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LV. Bozhkol*, Yu.M. Vasetskyl**, LP Kondratenkol***, 0.A. Mashchenko®
"Institute of Electrodynamics National Academy of Sciences of Ukraine,
Beresteiskyi Ave, 56, Kyiv, 03057, Ukraine,

*National university of food technologies,

Volodymirska Str., 68, Kyiv, 01601, Ukraine

E-mail: yuriy.vasetsky@gmail.com

The features of the positive streamer corona discharge are the long length and the duration of each streamer. They de-
fine this type of discharge as one of the alternative paths of potential technological application and characterize the
relevance of research in this direction. The aim of the work is to determine the influence of the geometric characteris-
tics of the needle and the voltage between the electrodes to the size of the areas, the beginning of the development of
electron avalanches from which leads to their transformation into a streamer form of corona discharge in air at atmos-
pheric pressure. For electrode systems with needles in the form of hyperboloid and paraboloid of rotation, sphere and
10.15407/long cylinder, the electric field distribution is considered and the volume of the areas where the appearance
of effective initial electrons leads to their multiplication to the stage of avalanche-streamer transition in the strongly
inhomogeneous electric field is determined. It is established that the size of the specified volumes, in addition to the
curvature radius of the tips, is significantly affected by the shape of the electrode outside the part of its surface with the
smallest radius of curvature. It is shown that despite the smaller values of the maximum field for the hyperbolic needle,
here the volume of the appearance of effective initial electrons can exceed the volume for cylindrical and even more so
for spherical electrodes of the same tip curvature radius at the same value of voltage. A feature of the long cylindrical
needle is the extension of the start zone of the effective electrons over a considerable distance along the cylindrical sur-
face of the electrode. From the comparison of different electrode systems, it was concluded that the choice can be made
according to the magnitude of the volumes of appearance of effective electron, as a quantitative indicator that takes into
account the needle configuration, tip radius, and value of voltage. References 24, figures 6.

Key words: positive streamer corona, needle-to-plane electric field, avalanche-streamer transition, streamer emergence
efficiency indicator.

Introduction. Among the numerous applications of electric discharge in gas, corona discharge is
still important today. The attractiveness of this type of discharge lies in the efficiency of creating electrically
charged and chemically active particles: particle charging is carried out by ions generated in corona dis-
charge and drifting in the electric field; energetic electrons and photons generated in the corona discharge are
used to carry out electrochemical reactions to produce active radicals, such as HO, NOx, Os, and others,
which are effectively used to decompose harmful impurities in gases and liquids [1, 2]. Currently, compre-
hensive studies of corona discharge in gases have been carried out, a detailed review of which is reflected, in
particular, in [3, 4].

Two forms of corona discharge — avalanche and streamer — have found application in various techno-
logical processes and devices. A special area of use of corona discharge is the production of ozone from
oxygen-containing gases [5]. The use of streamer corona discharge in ozone generators, which attracted at-
tention after the avalanche discharge, allows for increased reliability of the process and economic efficiency
[6]. Studies have shown that the use of positive corona (with a positive potential of the corona electrode)
gives a higher yield of chemically active particles. This is related to the feature of the development of a posi-

tive streamer corona and is due to the high electric field strength = (150 - 170)- 10° B/m in the streamer head
[7], which can significantly exceed the breakdown strength of the gas in a homogeneous field.
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Compared to the barrier discharge [8-10], which, in particular, shows high efficiency in ozone gen-
eration, the corona discharge has a number of important features. The gap between the electrodes in barrier
systems does not exceed a few millimeters. The corona discharge develops in a volume with much larger
dimensions, the streamers have a much greater length and each of them exists for a longer time compared to
streamers in the barrier discharge [11]. Increasing streamer density is achieved by using a system with a
large number of electrodes from which streamers develop. So, the features of streamer corona discharge de-
fine it as one of the alternative paths of potential technological application. The study of the development of
the streamer process in a sharply inhomogeneous field created by electrodes with a small radius of curvature
is important not only for understanding the electrophysical processes that accompany the streamer discharge.
This ultimately allows for purposeful selection of the parameters of the electric discharge system to obtain
the necessary characteristics of technological processes.

