discharge front,
calculation, experiment.

Haoani pesynbmamu  po3paxyHKk080-eKCHepUMeHMANbHO20 BU3HAYEHHS  YCepeOHeHOi WBUOKOCMI 'V, NpOCY8aHHA NAA3MOB020
NI0ePHO20 KAHANY eNeKMPUUHO20 IMNYIbCHO20 ICKPOBO2O PO3PA0Y 8 00820MY NOGIMPSHOMY NPOMINCKY 080eNeKMPOOHOI pO3PAOHOT
cucmemu «GICMpsA-nAOWUHAY (0151 080X NPUKNAOHUX BUNAOKi6 npu lnin=1,5 m i [,;n=3 M), saxa eunpobosye dito cmandapmmnozo
KOMYMayiiHo20 anepiooudno2o iMnynscy eucokoi i Haosucoxoi nanpyeu uacogoi ¢opmu T,/T~200 mxc/1990 mxc nozumuenol
NOMSAPHOCHI. 3anponoHo8anutl Memoo YUCeIbHol OYIHKU GeUYUHU Vi 6 OAHill PO3PAOHIL cucmemi 6a3yemvCs HA SUKOPUCTIAHHI
OMpUMAanoi eMnipudHOi GopMyIU MA OMPUMAHHI OCYULOSPAM NPOYecy 3pi3y 3ACMOCOBANUX IMNYIbCIE HAO- | GUCOKOI Hanpyau npu
eNeKmpUudHOMy npoboi 8 Hill 0082UX NOGIMPAHUX NPOMINKCKIE 8KA3AHOI MIHIManbHOI Ooexcunu |y, Ha ocnosi 3anpononosamoi
HaOIUIHCEHOI PO3PAXYHKOBOI popMYU | BUKOHAHUX 30 OONOMO20I0 NOMYHCHO2O HAOBUCOKOBOTLIMHO20 UNPOOYBATLHO20 0ONAOHAHHSA
CUTLHOCIMPYMOBUX eKCHepUMEeHMI8 NOKA3aHO, uj0 8KA3AHA WEUOKICMb V], PO3N0GCI00NCEHHS 8 AMMOCHepHOMY NOGImpi nepeoHb020
dponmy nosumueHozo nidepa IMRYILCHO20 ICKPOE020 Po3PAdY uucensho ckaadae v, ~(1x0,03)-10° m/c. Ompumani pospaxynroeo-
eKcnepumMenmanvri 0ami 05 ycepeOHeHol WEUOKOCHI v, NPOCYBAHHS 8 NOSIMPI NI0ePHO20 KAHALY IMHYIbCHO20 ICKPOBO2O PO3PAOY
000pe y32000cytombest 3 1T NPUIHAMUMU OIS 2PO308UX ICKPOBUX PO3PS0I6 6 amMOChepHoMy ROGIMPI YUCETbHUMU NOKAZHUKAMU.
Bi6mn. 20, puc. 5.

Kniouosi cnosa: mna3mMoBUii JlilepHMil KaHaJ, eJeKTPHYHHMIl iMnynabcHMil ickpoBuii po3psin, NMOBITpsiHMIi JiejieKTPHK,
IBHAKICTH NPOCYBaHHS (PPOHTY iCKPOBOI0 PO3psiay, PO3PAXyHOK, eKCIIePHMEHT.

State-of-the-art and relevance of the problem. In
the technique of high (ultra-high) electrical voltages, the
real danger for the used electrical equipment is an
electrical breakdown of its vacuum, gas, liquid or solid
insulation, which is accompanied by the occurrence of a
short circuit in the electrical circuit, the formation of a
highly conductive spark (arc) channel at the breakdown
site and discharge through it of a high pulse current. Air
insulation has found a sufficiently wide practical
application both in industrial electricity and in the field of
high-voltage pulse technology (HPT) intended for
scientific and technological purposes [1-6].

