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The results of physical modeling of the influence of corona discharge intensity at the grounded objects tips on the
probability of their strokes by high-voltage discharges in the long air gaps "high voltage rod —rod on the grounded
plane" are presented. The system consisting of a vertical high-voltage negative electrode rod, simulating the lightning
channel leader, and two grounded rods, simulating lightning rods (one with a spherical and the second with a pointed
tip) has been investigated. Before application of the high voltage impulse up to 1 MV to the high-voltage electrode, the
pre-breakdown DC electric field (EF) was applied to the electrode system. The experiments have shown that corona
presence at the pointed electrode tip increases probability of being struck by high-voltage discharges at application of
the DC electrical field strength, which is of the same order as the impulse EF strength.
References 11, figures 2, tables 2.
Key words: physical modeling, electrical physical processes, the probability of hitting by high-voltage discharges,
corona current, lightning.

Introduction. At choosing of the lightning protection means, it is important to evaluate the
probability of lightning attachment to lightning rods and protected objects. Direct measurement of the
electrical parameters of such objects as the leader of lightning channel is practically impossible, so physical
and mathematical modelings of the electrical physical processes that accompany lightning discharges are
widely used [1, 2, 6-8].

It is known that the upward leaders may develop from the grounded objects to the lightning leader
channel in a storm situation [2]. This is connected mainly with the fact that most lightning in the mid
latitudes have a negative polarity [1, 2]. The average electric field (EF), necessary for development of the
leader channel of a positive polarity (£.) is equal to: E.=5 kV/cm, which is about two times less than the
average EF stress needed for development of the leader channel of a negative polarity (£~10 kV/cm) [2].
The presence of EF caused by propagation of the lightning leader channel of a negative polarity can cause
development of an upward leader of a positive polarity from the grounded object.

The stage of streamer corona appearance and development precedes the stage of leader development
at breakdown in the long air gaps [1, 2]. There are literary sources, which describe the simulation of spark
process, arising at high speed of the discharge current [2, 9], at local electric field amplification [10] and the
experimental study of the corona current dependence on the DC EF stress levels, as well as on the tip forms
of the grounded rod electrodes, simulating lightning rods [3] (some electrodes were coated with erosion-
resistant nanopowders [11]). However, the problem of investigation of the influence of corona intensity at
the grounded electrode’s tip on the probability of being hit by high-voltage discharges was not put.
According to some literature data (see. e.g. [2]), the presence of a corona at the grounded electrode tip
reduces the probability of development from it an upward leader.

The aim of this work is to study the influence of the corona current value, depending on the applied
DC EF stress level as well as the form of the grounded electrode tip, on the probability of its hit by high-
voltage discharges. Physical modeling of the electromagnetic processes in the vicinity of a lightning arrester,
imitating the so-called "last stroke" phase [1, 2] was done with the help of a high voltage setup. This setup
allows application to a discharge gap the megavolt voltage impulses, imitating approach of a negative
lightning leader to a grounded lightning rod, located in the DC electric field, which simulates the electric
field of a thunderstorm cloud in a storm situation. Two main cases are considered: the first, when discharges
occur on the front of the applied voltage impulse (the EF strength intensity is much bigger than necessary for
breakdowns), and the second when discharges occur on the tail of the impulse (the EF strength intensity is

© Rezinkina M.M., Rezinkin O.L., Danyliuk A.R., Revuckiy V.I., Guchenko A.N., 2017

ISSN 1607-7970. Texn. enexmpoounamixa. 2017. Ne 1 29



close to the minimal necessary for breakdowns). Three types of the grounded electrodes tips were
considered: pointed (cone-shaped), from which corona discharges develops in all cases and two tips in the
form of a sphere. The diameters of these spheres were chosen from the following. The first sphere diameter
was chosen relatively large (0.125 m), so that corona discharges do not develop in any of the considered
cases. For the second sphere having a smaller diameter (0.045 m), the corona intensity was significantly less
than for the electrode with a pointed tip.