The aim of the work is to determine the influence of the geometric characteristics of the needle,
which forms the distribution of the sharply inhomogeneous electric field, and the voltage between the elec-
trodes on the size of the areas, the beginning of the development of electron avalanches from which leads to
their transformation into a streamer form of corona discharge in air at atmospheric pressure.

The development of the streamer process from the beginning of the growth of the electron avalanche
to the transformation of the avalanche into streamer is considered. This process is analyzed in a system with
a single electrode in the form of the needle, which can have a different configuration and curvature radius of
the tip. It is assumed that electroionization processes take place in the electric field formed in the gap without
taking into account the volumetrically distributed charge of ions. This mathematical model most closely cor-
responds to the processes when a single rectangular pulse is applied to the electrode system. The approxi-
mate mathematical model is often used in the investigation of the avalanche stage of the electric discharge
development also for other dependences of voltage in time [7], including, under certain assumptions, a con-
stant voltage. In the text, the term “needle” refers to a thin long electrode, which can have a different shape
of the lateral surface and end with a tip of the smallest curvature radius.

Growth of the electron avalanche and the condition for its transformation into streamer. Co-
rona is a low-current discharge that appears in the strongly inhomogeneous electric field in an area where the
field is sharply enhanced, for example near the needle, wire, etc. Fig. 1, a shows an electrode system in the
form of the needle with positive potential opposite a conducting body with flat surface. A feature of ioniza-
tion processes in the sharply inhomogeneous field is that they take place in a relatively narrow region near
the electrode and in the head of the streamer, where the field strength has a maximum value, and in the rest
of the gap there is no ionization, there is only charge drift. The positive corona may have a streamer shape,
which manifests itself as filamentary channels. In any case, an avalanche form of electron propagation,
where the main mechanism is impact electron ionization of neutral molecules, precedes the appearance of
streamers. To transform the avalanche into streamer, certain conditions must be met under which the electric
field of the electron avalanche reaches the required value [12].

In electronegative gases, which include air, in addition to ionization, electrons attach to molecules.
Both processes are characterized by ionization « and attachment 7 coefficients, respectively (number of

ionization or attachment events when an electron moves in the electric field over a distance of 1 m). These
coefficients depend on the electric field strength, the empirical functional dependences of which are pre-
sented, for example, in [7, 13, 14]. The threshold value of the ionization process is determined by the condi-
tion when the ionization coefficient & begins to exceed the attachment coefficient 77 . For air, the presence

of oxygen in which determines its electronegative properties, the ionization and attachment coefficients are
equalized at the ratio of the field strength to the gas pressure E/p ~(26-3 l) v/ (m . Pa). In the calculations
we will use one of the most common approximations of experimental data for the effective ionization coeffi-
cient a,r =a—1

a—ef:Aexp[—iJ, @8
P

where p is pressure, the coefficients 4 and B in the SI system in discharges in air have the following val-
ues [7, 14]:
E/p=15-114V/(m-Pa): 4 =6.46 1/(m-Pa), B; =190 V/(m-Pa);
E/p=114-600V/(m-Pa): 4, =11.1 1/(m-Pa), B, =277.4 V/(m-Pa)
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When a voltage of the required magnitude is ap-
plied, the avalanche of electrons (Fig. 1, ») moves in the

electric field with the electron drift velocity v, = y E, o=U
where 4, is the electron mobility. The number of elec- ~— [~
trons N, in the avalanche increases exponentially [15]:
<
Ne(&)=exp| [ayr()as |- ) =0
< T
a b
Fig. 1

Here, the value of the effective ionization coefficient in the electric field that varies in space depends on the
position of the point in space a,r (E (r)) In expression (2), the coordinate along which the avalanche of elec-

trons moves is denoted by & (usually this is a field line). The avalanche of electrons moves, increasing from

the position &, of the initial electron. If the movement of the avalanche is carried out along the axis z — the

smallest distance between the electrodes, then replacing the coordinates in expression (2) it is necessary to
take into account the opposite direction of the coordinates & and z in Fig. 1.