It is known that in long air gaps (with lengths of 1 m
or more), their electrical breakdown is carried out by the
growth from one electrode (for example, from the

potential anode) of a high-voltage device to another (for
example, to the grounded cathode) of the leader of the
electric gas discharge — a thin plasma conductive channel,
the degree of ionization of gas molecules (atoms) in
which is much higher than in the initial discharge
streamer channel [3, 7]. After the head of the leader of the
electric discharge, which glows brightly, reaches the
opposite electrode-cathode and propagates along the
leader channel towards the anode with speed of about
ve=107 m/s, first the return wave of a high electric field
(electric potential wave) and then the return wave of the
conduction current on site of the leading channel, a
strongly ionized discharge spark channel is formed, which
glows brightly [3, 7]. Due to the flow of a large pulse
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current through this highly conductive channel and
intense energy release on its ohmic resistance, the
temperature and pressure in it increase sharply, which
leads to the expansion of the spark discharge channel with
the rapid radial spread of its low-temperature plasma and
the formation of a powerful shock wave in the
surrounding air environment. Despite the presence of
well-known theories of streamer and leader breakdown of
air insulation, which have been tested many times in
scientific laboratories around the world [1, 3, 7], those
related to taking into account the peculiarities of the
physics of pulse spark discharge in atmospheric air
remain poorly studied issues today regarding its flow in
the conditions of action of sharply heterogeneous high
pulse electric fields, characteristic for electrotechnical
practice, and determination of the speed v, of the
advancement of its plasma leader channel, which is the
first to short out the air gaps of electrical discharge
systems that are part of various high-voltage devices at
breakdown.

The results of mathematical and computer modelling
of complex electric discharge processes in various types
of dielectrics [1, 3, 8-14], which are aimed at increasing
the electrical strength of gas, liquid and solid insulation of
high-voltage electrical equipment used in the electric
power industry and HPT, do not allow to give answers to
the specified above are relevant issues in the field of gas
spark discharge electrophysics. The deepening of our
scientific knowledge about electric pulse spark discharge
in gas insulation (in particular, in long air gaps), which is
a complex and complicated electrophysical phenomenon
of nature, allows to more rationally develop the designs of
many high-voltage electrical engineering and electric
power devices with increased reliability of their operation
in normal and emergency modes, as well as means of
lightning protection both for various aircraft and strategic
industrial and technical facilities of ground infrastructure.

The goal of the article is to calculate and
experimentally determine the average speed v, of the
advancement of the plasma leader channel of an electrical
pulse spark discharge in the long air gap of a two-
electrode discharge system «tip-plane».

1. Problem definition. A typical example in the
field of HPT of the electric discharge systems with a
sharply inhomogeneous high pulsed electric field is a
double-electrode discharge system (DEDS) «tip-planey,
containing a vertically placed potential electrode in the
form of a metal rod 1 with radius r, with a pointed lower
edge with radius of its curvature ».<<r, and the grounded
electrode in the form of a horizontally located metal
plane 2 of unlimited dimensions (Fig. 1). Let the electric
potentials of these electrodes 1 and 2 be equal to ¢, and
0,=0, respectively, and homogeneous atmospheric air is
placed between them in the interelectrode insulating gap
of minimum length /.,;;, equal to the length of the straight
line drawn from the tip of the potential electrode 1 along
the normal to the flat surface of the grounded electrode 2
under the following physical conditions [15]: gas pressure
P~(1.013£0.005)-10° Pa; absolute gas temperature
T,~(293.15+5) K; relative humidity of gas y,~(45+15) %.

Imin

Fig. 1. Schematic representation of the investigated air DEDS,
on the example of which the electrophysical process of
propagation of the plasma leader channel of a puls spark
discharge in atmospheric air is considered (1, 2 — potential and
grounded metal electrodes, respectively; 3 — zigzag-shaped
leader channel of the spark discharge in the DEDS)