Simulation of the corona development electromagnetic processes on rod electrodes with the tips
of different shapes. A high voltage setup (see Fig. 1) was used for physical modeling of the processes of
hitting by a high-voltage discharge of the grounded rod electrodes, simulating lightning arrestors and

2 defended objects. The Marx generator GIN-2.4 with
U stored energy up to W,,,,=3.6 kJ, 12 steps which form
‘ the discharge capacity C=7.1 nF was used as a source
of high voltage impulses. Fig. 1 presents a physical
1. model for investigation of the corona current
=} influence on the breakdown processes (/ is grounded
6 e plane; 2 is plane at Upc potential; 3 are grounded
I electrodes, imitating lightning arrestors and defended
p| ‘fl ; U,. objects; 4 is opening in plane 2; 5 are tips of the
‘ R, i grounded electrodes 3; 6 is high-voltage electrode, A
h ~is height of the grounded electrodes; H is distance
~ between the tip of electrode 6 and plane 7; d is
distance between the tips of electrodes 3 and 6; D is
distance between electrodes / and 2, R is radius of
curvature of one of the grounded electrodes tip). DC
high voltage of a negative polarity Upc of the level up to -200 kV was applied from the output of a DC
voltage source to conductive plane 2 having dimensions 3x3 m. Corners, edges and elements of the setup
were covered by the anti coronal screens with radii of curvature of not less than 100 mm. Plane 2 was
suspended at a height D=2.1 m above grounded plane 3, both planes are made from aluminum. The DC
electric field between the suspended and the grounded planes imitates the conditions of lightning storm in
which corona discharges can occur at the grounded electrodes tips. The average DC electric field stress is
approximately equal to Ey=Upc/D. With a sufficient level of DC EF stress, corona discharges appear at the
tips 5 of the grounded rods 3 with height % located on the grounded plane /. The intensity of such discharges
is characterized by the of the measured average corona current values (/.,,).
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100 7 7 Fig. 2 shows dependences of I, measured
%0 ’ levels on the average DC EF strength levels (£)
/ applied to the air gap between grounded (1) and

60 potential (2) planes at the height of the grounded
1 / electrodes 3 A=1.2 m. Curve / corresponds to the case

40 / of corona current through the grounded electrode
0 A having a tip in the form of a cone with a height of
_— 5 I 0.14 m and a base with a diameter 0.04 m. Curve 2

0 0F N Oj/"‘"’o— < Ogo,kV/le corr.esponQS to the case of the grounfied elpctrode

' ' ' Fig 2 ' ' having a tip in the form of a sphere with a diameter

0.045m. As carried measurements have shown,
corona current through the grounded electrode having the tip in the form of a sphere with a diameter 0.125 m
for the considered electrode system is close to zero at #<1.2 m and Upc<200 kV.

Modeling of the processes of high-voltage breakdown in the system with rod electrodes. High
voltage impulse generator GIN-2.4, which was used for simulation of the processes occurring at approach of
the lightning leader channel to the ground, provides voltage pulses of a negative polarity with the amplitude
(Uinp) up to 1 MV, having 1.2 us front and the impulse duration on the level of 0.5-U,,, equal to 50 ps.

High voltage was applied to electrode 6, the tip of which was at the distance d from the tips of the
grounded electrodes 3 (see Fig. 1). High voltage electrode 6 passes through hole 4 in the suspended plane 2, to
which DC voltage Upc is applied (see Fig. 1). The dimensions of this hole are chosen equal to 60X60 mm in
order to avoid breakdowns between potential plane 2 and high voltage electrode 6. As corona current
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measurements have shown, at location of the grounded electrodes on the distances in a diapason 0.7 - 0.14 m
from the edge of the hole in the direction of the Ox axis (see Fig. 1), the hole presence causes negligible effect on
the corona current values.