During the ionization of neutral molecules, positive ions are formed simultaneously with electrons,
and in electronegative gases, negative ions are also formed. The mobility of ions is much lower than the mo-
bility of electrons, and during the movement of the avalanche of electrons, ions can be considered mo-
tionless. The numbers of positive N, and negative N_ ions in the avalanche trace at a point with the coor-

dinate & are as follows:

¢ ¢
N, = [aNd¢, N_=[nN,d¢. 3)

o <o
The charge of the avalanche creates its own electric field, which is superimposed on the external
field of the electrode system. The total field near the avalanche of electrons increases in the direction of elec-
tron motion and, conversely, decreases in the opposite direction. The volume distributed charge of ions also
creates its own electric field, but due to its certain distance from the avalanche head and lower concentration
in space, its effect to the electric field near the electron avalanche is smaller compared to the field of the elec-
tron avalanche. For this reason, we will neglect the electric field of ion charge at the avalanche stage of the

electric discharge process.

In a strongly inhomogeneous field, the ionization zone is limited by a boundary where the electric
field strength drops to a critical value E;, which is determined by the achievement of the condition of no

ionization at the corresponding points #; in space:

aef(El-)=0. (4)
With a positively charged needle, the movement of the electron avalanche is directed from the outer area to
the needle in the direction of increasing field. Therefore, condition (4) defines the limit beyond which free
electrons will not lead to ionization and, accordingly, the appearance of electron avalanches.

In sharply inhomogeneous field, more often near an electrode with small radius of curvature, the en-
ergy gained by an electron over the mean free path may exceed the energy given off in inelastic collisions. In
this case, the electrons enter the continuous acceleration mode or otherwise there is "electron escape". In [16]
it is shown that there is an upper limit of the electric field strength £, for the transition of the usual form of
discharge to the continuous acceleration mode, starting from which the ionization coefficient decreases with
increasing field. The field strength estimate £, in [13] was made based on the maximum value of the elec-

)_ 641’102
rnsyW,
is the electron charge, n( is the number of gas molecules per unit volume, Z is the number of electrons in a

tron braking force [17] F (W

e

2, .
ln( ej with respect to the average electron energy W, , where e

molecule, / is the average energy of inelastic electron losses. The force F(W,) at W, =1/2 takes on a
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F(1/2) &gz
e 47&98 exp(1)/
ing from E, the energy of electrons can only increase. For nitrogen at atmospheric pressure and temperature

0°C  (z=14,1~(75-80)eV, ny =2.69-10 m™), the critical field strength is found to be

. Start-

maximum value, which gives the magnitude of the critical electric field £, =

E, =450- 10° V/m. For oxygen, we obtain a similar value.

Beyond the specified values of the field strength, the correctness of using avalanche or streamer
models of electric discharge development is hardly justified. That is, the area of study of ionization processes
before the appearance of streamers can be limited both from the outside by the ionization boundary and near
the tip of the needle when the field reaches the limit of electron continuous acceleration.

H. Réther, A. Loeb, and J. Mick in the middle of the last century laid the theoretical and experimen-
tal foundations of the development of the streamer process [18 — 20]. During the following period, the con-
cept of the electric discharge and its streamer form received significant development [7, 13].