Let’s assume that the electrical strength of the
interelectrode air gap in the DEDS in relation to the
average level of its breakdown voltage E; of a high pulse
electric field for an ultra- and high-voltage pulse supplied
to the DEDS is Ey; for /,;,=1.5 m and E, for /,;,=3 m. In
these two practical cases, the electric potential ¢, at the
edge of the rod with a DEDS tip will acquire critical
values equal to @14 and @4, respectively. We will limit
ourselves to considering the case when the amplitude-
time parameters (ATPs) of the electric pulse voltage
Ur(6)=(p1—¢,) in the interelectrode air gap of the DEDS
change in time t according to the law of the standard
switching aperiodic voltage pulse of the time shape
T,/T~(250+ 50) ps/(2500+£750) ps of positive polarity
with appropriate tolerances [16-18]. Let us point out that
it is this temporal shape of high (ultra-high) pulse voltage
that is usually used in industrial power engineering and
HPT when determining the electrical strength of the
internal and external insulation of various high-voltage
electrical equipment. On the basis of calculation and
experimental data, which relate to the flow of
electrophysical processes in the discharge long air gap of
the DEDS (see Fig. 1), it is necessary to numerically
determine the average speed v, of the advancement of the
positive leader in the plasma channel of the electric pulse
spark discharge in the air gap of the investigated DEDS
«tip-plane» with the specified two numerical values of its
minimum length (/,;,=1.5 m and /,;;,=3 m).

2. Calculation and experimental estimation of the
speed v; of the advancement of the plasma leader
channel of a pulse spark discharge in atmospheric air.
The research results of research in the field of electrical
breakdown of long air gaps in DEDS «tip-plane» using a
standard switching pulse voltage of the time shape
T,/T; =200 ps/1990 ps of positive polarity indicate that
the development in them of the plasma leader channel of
high-voltage pulse of a spark discharge occurs along a
zigzag path, the length of which /. always exceeds their
minimum length /,,;, with the obligatory fulfillment of the
inequality of the form [>1.1/;, [1, 3, 17-19]. When the
minimum length [, of their discharge intervals is
changed in the indicated air DEDS in the range
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Imin ~(1—4) m, the given difference between the lengths
I, and /[, is from 10 to 15 % [17-19]. For the certainty of
further calculation estimations of the averaged value of
the sought parameter v;, let’s focus on the case in which
this difference between the lengths /. and /,,;, turns out to
be approximately 13 % on average, and the ratio /.//,;, is
numerically close to /./l,;;=1.13. Taking into account this
research result, the formula for an approximate estimation
of the average speed v, of the advancement of the plasma
leader channel of a high-voltage electrical pulse spark
discharge in the atmospheric air of the adopted DEDS
«tip-plane» at /,;y~(1—4) m takes the following empirical
form:

vy zlvl?’lmin/TdC’ (1)

where T, is the duration of the cut of the voltage pulse,
which causes an electrical breakdown of a long air gap in
the DEDS «tip-plane» under study, the minimum length
of which is numerically /;,;;>1 m.

In (1), the numerical value of the parameter /,;;>1 m
for the «tip-plane» aerial DEDS is selected by the
personnel of the test team and fixed by the appropriate
measuring  instrument (a long metric  ruler)
experimentally, and the numerical value of the duration of
the cut 7, of the voltage pulse is determined by
deciphering its oscillograms in the process of electrical
breakdown of the air gap in the DEDS with length /.,
using a digital storage oscilloscope and an ultra-high-
voltage ohmic voltage divider (OVD). The use of this
type of ultra-high voltage divider in the case under
consideration by us is due to the relative simplicity of its
manufacture and the relatively low cost of the electrical
components included in its composition [18, 20].

The use of the 7, value in (1) is explained by the
physical condition that this duration of the cut 7. of the
pulse of high (ultra-high) pulse voltage applied to the air
DEDS characterizes the time of shortening along the air
path of the real length /. by the conducting plasma leader
channel of the selected electric pulse spark discharge air
gap in this DEDS with its minimum length /,; and,
accordingly, the time of equalization of electric potentials
(p1=p,=0) on the electrodes of the DEDS we are
investigating.

Figure 2 shows the general view of the investigated
DEDS «tip-plane» with a long discharge air gap of length
Imin=3 m, which was galvanically connected to a high-
current discharge electric circuit of an ultra-high-voltage
generator of standard switching aperiodic voltage pulses
of the time shape T,/T,~200 us/1990 ps of positive
(negative) polarity, developed and created at the Research
and Design Institute «Molniya» of National Technical
University «Kharkiv Polytechnic Institute» [17, 18].

