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The search for methods for taking into account a significant number of factors that affect the development of a positive
corona discharge in technological processes determines the relevance of research in this area. The aim of the work is to
determine for the streamer corona discharge in air at atmospheric pressure the influence of the geometric configuration
of a multi-needle electrode system with a metal disk, as well as the air flow rate with its supply along the needles on the
distribution of the electric field, the fulfillment of the avalanche-streamer transition condition, the ozone output and the
energy consumption required for this. It is shown the existence of threshold values for the interelectrode voltage, needle
lengths and distance between the needles, which limit the possibility of the appearance of streamers in the corona dis-
charge. Based on the experimental results, in relation to energy consumption, it can be concluded that there are opti-
mal values for the length of needles and the distance between them. It was found that an increase in air flow in the elec-
trode system during ozone production leads to a decrease in specific energy consumption and simultaneously to a de-
crease in ozone concentration. This relationship, depending on the purpose of the streamer corona discharge, must be
taken into account in its practical application. References 7, figures 4, tables 2.

Key words: positive streamer corona, multi-needle electrode system, ozone output, energy consumption, optimization of
the electrode system.

Introduction. At present, the use of corona electric discharge in gas, which occurs in a sharply in-
homogeneous electric field, for example, near the needle, does not lose its importance. The attractiveness of
this type of electric discharge lies in the efficiency of creating electrically charged and chemically active par-
ticles, which is carried out by electrons and photons that arise in the corona discharge. When using a positive
streamer corona discharge, the electric field strength near the head of the streamer, which propagates to the
cathode at high speed, reaches a significant value [1]. In such field, electrophysical processes occur with in-
tensive generation of ozone, active radicals and other particles. In addition, a streamer discharge can appear
in certain operating modes of high-voltage devices [2]. Therefore, its study, along with the study of other
types of corona discharge [3-5], appears to be an urgent problem.

In experiments and practical applications of corona discharge with corona-forming needles, an elec-
trode system with a metal disk parallel to another usually grounded electrode is widespread. The metal disk is a
platform for a multi-needle electrode, and it also limits the length of the needles. The disk significantly affects
the distribution of the electric field, reducing the field strength near the tip and simultaneously increasing its
value in the rest of the interelectrode space. Hence, it is importance to study the influence of the presence of the
metal disk, the length of the needles and their mutual arrangement on the parameters of the streamer corona
discharge and ultimately on the efficiency of the corona discharge in technological application.

The aim of the work is to determine for the streamer corona discharge in air at atmospheric pressure
the influence of the geometric parameters of multi-needle electrode system with the metal disk, as well as the
air flow rate with its supply along the needles on the distribution of the electric field, the fulfillment of the
avalanche-streamer transition condition, the ozone output and the energy consumption required for this.
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Geometric parameters of the electrode system and mathematical model. The metal disk and the
needles are under the same positive potential ¢ =U opposite the grounded flat electrode. The geometric pa-

rameters of the main elements are shown in Fig. 1: d =15 mm is the interelectrode distance, which is con-
stant in this work, % is the length of the needle, a is the distance between the needles, 7, =0.05 mm is the

radius of the cylindrical needle, which has a rounded tip of the same radius (in the calculation part).

The calculations use a simplified mathematical model that considers the growth and drift of electron
avalanches without taking into account the electric field of the charge of ions distributed in space. This ap-
proach is often used in the study of processes with separated avalanches and streamers [1] and allows us to
focus on identifying the influence of the main factors affecting the parameters of the corona discharge.

| The increase in the number of electrons N, in the avalanche was calcu-

lated taking into account the effective impact ionization coefficient .. The de-
pendence of the coefficient @, on the strength of the electric field £ was deter-

mined using the approximation containing the parameters A and B, the values of
which are given in [1, 6, 7]

' ¢
¢ Ne(€)=exp| [ay(¢)de |, ne aif:“xp[—i) 1)
o o o i p E/p
*a A’; B Here p is the air pressure; & is the coordinate along which the avalanche of elec-
. a ¢ - trons moves (usually it is a field line); &, is the position of the initial electron. For
e s e e ionization of air molecules, the field strength must exceed the threshold
.« . e ~26-10° V/m.
b The avalanche-streamer transition for atmospheric pressure air was deter-
Fig. 1 mined by reaching a certain number of electrons in the avalanche [1, 6]
QO=In(N,)=20. ()