It is believed that the condition for the avalanche-streamer transition is achievement the electric field
strength of the electron avalanche charge a value E' that is approximately equal to the magnitude of the field
of the external source E:

E'~E,. &)

The electric field strength at the surface of the avalanche created by avalanche charge is primarily
determined by two factors: the number of electrons N, in the avalanche and its size. In each avalanche, as
electrons move in the electric field and the number of electrons increases, the diffusion of electrons and its
electrostatic repulsion take place [7]. At the initial stage, the size of the avalanche is determined by the diffu-
sion process. As the avalanche grows, the repulsion process begins to take precedence. At this stage, the

growth of the avalanche size is limited by the oppositely directed forces between the electrons and positive
ions. Approximately the maximum radius of the electron cloud is determined by the condition when it is

equal to the ionization length R, ~ ae}-l. In the stationary electric field, the process of electron repulsion de-

termines the final size of the avalanche and, accordingly, the electric field at its surface.
Using the model of the electron avalanche in the form of a charged sphere, which is often used in
theoretical models, condition (5) taking into account (2) can be rewritten as:

S
e e
E=—N,, =——exp| |a,,(E)d& |~ Ey, (6)
47250Rez “ 47rgORez 9;[ ef() 0

where N, and & are, respectively, the number of electrons in the avalanche and the coordinate where the
avalanche-streamer transition condition is satisfied, & is the electric constant.
Processing a significant amount of experimental data for data at atmospheric pressure in the station-
ary field gives the following critical value of the following parameter:
O=In(N,)=20 @)
This value Q in (7) is consistent with the data in the works of A. Loeb and J. Mick, where the radius of the

avalanche was taken as the radius at which, due to the diffusion of electrons, their density decreases by a fac-
tor of exp(l) compared to the density in the center of the avalanche. In this case, the avalanche-streamer tran-

sition occurs at Q ~18—-20 and N, ~ 10 , respectively. At the same time, as noted in [7], a different way
of choosing the avalanche radius R, has a weak effect to the value of the parameter Q .

The existence of ionization does not necessarily lead to the fulfillment of conditions (5) or (7) of the
avalanche-streamer transition. The appearance of the streamer in a certain area is possible if for any trajec-
tory of avalanche movement (field lines) in this area the avalanche moves the required distance for which
condition (5) or (7) is fulfilled. Denoting the coordinate along the trajectory of avalanche movement as &,

the condition for the appearance of the streamer in the area can be represented as follows:
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Sa
[aq(&)c=0, (8)
gl

where the integration extends over the entire field line from a point on the boundary of the ionization area &;
to the electrode &, or to the boundary of the area of continuous electron acceleration &, .

The fulfilling the streamer appearance condition (8) also determines the coordinates &, of surface
corresponding to the minimum possible distance to the needle. The coordinates &, correspond to the posi-

tion of the initial electron for which the avalanche transforms into the streamer at the extreme point of mo-
tion, i.e. reaching the positive electrode or the boundary of the area of continuous electron acceleration. The
initial electron appearing in the area between &; and &, initiates the development of the avalanche to the

size when it transforms into the streamer.

Ionization zones and emergence of the streamer in the needle-to-plane electric field. Since the
field strength near the needle is significantly higher than the field in the rest of the gap, it is here that the
main electrophysical processes of the electric discharge in gas take place, in particular: ionization of neutral
molecules, increase and movement of electron avalanches, transformation of the avalanche to streamer and
its growth to the opposite electrode, as well as excitation of molecules, photon emission, plasma chemical
processes associated with the electric discharge. The main parameter that determines the value and distribu-
tion of the sharply inhomogeneous electric field of the needle against the plane are the ratio of the radius of
curvature of the needle tip to the distance between the electrodes (in the case of a rounded tip), as well as the
average field strength and the configuration of the needle outside the part of its surface with the smallest ra-
dius of curvature. From this point of view, we will consider the electric field of several typical configurations
of the needle mainly in the area near the tip of the needle.

The electric field of the needle of different configuration. First, we will consider how different the
electric field distributions near the needle of following geometric shape: hyperboloid and paraboloid of rota-
tion, sphere, and long cylinder. This question is important for modeling electrophysical processes in the
sharply inhomogeneous field.