Figure 3 shows an experimental oscillogram of a
complete standard switching aperiodic voltage pulse of
the time shape 7,,/T, =200 us/1990 ps of positive polarity,
which acts in the discharge circuit of the specified ultra-
high-voltage test generator [17, 18] on the air DEDS
«tip-plane» we are investigating without an electrical
breakdown of its long air space of length /,;;=3 m.
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Fig. 2. General view of the ultra-high-voltage air DEDS
«tip-plane» (/,;;=3 m), in which to the potential upper steel rod
electrode pointed at the lower edge with radius 7y~15 mm,
placed in the center of its grounded lower flat electrode made of
galvanized steel with overall dimensions of 5x5 m,
OPN-2,5 for nominal electrical pulse voltage of 2.5 MV
with the division coefficient K;~53650 is connected [18]
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Fig. 3. Oscillogram of a complete switching aperiodic
high-voltage pulse of the time shape
T,/T,; =200 us/1990 us of positive polarity without
electrical breakdown of a long air gap of
length /,,;,=3 m in the DEDS «tip-plane»

(U, =11.6 V x 53650~622.3 kV — high voltage pulse amplitude;
T,,/~200 ps — time of rise of the voltage pulse to U,,. amplitude;
T,~1990 ps — duration of the voltage pulse at the level
of 0.5 U,,.; vertical scale — 268.2 kV/div;
horizontal scale — 250 ps/div)

Figure 4 shows the experimental oscillogram of the
standard  switching aperiodic  high-voltage  pulse
T,/T~200 pus/1990 ps used in the experiments cut off on
the rising part with an electrical breakdown of a long
air discharge gap in the DEDS «tip-plane» with minimum
length [,;=1.5 m, ATPs of which was determined
according to the requirements of the current
Standard [16].

Using obtained according to Fig. 4 research
numerical data for the cut-off duration 7,~17 ps of the
corresponding high-voltage pulse (for the case where
U,ei™611.6 kV) in the considered air DEDS (/,;,=1.5 m)
from (1) for the averaged speed v, of the advancement of
the plasma leader channel of a pulse spark discharge in
the atmospheric air of its specified long discharge interval
results that v;~0.997-10° m/s. At a given speed v, of
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propagation in the atmospheric air of the positive leader
of a pulse spark discharge, the actual path length
I. through it in the interelectrode air gap of the DEDS
(Inin=1.5 m) at its electrical breakdown (7,~17 ps) by the
applied high-voltage pulse is numerically /.~v;7,;~1.695 m.
We can see that in this case, the real length /. of the
development path of the leader channel of the spark
discharge in the studied DEDS exceeds the minimum
length /;,=1.5 m of its discharge air gap by
approximately 13 %.
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Fig. 4. Oscillogram of a truncated standard
high-voltage switching aperiodic pulse of the time shape
T,/T;~200 ps/1990 ps of positive polarity at electrical
breakdown of a long air gap of length /;;, =1.5 m
in the DEDS «tip-plane»
(Unea=11.4 V x 53650~611.6 kV — pulse cut-off voltage level;
T.~95 ps — cut-off time of the voltage pulse;
T,~17 ps — duration of the cut (commutation) of the voltage
pulse; vertical scale — 107.3 kV/div;
horizontal scale — 50 ps/div)

Note that at the rate of increase of the pulse voltage
Uix(2), which is applied to the discharge gap of the air
DEDS, equal to dUp(f)/d=5 kV/ps (as in our
electrophysical cases), the development of the positive
leader in atmospheric air occurs continuously (without
stepwise formation of separate plasma leader channels in
DEDS) [3]. With this process of advancement of the
positive discharge leader in the air, the length /. of its
plasma channel in this DEDS will monotonically increase
(see Fig. 1).

To compare the numerical result obtained above for
the average speed v; of the positive leader, which is
characteristic of the electric discharge processes that
occur under laboratory conditions in the air DEDS «tip-
plane» with its long discharge gap (/i;=1.5 m), we note
that according to [7], the smallest average speed v; of the
advance in the atmospheric air of the front of the negative
leader of a long spark discharge between the thundercloud
and the surface of the earth (lightning) is quantitatively
about v;~10°> m/s. As we can see, the experimental result
obtained in laboratory conditions using this DEDS at
Imin = 1.5 m and a standard switching aperiodic ultra-high
voltage pulse of the time shape T,,/T, =200 us/1990 ps of
positive polarity approximated taking into account (1) the
calculated and experimental result for the averaged the
speed v, ~0.997-10° m/s of advancement in atmospheric

air of the plasma leader channel of a pulse spark discharge
is practically equal to its quantitative value accepted in
the field of physics of atmospheric electricity (lightning)
and electrophysics of ultra-high voltages (v,~10°> m/s [7]).