The influence of the processes of corona pre-breakdown formation intensity on the probability of hitting
the grounded electrode by a negative polarity leader was investigated in the carried experiments. For this purpose,
the following scheme was used in all experiments. DC negative voltage Upc was applied to potential plane 2,
several minutes prior to impulse voltage U, application on high voltage electrode 6 and up to breakdown of the
air gap. So, all experiments were carried out at prior DC EF application and than at the combined impulse and DC
voltages action. Upc module was varied from 0 to 200 kV. At the experiments, the number of breakdowns to the
grounded electrode with a pointed (cone) tip (Np) and with a rounded tip (Nz) was recorded. If a high-voltage
discharge struck both electrodes simultaneously, both values of Np and Ny were increased by one.

Table 1 shows the results of experimental investigations carried out at the following parameters: the
amplitude of impulse voltage |U,,,|=0.75 MV; h=1.2 m; d=0.44 m. The following notations are used: Nex; is
the number of experiments in k-th series; P=Np/Ny is relative frequency of high-voltage discharges hitting the
grounded electrode having the tip as a cone; [Pin, Pna] 1 the confidence interval for P at the considered Nex
for the binomial distribution, calculated in accordance with [5, p. 42]. It should be taking into account that
(NptNp) is not always equal to Nex; as a discharge can hit both grounded electrodes simultaneously. Influence
of the applied DC EF strength (£)), the level of which is proportional to the corona intensity (see Fig. 3), on
the probability of strokes by the high voltage discharges of the grounded electrode with a pointed or rounded
tip has been investigated in these experiments.

Table 1
N Nex Np Ny P |Egl, kV/em | 2R, m | [Puin, Prax] Comments
1 34 28 12 23 0 0.125 [1.9,9]
2| 14 13 2 6.5 0.52 0.125 | [2.6,25] Samples N=1-4
belong to the same
3 22 19 6 3.2 0.76 0.125 [1.9,7.1] statistical population
4 22 15 7 2.14 0.95 0.125 [1.5,3.]
5 14 4 10 0.4 0 0.045 [0.2, 0.65] Samples N=5-7
6 14 5 10 0.5 0.52 0.045 | [0.3,0.7] belong to the same
statistical population
7 22 11 16 0.69 0.76 0.045 | [0.48,0.84]
Samples N=5-7 and N=8
8 22 17 9 1.89 0.95 0.045 [1.4,3.2] do not belong to the same
statistical population

The results of experimental investigations carried out at the following parameters: |U;,,|=0.86 MV;
h=0.93 m; d=1.01; 2R=0.125 m are shown in Table 2. The same notations as in Table 1 were used.
Table 2

N Nex Np Ni P |Eql, kV/em [Poins Prax] Comments

1 45 9 42 0.21 0 [0.12, 0.36] Samples N=1-3

2 13 2 12 0.17 0.57 [0.04, 0.38] belong to the same
statistical population

3 24 3 22 0.14 0.76 [0.07,0.33]

4 Samples N=1-3 and N=4

26 9 19 0.47 0.86 [0.33,0.64] | do not belong to the same

statistical population

5 Samples N=1-3 and N=5

do not belong to the same
statistical population
Samples N=4 and N=5
belong to the same
statistical population

48 24 41 0.59 0.95 [0.44, 0.7]
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Verification of the hypothesis of the samples belonging to the same general population allows to
decide whether the variable factor effects significantly the investigated process (see [5], p. 98). If the samples
belong to the same general population, the differences between their relative frequencies are not significant
and changing of the variable parameter (E,) has no significant effect on the probability of the grounded
electrode strokes by high voltage discharges. Otherwise, the influence of the £, value can not be neglected.
Comments to the Tables 1 and 2 indicate when the hypothesis that the samples corresponding to different series
of experiments belong to the same statistical population can be accepted, and when it should be rejected.