The geometry of the needle in the form of the hyperboloid (Fig. 2, a) and paraboloid (Fig. 2, b) of ro-
tation is described by analytical expressions containing the values of the minimum radii of curvature at the
peak 7, and the distance d between the electrodes [21]:

2 2 2
—(d—z) _P 1, =P (z<0), ©)

d? r.d 2r,
where the coordinate z is counted from the peaks of the needle, o is the distance from the axis of symmetry
in the radial direction. The geometry of the needle that usually used in experiments has a cylindrical form
(Fig. 2, ¢). We will assume that the tip of the needle has the shape of a hemisphere of the same radius as the
cylindrical part. This assumption is justified if we consider the electric field at a distance from the tip that
exceeds the characteristic size that equal to the radius of cylinder.

In the figures equal radii of curvature of the tips are chosen. They are shown as spheres of the corre-
sponding radius. Near the tips, the ge- ;
ometry of the needles differs slightly,
but becomes noticeable when moving
away from it.

The electric field strength on the
axis of symmetry of the gaps reaches the
highest values at the surface of the tip, =Y T W&
but also decreases rapidly with distance v v
from it. The expressions for the field z d z d
with the needles of hyperboloid E, (z)

[22] and paraboloid Ep(z) [7] types A 4

depending on the coordinate z have a \ =0 \ =0 A\ =0
simple analytical form,
which allows us to obtain a clear conception Fig. 2

p=U : p=U
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of the electric field distribution:
d*+r.d
E,(z)=U e ! , E, (z)=U 2 . (10)
& r.d+2dz — z* P 2d
¢ d (r. +2z)In| 1+ ==

Arthl —=—— p
Jd? +r.d

c
For the sphere-plane electrode system, the exact dependence of the field strength distribution along
the axis z cannot be represented by simple expressions. However, for the ratio values d/r. <100, it is pos-

sible to use the expression that gives an error at the surface of the sphere that does not exceed 0.5% at small
ratios and error decreases with the ratio d/r, increases [22]:

2d|d (£2, +1)+ (@ - =2 (ES, 1))

[d (E +1) z)z(E:m_l)]z ' (11)

Here, the normalized magnitude of the electric field strength E:m =% at the surface of the needle
has a maximum value and it is the coefficient of heterogeneity:
2
E:mzl 2 v [ 2] - (12)
4| r, 7.

The calculation of the field strength for electrode system containing the needle in the form of cylin-
der with hemispherical tip was performed here and further by a numerical method using the COMSOL
mathematical package.

The dependence of the maximum magnitude of the field strength at the peak of the needles on the ratio
of the maximum electrode curvature to the size gap 7, /d is shown in Fig. 3, a. From the comparison of the

maximum electric field strength for the needles of different shape, it follows that modeling the needle with the
spherical electrode, the radius of which is equal to the minimum curvature radius of other configurations, can
lead to an error reaching 100%, in the direction of increasing the field for the spherical electrode. It should be
noted, however, that the situation will be the opposite for another model, when an isolated conducting body
located in an external electric field. Here, with an increase in the length of the body the electric field strength
will increase at the point where the radius of curvature is minimal. So, despite the fact that the model with an
isolated sphere is quite simple, the feasibility of its application must be justified in specific cases.

The peculiarity of the decrease in the electric field strength near the needle with distance from it is
shown in Fig. 3, b for the same needle configurations. The greater the maximum field strength at the needle
tip, the faster the field decays with distance from it. At the same time, under the conditionr, << d, z <<d

the parameter 7. /d has practically no effect to the values E/E,, of the corresponding needle configurations.