It should be noted that when performing ultra- and
high-voltage experiments using the «tip-plane» air DEDS
under investigation (see Fig. 2) and the results obtained by
us for long discharge air gaps (/ni,=1.5 m and [,;;=3 m)
experimental results according to Fig. 4, 5, both an ohmic
voltage divider of the OPN-2,5 type (K, ~53650) [18] and
a Tektronix TDS 1012B digital oscilloscope certified by
the State Metrological Service, which stores useful
electrical signals (calibration certificate UAO1 No. 1312
dated 29.06. 2023) were used.

Figure 5 shows an oscillogram of an ultra-high-
voltage standard switching aperiodic voltage pulse
T,/T; =200 ps/1990 ps cut off on the frontal part used in
the laboratory high-current experiments performed by us
with an electrical breakdown of a long air discharge gap
in the studied DEDS «tip-plane» with minimum length
lmin:3 m.
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Fig. 5. Oscillogram of a truncated standard switching
aperiodic ultra-high voltage pulse of the time shape
T,,/T; =200 ps/1990 ps of positive polarity during an electrical
breakdown of a long air gap of length /,,;,=3 m in a «tip-plane»
DEDS (U,,.#~19.8 V x 53650 =1062.3 kV — voltage pulse
cut-off level; 7,~104 ps — voltage pulse cut-off time;
T,~33 us — voltage pulse cut-off (commutation) duration;
vertical scale — 268.2 kV/div; horizontal scale — 50 ps/div)

Let us point out that the presence of peak-like bursts
shown in presented in Fig. 4, 5 oscillograms of truncated
voltage pulses (at first their frontal parts) are related to the
structural features of the construction of the ultra-high-
voltage generator of the GIN-4 type [17, 18] used in the
circuit for the formation of aperiodic voltage pulses used
by us, which has a massive steel screen-roof with an area
of about 60 m’. The rapid charge and discharge of the
electric capacity of this screen-roof GIN-4 causes the
appearance of the indicated voltage peaks. These peak-
like voltage surges cannot affect the development of
electric discharge processes in our DEDS.