Comparison of the probabilities (relative frequencies P) of two statistical populations corresponding
to the series of experiments N=k (with relative frequency P;) and N=/ (with relative frequency P;) was
performed using z-test (see [5], p. 108):

7= (2, _B)/\/(Pk -Nex, + P -Nex,)(zvexk (1= P.)+ Nex, -(1—3)) 0

Nex, + Nex, Nex, - Nex,
The critical value (2,), with which zy value was compared, was assigned with the help of the

standard normal distribution as the quantile of the order g=1-0/2 (two-sided test with a significance level a).
When ¢=0.05, the table value gives A =1.96 (see [5], p. 47). The hypothesis that the samples N=k and N=/

belong to the same statistical population was accepted, if the relation |zy|<A , Was satisfied.

The results shown in Table 1 correspond to the discharges at the voltage pulse front, when the
distance between the high voltage and the grounded electrodes is much less than the minimum voltage
required for breakdown (d=0.44 m, |U,,,|<0.75 MV). Voltage measurements were performed using a high-
voltage divider; the voltage was fed to an oscilloscope through an optical tract. A measuring spark ball gap
with a diameter of spheres equal to 1.5 m was used for calibration of the measuring system. The breakdown
50% voltage was determined by the normalized table [6] for the case of high voltage impulses application to
the spark gap from GIN-2.4 when between the balls, separated by 0.351 m distance, breakdown occurred in
50 % of all cases. This voltage level was equal to 862.5 kV. Voltage measurements at high voltage
breakdowns in the described system have shown that the breakdowns occurred in the impulse front at the
values of the order of U, = -750 kV.

It follows from analysis of the experimental data that if the radius of curvature of one of the grounded
electrodes is relatively large (2R=0.125 m), the electrode with a pointed tip is hit mainly regardless the corona
presence and level of its intensity in the regimes when discharges occur at the voltage pulse front (see Table 1,
experiments N=1-4). Comparison of the relative frequencies (P) of high-voltage discharges strike the pointed
electrode with the help of (1) has shown that the samples of experiments N=1-4 belong to the same statistical
population (SP), so it is possible to accept the hypothesis that the probabilities of these events are identical, and
therefore do not depend on the applied DC EF strength level and corona intensity.

Preferential strokes by high voltage discharges of one of the grounded electrodes with a smaller
radius of curvature (2R = 0.045 m) for the discharges at voltage pulse front has been observed (see. Table. 1,
experiments N = 5-7). Usage of (1) has shown that samples of the experiments N = 5-7 belong to the same
statistical population. However, the situation changes at application of DC EF with greater electrical
strength. Thus, when Ej, ~ 0.95 kV/cm authentically significant increase of the number of the pointed
electrode strokes by high voltage discharges has been observed (see Table. 1, experiments number N = 8).
Thus, there is a certain threshold £, value, at which qualitative changes in the processes of formation and
propagation of a spark from the grounded to the high voltage electrode take place. It seems that these
processes become more intense because of the substantial increase in corona current, and hence the number
of avalanches, forming a spark toward the high voltage electrode. For a quantitative description of these
processes more research is needed.

The results shown in Table 2 correspond to the high voltage discharges at the tail of the applied
voltage, when the distance between the high voltage and grounded electrodes is close to the minimum level
required for breakdown at the considered impulses application (¢=1.01 m, |U;,,|<1 MV). Carried voltage
measurements at such a case have shown that breakdowns occurred on the impulse tale at the voltage level
Uinp = -863 kV. These experiments were carried for the cases when the radius of curvature of one of the
grounded electrodes is relatively large (2R=0.125 m), and this electrode was stricken mainly by high voltage
discharges regardless the pre-breakdown corona current level at the tip of the other (pointed) grounded
electrode (see Table 2, experiments N=1-5). Comparison of the relative frequencies (P) of high-voltage
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discharges strike the pointed electrode with the help of (1) has shown that the samples of experiments N=1-3
belong to the same statistical population, so it is possible to accept the hypothesis that the probabilities of all
these events are identical, and therefore do not depend on the applied DC EF strength level and therefore on
the intensity of corona formation processes. However, authentically significant increase of the number of the
pointed electrode strokes by high voltage discharges has been observed at application of E,>0.85 kV/cm (see
Table 2, experiments N = 4, 5). These processes happen at the critical level of Ej close to the Ej., for the
cases of discharges at the impulse voltage front (see Table 1, experiment N=8).