The field strengths for the needle of hyperbolic and parabolic shapes differ to the smallest extent. For these
configurations, the maximum value of the field strength at the needle surface also differs little. Under such

conditions, from (10), the field strength for these two types of needle have the values E,,, ~2/In(4d/r.) and

E, om ~2/In(2d/r.) . Their difference at d/r, >>1 is relatively small, it does not determine significant

changes in the development of electrophysical processes, and therefore, in the following we will consider the

E* EIE configuration of only one, hyper-
" : bolic, type.
0.75 Cylinder Parameters _of _ionization
400 Hyperboloid, :
Paraboloid processes in the electrode systems.
0.5 When applying high voltage, the
200 distance to the boundary where the
Egn'® Epy 0.25 electric field strength exceeds the
value of the onset of ionization

%0 0.005 0.01 0015 r/d 0 o o5 1 1.5 z/r, Processes in air at atmospheric pres-
a Fig. 3 b sure Eiz26-105B/M can signifi-
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cantly exceed the radius of needle tip r,.. As an example, consider electrode systems with the following spe-

cific dimensions: d =15-107 m, 7, =5- 107 m , which correspond to values that can be used in experiments
[23]. We will assume that the voltage between the electrodes is U =17 kV .

From the results presented in Fig. 3, a it follows that for the selected parameters at the surfaces of all
the needle tips the electric field strength exceeds the continuous acceleration limit of electrons, which we
will take equal to E/p =450 B/(m-Pa). The distances from the surfaces along the vertical axis, on which

the field reaches the limit, are insignificant. They turn out to be as follows: Az, ~ Az, ~0.57r,;
Az, =0.86r,; Az, =1.8r,.

The electric field strengths at more distant points on the axis are shown as continuous curves in
Fig. 4, a. The points marked with “ x ” on the curves show the distances from the needle tips to the points
where the strength is equal to the ionization limit in air 2.6-10%V/m. It can be seen that the point farther-

most from the tip is the point on the axis z for the hyperboloid of rotation ( z;, =9.27- 10™m ), the interme-

diate position is occupied by the needle of the cylindrical shape ( z;. =7.33- 10™*m ), and the closest point is

the point on the axis for the spherical electrode ( z;,. =5.22- 10*m ).

Analysis of the appearance of streamers in corona discharges, similar to [24], will be carried out on
the basis on the influence of the distribution of a sharply inhomogeneous field on the characteristics of the
avalanche stage of the discharge from the start of ionization to the fulfillment of the avalanche-streamer tran-
sition condition. If the initial electron appears at a distance z;, the farthest from the needle where ionization
is possible, then the condition (7) of the avalanche-streamer transition is fulfilled at the points marked with
the labels “ o0 ” on the curves in Fig. 4, a.

Initial electrons can randomly appear at any point in the gap, but only those electrons will lead to the
creation of a streamer that will pass the required growth path, at the end of which condition (7) will be ful-
filled. We will assume that the endpoint of the avalanche increase is the point at which the field strength
reaches of the continuous of electron acceleration limit 450 V/ (m-Pa) or electrode surface at lower field
strength. The positions of the initial electrons, where the avalanche-streamer transition takes place at such
endpoint are marked on the curves as “ [J ”. Their coordinates are as follows: for the hyperboloid needle

Zig = 0.71-10*m ; for cylindrical needle z;,. = 0.95-10*m ; and for sphere zy,. =1.28-10"*m.

E-107, f o 3
vin| L} /A m
2.5
1.5
2 E,
1.5 1
0.5
0
}”O 2 4 6 8 z~104,m 5 10
a b

Fig. 4
As can be seen from the presented data, the intervals z; —z; , where the appearance of initial elec-
trons leads to transformation of growing avalanches to the streamers differ significantly for different needle
configurations. Therefore, the question arises about the configurations for which the initial electrons are
more likely to appear during the same time. It is also useful to obtain an estimate of the indicator that allows
us to compare configurations.
Such indicator can be the value of volume V;, where the appearance of effective initial electrons

leads to the development of avalanches and their transition to the streamer form. The volume V; is limited on
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one side by the boundary of the ionization zone, where the field strength takes the value

E (fl_ )= 26-10° V/m , and on the other — by the surface, starting from which electrons multiply and at the sur-

face of the needle or when reaching the limit of continuous acceleration, the number of electrons in the ava-
lanche reaches the value N, = exp(Q) at Q=20 . These boundaries are determined by the distribution of the

electric field near the needle, which primarily depends on its configuration, tip radius, and the voltage be-
tween the electrodes.