According to the research data (Fig. 5), in the case
of an electrical breakdown of a long air gap in the
investigated DEDS «tip-plane» (/,i;=3 m), the duration of
the cut-off T, at the front of the ultra-high-voltage
(Unea=1062.3 kV) standard switching aperiodic voltage
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pulse 7,,/T; =200 us/1990 ps of positive polarity takes a
numerical value equal to approximately 7,~33 us. We
see that with a doubling (from 1.5 m to 3 m) of the
minimum length /,;, of the air discharge gap in the «tip-
plane» DEDS, the duration of the cut-off 7, on the rising
part of the used test voltage pulse U,(f) almost doubles
(approximately from 17 ps to 33 us according to the data
of experimental oscillograms in Fig. 4, 5). These
experimental results indicate that the average speed v, of
the advancement of the plasma leader channel of a pulsed
spark discharge in the atmospheric air of the studied
DEDS «tip-plane» with a sharply inhomogeneous high
pulse electric field when the minimum length /., in it
changes in the range of /,;,=(1.5-3) m practically does
not depend on the length of the long air gap electrically
broken in this DEDS by a high or ultra-high pulse voltage
Up(6)=(p1—¢,), which at [;;=1.5 m takes a numerical
value of about U,. =~611.6 kV (see Fig. 4), and at
Imin=3 m — approximately U,,.~1062.3 kV (see Fig. 5).
Concrete confirmation of this is the fact that in the used
air DEDS «tip-plane» (/,i;=3 m), which tests the effect of
a standard switching aperiodic voltage pulse of the time
shape 7,/T~200 pus/1990 ps, the average speed v, of
advancement in atmospheric air of the plasma channel of
the positive leader of a pulsed spark discharge taking into
account the empirical formula (1) at /,;;=3 m and
T,~33 ps is numerically about v;~1.03-10° m/s. This
quantitative value for v; (at [;;;=3 m in air DEDS) differs
by no more than 3 % from the one previously obtained by
us on the basis of the calculation and experimental
method proposed here for the quantitative determination
of the average speed v, of the advancement in air of the
positive leader of a long spark discharge during electrical
breakdown in the same DEDS of the discharge air gap
with a minimum length /;;=1.5 m of the numerical value
for v;, which is approximately v;~0.997- 10° m/s. The actual
path length /. of advancement in the interelectrode gap of
the air DEDS of the positive leader of the spark discharge
in this case (lni=3 m; T,;~33 us; v,~1.03-10° m/s) will be
numerically equal to about /~v;7,~3.399 m, which is
approximately 13 % higher than the specified minimum
length /,;,=3 m of the discharge air gap in the «tip-plane»
DEDS under study. At a significantly lower speed v, of the
advancement of the positive leader of the discharge in the
air, the «tip-plane» DEDS (for example, at v;=1.5-10% m/s,
see Fig. 5.36 in [3]), in which the electrical breakdown of
its discharge gaps (/n,=1.5 m and [,;=3 m) is also
determined by the supply to its corresponding electrodes
of a standard high (U,.~611.6 kV) or ultra-high
(Unea=1062.3 kV) switching aperiodic pulse voltages of
the time shape T,,/T, =200 pus/1990 us of positive polarity,
for the actual numerical values of the duration of their
cut-off T, recorded by us (respectively equal to ~17 ps
and ~33 ps according to the data of Fig. 4, 5) passing
through it (a similar positive leader of the charge) of the
indicated real paths of length /~v; T, (in the first case for
[~1.695 m, and in the second one /,~3.399 m) becomes
fundamentally impossible. At the specified speed
v;~1.5:10* m/s [3], for the passage by such a discharge
leader of the used lengths [ >/, T4 values will be
required, which should numerically be at least
(110-220) ps, which will contradict the conditions and

realities of our ultra-high-voltage experiments. In this
regard, the known experimental data given in [7] (see
Table 17.2) for the lowest average speed v,~10° m/s of
the advancement of the negative lightning leader in the
atmospheric air are more reliable. The physics of the
development of leader breakdown of long air gaps in both
natural and laboratory conditions, despite the significant
difference in the levels of ultra-high voltage Uiy(f), at
dU»(1)/de=5 kV/ps should remain the same. The data
obtained with the help of the proposed calculationl and
experimental method for the average speed v, of
advancement in the atmospheric air of the positive leader
of the pulse spark discharge in the DEDS «tip-planey at
Inin=(1.5-3) m complement and clarify the little-studied
electrophysical features of the mechanisms of
manifestation in the world of leader breakdown of long
air gaps in the used DEDS «tip-plane» with a sharply
inhomogeneous high pulse electric field.

Taking into account the approximate numerical data
for v, presented in this work and the minimum
measurement error of the ATPs used in the conducted
experiments with the air DEDS «tip-plane» of standard
switching aperiodic pulses of ultra- and high-voltage of
the time shape 7,,/7,~200 ps/1990 ps of positive polarity,
which is at least 3 % [16, 17, 20], it can be assumed that
the average speed v, of the advancement in the
atmospheric air of this DEDS of the leading front of the
positive leader in the plasma channel of the pulse spark
discharge is numerically about v;~(1%0.03)-10° m/s.