Calculation of the growth of electron avalanches and fulfillment of the avalanche-streamer
transition condition. /n the case of the electrode system with one needle, at selected values d and 7, the
parameters affecting the electric discharge processes are the needle length /# and voltage U . In a sharply
inhomogeneous field of a thin needle, the beginning of ionization of molecules, where the field strength be-
gins to exceed the ionization threshold, is possible near the needle. The avalanche of electrons, increasing,
drifts in the direction to the needle and at a certain distance from it the condition of the avalanche-streamer
transition (2) can be met. For different needle lengths % at a voltage U =17 kV, the corresponding values

z; of the distances of the ionization threshold and the appearance of streamers zy on the symmetry axis z, as
well as the field strength E at the points of transformation of the avalanche into the streamer are given in
Table 1

h, m Z;, m zp, M Ep, V/im The table shows that as the needle length increases, the

5.10° | 3.9.10* | 3.0-10° | 290-10° | distance at which ionization of molecules is possible increases.

7-10° | 4.5-10* | 4.5-107 260-10° | This means that the region near the needle tip also increases, the

10-10° | 5.2:10* | 6.6:107 230-10° | appearance of initial electrons in which leads to the growth of

avalanches and their transformation into streamers. The needle
length at which the avalanche-streamer transition condition (2) is met has a threshold character. This is ex-
plained by the fact that when the electric field strength in the ionization zone decreases for shorter needle, the
number of electrons in the avalanche on the maximum path of its growth cannot reach the required values
under condition (2). For example, for the voltage U =17 kV, the appearance of streamers is impossible at a
needle length of 4 <3 mm . For each needle length, there is also a lower voltage limit below which the ava-

lanche-streamer transition condition cannot be met (voltage threshold value). As the needle length increases,
the threshold voltage value decreases. For example, for #=7 mm the threshold value calculated by the ma-

thematical model is U =9 kV , and at 2 =10 mm such voltageis U =7kV .

In the case of multi-needle electrode, another geometric parameter that affects the development of
the electric discharge process is the distance (step) between adjacent needles. For voltage U =17 kV, the
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dependence of the parameter O on the distance « is shown in Fig. 2. For the needle lengths
h=5,7,9,15mm, the corresponding curves are sequentially marked with numbers 1, 2, 3, 4. The figure
shows that to fulfill the condition Q = 20, that is, to induce a streamer discharge in the gap, the step between
the needles must exceed the minimum value a,,;, =5 mm . At the same time, the needle length in the range

h=5...15 mmhas a weak effect on the value a,;, .

0 1 X Taking into account the results of the calculations, for
3 the experimental study of the efficiency of the streamer corona
discharge using a multi-needle electrode, anodes were chosen, in
which the distance between needles exceeded 5 mm.
Experimental studies. In contrast to the calculations,
the needles in the experiments were platinum-rhodium strips
10 # with a cross section of 0.06x0.3 mm. The disk had holes for

individual blowing of the needles (shown in Fig. 1 as unshaded
areas of the disk near the needle surface). The constant voltage
0 of positive polarity was applied to the electrodes from a stabi-
0 3 a,mm lized high-voltage power source. Signals for recording currents
Fig. 2. and voltages were taken, respectively, from a low-inductance

shunt and an ohmic voltage divider and fed to the input of electronic devices, the characteristics of which
allow recording the features of electric discharge processes. The ozone concentration C was measured opti-
cally by the absorption of ultraviolet (UV) radiation in a gas cuvette, to which radiation came from an exter-
nal source of UV light. The concentration value C was determined based on the Bouguer-Lambert-Beer law

R=R, exp(— mG,C ), where R, and R are the signal values at the output of the photomultiplier in the ab-

[
=]

sence and presence of ozone in the cuvette, respectively, m is the optical length of the cuvette, G, is the

cross section of ozone absorption of radiation at the wavelength 1. Measurements were carried out at wave-
lengths of 254.7 and 275 nm.