In this study, we will assume that the avalanche growth and drift of the electron occur in the electric
field of the electrode system. This assumption of neglecting the field of the distributed charge of ions is often
used in the study of alone avalanches and streamers. From the assumption that the initial electron can appear
with equal probability at any point in the volume V;, it follows, that this volume is also indicator of the

probability of the development of the avalanche and it transition to the streamer form. Then, for the needle
configurations under consideration, the probability ratio will be equal to the ratio of the corresponding vol-
umes Vig Vi 1V

In this case, we will consider only the areas with the highest field strength near the surface with the
smallest radius of curvature. Since the areas where effective electrons appear are close to the surface of the

needle, we will estimate the values of the corresponding volumes as the volumes of spherical layers bounded

by a certain solid angle £2. Then each of the volumes will be V; = %[(rc +z; )3 —(r. + 24 )3] Assuming the

1

angle (2 to be the same for all needles with the same radii of curvature r, =5- 10 m, at the voltage 17 kV
and distance d =15 mm we will obtain the following ratio of volumes normalized to a unit value for the hy-

perboloid of rotation (V,-g Vi 3Vir)= (1 :0.46: 0.20). Approximately the same ratio between the volumes is

maintained when applying the voltage other than 17 kV.

Fig. 4, b shows the dependences of the normalized volumes Vi* =3V; /€2 on the voltage between the

electrodes for the previous values of the distance between the electrodes and of the curvature radii of needle
tips. Since in this example 7., z;, << z;, and the distance z; to the boundary of the ionization zone is propor-

tional to the value of the applied voltage, the volumes increase with increasing voltage as V; ~U 3. For the

minimum voltage U = 7.5-10°V the average electric field strength U/d = 5-10°V/m is still sufficient for
the streamers to reach the cathode. In this case, the volume is very small and does not exceed a tenth of a
cubic millimeter. Note that with the specified ratio of distances 7., z; << z; the deviation of the shape of the

electrode tips from the taken into account will not lead to a change in the results for the volumes V; .

It should be noted that the volume size, the appearance of the electron in which leads to the genera-
tion of streamer, can also be the indicator for choosing the voltage, needle configurations and their geometric

parameters. So, at the radius of the needle tip 7. =5-10"m, the distance between the electrodes

d=15-10"m , and voltage 17 kV the best configuration is the hyperboloid of rotation, the field of which on
the needle surface is the smallest among those considered and which decreases most slowly with distance
from the needle. However, this conclusion is valid with the selected parameters and the assumptions made,
the main one of which, in our opinion, is the neglect of the electric field of the distributed charge of ions.

We will analyze the influence of the curvature radii of the needle tips and the voltage between the
electrodes on the possibility of streamer formation within certain limits of changing these parameters at the
distance between the electrons d =15mm. Minimum voltage limits the value U =7.5kV that ensures

reaches to the cathode by the positive streamer. The maximum value should not exceed the spark breakdown
voltage, which has order 20 kV . The maximum radius of curvature of the needle tip is limited by the need to

create the streamer corona discharge r./d <0.1 [7]. The calculation results of the volume Vi* =3V; /€2 for the

needle in the shape of the hyperboloid of rotation compared to the spherical electrode are shown in Fig. 5.
The first of the figures (Fig. 5, a) shows that the advantage of the needle of the hyperbolic configura-

tion over the system with spherical electrode is limited by a certain value of the curvature radius of the tip. With

its increase, a smaller value of the field near the hyperbolic needle leads to the approach of the boundary of the
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avalanche transition into the streamer -~ x