3. Calculation and experimental estimation of the
short-term electrical strength of long air gaps. Here it
is important to emphasize that the electrical strength of air
insulation in the power industry and HPT is determined
and selected based on the effect on it of the following two
forms of ultra- and high-voltage pulses [1, 3, 16]: first, a
standard switching aperiodic pulse; secondly, a standard
oscillating decaying sinusoidal pulse. Obtaining similar
data for long air gaps (for /,;;=(1-10) m) at pulse voltage
level Upy(£)=(1-5) MV is associated with great technical
difficulties and material costs. In this case, it is necessary
to reliably protect both the main electrical devices of the
ultra-high-voltage test electrical equipment itself and the
external power supply devices connected to it from
electrical surges [1, 2]. In addition, at the same time, it is
necessary to provide for special measures both for safety
and to prevent possible electrical breakdowns in the
insulation of used electrical devices [1, 3, 17]. In this
regard, the calculation and experimental results, which are
presented above for the ultra-high-voltage air DEDS
«tip-plane», which belongs to one of the main basic
discharge systems [1, 3], may have a certain applied value
when choosing in the field of industrial electric power and
HPT of the minimum levels of discharge electric voltages
and breakdown field strengths £, of a strong pulse electric
field for long air gaps.

Taking into account the empirical formula (1), for
the averaged value of the breakdown field strengths £, of
a high electric field in the long air gaps of the investigated
«tip-plane» DEDS, the following calculation relationship
can be written:

Eq = @q /(L135in) 2
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where ¢y, is the electric potential at the edge of the upper
electrode in the studied DEDS in case of electrical
breakdown of its discharge air gap, which is characterized
by its minimum length /.

In the applied case 1, when /[;;,=1.5 m, from (2) at
01~01017U,,~611.6 kV (see Fig. 4) for the average
breakdown field strength level E,=E, of a high pulse
electric field in the indicated long air gap of the DEDS
«tip-plane» we get a numerical value approximately equal
to E;~360.8 kV/m. For the applied case 2 with /;;,=3 m
and ¢1,~0»p~U,,.+~1062.3 kV (see Fig. 5) from (2), we
find that the average value of the breakdown field
strength E,=E, of a high pulse electric field in this
long air gap of this DEDS is numerically close to
E»=313.4 kV/m. As we can see, with an increase (by a
factor of 2 from 1.5 m to 3 m) in the studied DEDS with a
sharply inhomogeneous high pulse electric field of the
minimum length /.;, of its discharge air gap, the average
value of the breakdown field strength £, in it decreases
(by approximately 13.1 % from 360.8 kV/m to
313.4 kV/m). These calculation and experimental results
for the averaged breakdown field strength E, of a high
pulse electric field in the air DEDS «tip-plane» at
Imin=(1.5-3) m are in good agreement with the data known
in the field of electric power, which relate to the
minimum electrical strength of air gaps of length
lmin:(l_4) m [1'3]

Conclusions.

1. An approximate calculation and experimental
method for determining the average speed v, of the
advancement of the plasma leader channel of an electrical
pulse spark discharge in the long air gap of the
«tip-plane» DEDS is proposed. This method is based on
the proposed empirical formula and experimental data for
the duration of the cut (commutation) 7, of the
breakdown voltage pulses, obtained from the results of
deciphering the oscillograms of the process of the cut of
the standard switching aperiodic ultra- and high-voltage
pulse of the time shape T,/T,; =200 ps/1990 ps of positive
polarity in the event of an electrical breakdown in the
specified DEDS of long air gaps with their minimum
length /., which varies discretely in the range
Imin=(1.5-3) m.

2.1t is shown that the average speed v, of the
advancement in the atmospheric air of the front of the
plasma channel of the positive leader of the electric pulse
spark discharge in the investigated DEDS «tip-plane» for
the two considered applied cases at [,;,=1.5 m and
Imir=3 m is numerically approximately equal to
v,~(1£0.03)-10° m/s. Our numerical result for v, is in
good agreement with the known experimental data for the
speed v,;~10° m/s in the atmospheric air of the plasma
channel of the negative leader for a long thunderstorm
spark discharge in the «charged cloud-to-ground» DEDS.

3. It was established by calculation and experiment that
for a standard switching aperiodic pulse of high- and
ultra-high voltage of the time shape 7,,/7,~200 us/1990 us
of positive polarity, the average value of the breakdown
field strength £, of a high pulse electric field in the long
air gap of the studied DEDS «tip-plane» with minimum
length [;;;=1.5 m is numerically about £;~360.8 kV/m,
and for its minimum length /,;;=3 m — E;»,=313.4 kV/m.

The obtained results for E; correlate well with the known
data for the minimum electrical strength of air gaps of
length /,;;=(1-4) m in the studied air DEDS «tip-plane».
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