Single-needle electrode. The study of the characteristics of the single-needle corona discharge allows
for comparison with the corresponding characteristics of the multi-needle electrode system, which can have
practical applications. An example of the corresponding characteristics at # =9 mm, d = 15 mm and air flow

U, KV: .10, kiWhvke rate V' =5 I/min is shown in Fig. 3. From the current-

20 - R Cmel - yoltage characteristic (I-V) of the discharge (curve 1) it
can be seen that the voltage at which corona appears is

0,32 7 kV. The time-averaged corona discharge current / in

the experiments reaches the highest value 7,, = 180 pA

0.24 at the applied voltage U = 17 kV. At current value /

0.16 close to 40 pA, an inflection is observed on the I-V

characteristic, after which the steepness of the current
0,08 increases with increasing voltage U. The current at the

inflection point of the curve corresponds to the appear-

' 0 ance of the measured value of the ozone concentration

0 40 80 120 160 200 LuA  C (curve 2). With a further increase in the discharge

Fig. 3. current, the concentration C continuously increases, and

the specific energy consumption for ozone generation W decreases (curve 3), which at I = I,, reach values of
0.35 mg/l and 30 kWh/kg, respectively.

The discharge current recording on the oscilloscope shows that near inflection point on the /- char-
acteristic a short streamer current pulses (200 ... 300 ns) with amplitudes i,, ~ 10 mA appear. With an in-
crease in the averaged discharge current to / = 180 pA, the pulse amplitudes i,, reach values of 70 mA.

Studies have shown that the discharge parameters significantly depend on the gas flow rate. An in-
crease in the gas flow rate at a constant input power leads to a decrease in the ozone concentration and spe-
cific energy consumption. For example, at air flow rates V' in the range of 0.2...27 I/min, the values of C and
W vary, respectively, within the limits of 2.5...0.1 mg/l and 70...20 kWh/kg. Increase in the ozone concentra-
tion to maximum values of 2.5 mg/l is observed with a simultaneous decrease in the streamer current ampli-

tude to 20 mA. This indicates a significant influence of negative ozone ions O3 with a high electron affinity
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energy (2.1 eV [1]), which is associated with a decrease in the concentration of electrons, which primarily
provide electrical conductivity of the plasma of the streamer channels.

The presence of the metal disk in the electrode system contributes to an increase in ozone yield with
a decrease in specific energy consumption. For example, with a needle length of 2 = 9 mm, the specific en-
ergy consumption is reduced by more than half compared to the absence of such disk. This can be seen from
Table 2, which shows the results obtained under the same conditions in the absence and presence of the met-
al disk, lines 1 and 2. The increase in energy consumption in the absence of the metal disk can be associated
with a large proportion of the electron avalanche current along the lateral surface of the long needles not lim-
ited by the disk.

Multi-needle electrode. Experiments performed with different needle lengths /# and distances be-
tween them a allowed us to establish the optimal geometric dimensions in terms of the specific energy con-
sumption for ozone generation W. The corresponding values are given in row 3 of Table 2. A comparison
with a single-needle electrode in row 2 shows that the distance between the needles has a smaller effect than
the needle length (at least at the distances between the needles that are not less than their length).

Table 2

Number of |4, mm| a, mm |V, I/min W, Changing the main geometric dimensions of the elec-
needles kWh/kg | trode system (4 and a) to values that go beyond the optimal
1 © - 7 68 ones leads to an increase in specific energy consumption.
1 9 - 7 30 This is evident from the data in row 4 of the table, in which at
14 9 10 7 29 h =4 mm and a = 7 mm the value W = 46 kWh/kg is one and

36 4 7 7 46 a half times higher than W at the optimal /4 in row 3.
The characteristics of the multi-needle electrode at the optimal values of the geometric parameters
C. mgl: 7100, kWh'ke h=9mm and ¢ = 10 mm are presented in Fig. 4.

Curve 1 shows that the ozone concentration decreases
from 2 mg/l at low air flow rates /=1 I/min to 0.4
mg/l with increase in the flow rate to 12 I/min. The
maximum concentration of C =3 mg/l was obtained
at minimum flow rate J' = 0.2 I/min (not shown in
Fig. 4). The specific energy consumption W for ozone
production, as for a single needle, decreases with in-
crease in the value of V' (curve 2). At the air flow rate
V=11 l/min, they are 20 kWh/kg. A further increase
in V'to 25 I/min leads to a decrease in the energy con-
0 — sumption W to 14 kWh/kg. Note that this value is
0 2 4 Fie 46 8 10 PUmin characteristic of a barrier discharge in undrained, as
o in our case, atmospheric air.