Hence carried physical modeling of high voltage breakdown processes in presence or absence of a
corona around the rounded or pointed tips of the grounded electrodes has shown that strength of the applied
DC EF does not effect significantly the probability of the grounded electrode hitting by high-voltage
discharges, if the applied EF strength levels are below the critical level of the order Ey.,~0.85 kV/cm. If
Ey>FEy.., a significant increase of the probability of strokes of high-voltage discharges of the grounded
electrode with a pointed tip, where corona glows most actively, occurs. It is known that at thunderstorm
conditions the average strength of the DC EF between thunderclouds and the ground E, is usually in the
range form Eoppmin = 0.015 to Egrmax = 0.05 kV/cm [2]. Thus, it may be concluded on the basis of the carried
investigations that the corona formation processes on the lightning rods can cause significant change in the
probability of hitting them by lightning only under certain conditions when increase of the EF strength in the
vicinity of their tips reaches a critical level. The maximum EF strength E,, on the tips of lightning rods with
height /; increases in comparison with the case of the described experiments with the rods of height #/=1.2 m
in about A;/h times [2]. The E,, level is proportional to the average applied strength Ey. So the average
strength of the DC EF at thunderstorm conditions, at which the corona current growth will be sufficient to
increase the probability of hitting of the electrode with a pointed tip, will in /;/h times less than Ey., and make
about Eo..,~Fo./(hi/h). So, corona presence can influenced the probability of hitting a lightning rod both at
the minimum (Eozmn) and at the maximum (Eom.x) observed values of Ey, if its height exceeds
Nimax>h X (Eoer/ Eormin) =70 m. However, for the upper limit of the Fy; range (Eoimax) such effects can occur,
starting from /7 min>h X (Eoer/ Eormax) =20 m.

Conclusions.

1. Physical modeling of the breakdown processes in long air gaps with the pre-breakdown corona of
varying intensity has shown that increase in the number of high voltage strokes to the grounded electrode (in
2.2 — 4.7 times) is observed at a significant amplification of the pre-breakdown corona current intensity (in
1.8 times and more).

2. Extrapolation of the obtained results on the processes taking place in the thunderstorm suggests that
the corona discharges will influence the probability of lightning attachment over the range of the electric
fields levels between the thundercloud and the earth from 0.015 kV/cm to 0.05 kV/cm for the lightning
arrestors of more than 70 m in height.
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Hageoeno pesynomamu @izuuno2o mooeniosanisi 6nau8y iIHMEHCUBHOCME KOPOHHUX PO3PA0I6 HA GEPUUUHAX 3A3EMIEHUX
00'exmie Ha UMOBIPHICMb NONAOAHHS 6 HUX BUCOKOBOIbMHUX PO3PAOIE Y NOSIMPAHUX NPOMINCKAX «BUCOKOBOTbMHULL
CPUICEHD - CIMPUIICEHb HA NIOWUHE, WO 3a3emaeHay. Jocriodicysanacs cucmema, wo CKi1aodemobest 3 6ePMuKaiIbHO20
BUCOKOBOTILIMHO20 HE2AMUBHO20 CIPUIICHEBO20 eNeKmpPoOd, Wo IMImye Ti0epHUll KaHA OIUCKAGKU, I 080X 3A3EMICHUX
CMPUICHEBUX eNleKmpOoOi8, WO IMIMyIOmb OIUCKABKOBIOB0OU. 00HO20 3i chepuunoio i Opy2020 i3 3a20CMpeHolo ep-
wunoro. Ileped nNpukiadeHusim GUCOKOBOILIMHOZ0 IMNHYIbCY Hanpyeoio 0o 1 MB ua eucoxogorbmuutl eiekmpoo 00
e1eKmpoOHOi cucmemu npukiadacmovcs nocmivne erexmpuune none (EII). Excnepumenmu nokazanu, wo HAs6HiCMb
KOPOHU HA GePULUHI 3A20CMPEHO20 eNeKmpo0d 00CMOGIPHO 30LIbULYE UMOBIPHICIbG NONAOAHHS 8 Hb020 BUCOKOBOIbNL-
HUX PO3ps0ié npu NPUKIAOeHHI ROCMITIHO20 eNeKMPUUHO20 N0, HANPYIHCEHICMb SIKO20 MAE MOl camuil NOPsOoK, Wo i
Hanpyoicenicmo imnyavcruoeo EIN. Bion. 11, puc. 2, Tada. 2.