Conclusions. Computational studies on the fulfillment of the condition of the avalanche-streamer
transition in the electrode system of the needle, the length of which is limited by the metal disk, against the
plane showed the existence of threshold values of the needle length and the constant interelectrode voltage,
below which the appearance of streamers is impossible. In the multi-needle electrode, for the appearance of
streamers, the distance between the nearest needles must also exceed the certain threshold value.

Experimental studies of ozone generation in the multi-needle electrode system and the energy con-
sumption required for this have shown the existence of optimal energy consumption values for the needle
length and the distance between them. It turned out that the needle length has the main influence, while for
systems with different distances between the needles exceeding a certain value, the specific energy consump-
tion for ozone generation differs little.

Experiments show that in streamer corona discharge, the air flow rate during ozone production has a
different effect on the ozone concentration in the air and the energy consumption required for this. With an
increase in the air flow rate (from 2 to 12 1/min), on the one hand, the ozone concentration, which is desirable
to have larger, decreases significantly (from 2 to 0.4 mg/l), on the other hand, the specific energy consump-
tion decreases (from 60 to 20 kWh/kg). Therefore, there is probably an optimal air flow rate, which may dif-
fer depending on the purpose.

The work was supported by state project "Development of the theory and modeling of non-stationary
electrophysical processes in the conducting and dielectric media of the pulsed electromagnetic systems"
("Barrier-3"), state registration number 0123U100671, KPKVK 6541030.
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Howyx memodie 8paxysamHs 3HAYHOI KIIbKOCMI (axmopie, wo niueaiomv Ha pOo36UMOK NOUMUGHO20 KOPOHHO20
PO3PSIOY Y MEXHON0IUHUX NpoYecax, GUIHAYAE AKMYANbHICMb 00CTIONCEHHST Y YboMy Hanpsmky. Memow pobomu €
BUBHAYEHHS Y CINPUMEPHOMY KOPOHHOMY PO3PA0i 8 NOGIMPI amMOchepHo2o MUCKY 6NAUEY 2eOMempPuyHoi KoHpizypayii
bazamozonvbuamoi enekmpoOHoOi cucmemu 3 Memanesum OUCKOM, a MAaKoIC po3x0dy HOGIMPsi 3 U020 NOOAUeI0 830069iC
8iCmMpsl Ha PO3NOOLN eNeKMPUUHOLO0 NOJSL, BUKOHAHHS YMOBU JIABUHHO-CIPUMEPHO20 Nepexody, UXio 030HY ma HeoOXio-
HI 01151 Yyb0o2o enepeogumpamu. [lokazano iCHY8anHsA NOPO2OBUX 3HAYEHb MIJCEIEKMPOOHOT Hanpyau, 008ICUHU 8iCmpsi
ma i0CmMaHi Midic 8icmpsimu, SIKi 0OMeNCYIOmb MONCIUGICINb NO8U CIMPUMEDPIE Y KOPOHHOMY po3psaodi. Ha ocHosi exc-
NEPUMEHMATbHUX Pe3yabamie CMOCOBHO CHONCUBAHHSA eHepaii 3p00NIeHO 8UCHOBOK NPO MONCIUBICIb ICHYBAHHI ON-
MUMATBHUX 3HAYEH] 008CUHU 20JI0K MA 8iI0CMAaHi Midc HUMU. Buseneno, uwo 30invuieHHs eumpam nosimps 6 eiekmpo-
OHIll cucmemi npu 8UpooOeHi 030Hy NPU3800UNMDb 00 3MEHULEHHS NUMOMUX 8UMPAMm eHepeii ma 0OHOYACHO 00 3MeHUeH-
HA KOHYenmpayii 030Hy. Taxuil 368 130K 8 3anedHCHOCI 8i0 NPUSHAYUEHHS CIPUMEPHO20 KOPOHHO20 pO3PA0Y HeoOXiOHO
8paxosyseamu npu 1020 npakmuyHomy zacmocyeanni. biom. 7, puc. 4, Tabm. 2.

Knrwowuoei cnosa: no3utuBHa CTpUMEpHa KOpOHA, Oararorojpyacra eleKTpOAHA CHCTEMa, BUXi/l 030HY, EHEPrOBUTPATH.
ONTUMI3AIis eJICKTPOIHOT CHCTEMHU.
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