Kniouoei cnosa: dizuune MonentoBaHHs, eNeKTpoQi3uyHi Npolecy, HMOBIPHICTh MOMaJaHHs BUCOKOBOJILTHOTO PO3-
psiny, CTPYM KOPOHH, OJIMCKaBKO3aXHUCT.
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Ipusedenvl pezyrbmamvl GuU3UYECKO20 MOOETUPOSAHUS GIUSHUS UHIMEHCUBHOCTU KOPOHHBIX PA3PSA008 HA GePULUHAX
3a3eMIIEHHbIX 00BbEKMO8 HA BEPOSIMHOCMb NONAOAHUS 8 HUX BbICOKOBONLIMHbBIX PA3PSO08 8 8030YUIHBIX NPOMEIICYKAX
«BbLCOKOBOJILIMHBILL CIEPIICEHb — CIMEPAHCEHb HA 3a3eMIeHHOU niockocmuy. Hccnedosanace cucmema, cocmoswas u3
BEPMUKAIBHO20 BbICOKOBOILIMHO20 OMPUYANENbHO20 CMEPIHCHEB020 INEKMPOOd, UMUMUPYIOUe20 TUOEPHbIL KAHAL
MOTHUY, U OBYX 3A3EMILEHHBIX CHEPICHEBLIX INEKMPOO08, UMUNMUPYIOUSUX MOTHUEOMBOObL: 00HO20 CO CheputecKkol u
6Mopo2o ¢ 3aocmpennol eepuiunoi. Ileped npunosicenuem 8blCOKOBOILMHO20 UMNYIbCa Hanpsdicenuem 00 1 MB na
6bICOKOBONMHBLU INEKMPOO K INEKMPOOHOU cucmeme Npukiaovbléaemcst 0onpodolHoe NOCMOsIHHOE INEeKMPUYECKOe
noae (OI1). Dxcnepumenmuvl ROKA3ANU, YMO HATUYUE KOPOHBI HA 8EPUIUHE 3A0CMPEHHO20 2IeKMPo0a 00CHOBEPHO Ye-
JUYUBAem 8ePOSIMHOCHb NONAOAHUSL 8 HE20 BbLCOKOBOILMHBIX PA3PSIO06 NPU NPULOAICEHUU NOCMOSIHHO20 INeKMpu-
Y4eCcK020 NOJISL, HANPSNCEHHOCTb KOMOPO20 UMeen mom dce NOPs00K, YUMo U HANPANCEHHOCMb UMNYIbcHo20 DI1.

bu6n. 11, puc. 2, Tadun. 2.

Knrouesvie cnosa: dusndeckoe MOICIUPOBAHUE, DIEKTPOGUIUUESCKUE MPOLECCHI, BEPOSITHOCTh MOMAJAHHs BBICOKO-
BOJIETHOTO pa3psia, TOK KOPOHBI, MOJIHUC3AIIUTA.
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