v, ]
O=In(N,)=20 closer to the needle mm? U=10kV mins
surface. The closer this boundary is to the 0.6 v * o075 12 kv /\
needle surface, the smaller the area from
: ) 0.4 y# 0.5
which effective electrons can start. g 10 KV
. e
For each voltage value, there is 0.2 —~ 0.25 /m !
an upper limit value of the curvature ,1/7‘5 k\/\
radius of the needle tip, when the growth %0 005 01 015 omm 05 o1 02 03 r., mm
of the electron avalanche ceases to lead a b
to the appearance of the streamer. Such e
limit occurs for both hyperbolic and

spherical electrode configurations. How-
ever, as can be seen from the compari-
son of the dependences in Fig. 5, b and
5, ¢, the limit curvature radii for the
spherical electrode are much larger than
for the hyperbolic one.

Another aspect of the considered ' Fig. 5
feature of the development of the posi- ¢ d
tive streamer in the sharply inhomoge-
neous electric field is the existence of a lower voltage limit, the value of which depends on the curvature ra-
dius. Fig. 5, d shows the dependence of volumes on voltage at different curvature radii of the tip of the hy-
perbolic electrode. The larger the curvature radius, the greater the limiting voltage value. For the distance
d =15mm, the limiting voltage increases to U =12 kB with increasing curvature radius to 7. = 0.3 mm.

For the curvature radius of the hyperbolic needle and for the spherical electrode of arbitrary radius, the limit-

ing voltage value is absent in the range U / d>510° V/m.
Regarding the influence of a possible deviation of the tip shape from the considered one, it should be

noted that near the limit values of the parameters, the character of the dependences of the volumes Vi* on the

voltage and the curvature radii may differ somewhat from those determined. However, this will not affect the

presence of limit values and the dependences of the volumes Vi* when the parameters are removed from the
limit values.

If for the distance d =15 mm the voltage does not exceed the value U =12kV when there is no
spark breakdown, then the electrode in the form of the hyperboloid of rotation has the larger volume of ap-
pearance of the effective electron for the curvature radii 7. <0.17 mm. That is, the feasibility of using the

electrode of specific configuration depends on the size of the curvature radii of their tips.

lonization processes for the cylindrical needle. The needle in the form of the cylindrical electrode
with hemispherical tip has intermediate characteristics of the electric field distribution between considered
hyperbolic and spherical configurations. For this system, let's consider another feature that is characteristic of
extended high-voltage electrodes. It concerns the distribution of the electric field strength in the area sur-
rounding the electrode, including its lateral surface.

For the cylindrical electrode with geometric parameters d = 15-107° m,7, = 5:10°m at voltage of
U =17kV in Fig. 3 the electric field distribution is shown only along the axis z near the needle. For the
voltage U =10kV the area, in which the appearance of initial electrons leads to increase in avalanches to the

size of their transformation into the streamer has been determined. The results based on the calculations of
the electric field and the growth of electron avalanches in the space around the cylindrical electrode, are
shown in Fig. 6a as the shaded area. The outer boundary of the area corresponds to the electric field strength

E; = 26-10° B/m of the ionization threshold of molecules in air at atmospheric pressure. Outside the shaded
area near the electrode, despite the very high field strength, the parameter Q <20 is insufficient to transform
the avalanche into the streamer. In addition, near the tip of the needle there is an area of continuous electron

acceleration, where the field strength is £ > 450-10° V/m . According to calculations, this area occupies a
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space with maximum thickness =~ 0.5r, near the tip

of the needle and, thinning out, extends along the # ™"
cylindrical surface after tip to a distance = 3r,.. -15
A feature of the start zone of the effective Lo

electrons for high-voltage electrode with elongated

cylindrical shape is the extension of this zone, 0.5
which is shaded in Fig. 6, a, over a fairly large dis-
tance along the electrode. For the data in Fig. 6, the
zone thickness gradually becomes thinner and only 0.5

. ~ 1.0 0.5 0.5
at length = 0.3d =1007,. does it sharply decrease to 0 A i .
zero. This structure of the zone indicates that the ‘ Fig. 6

above estimates of its volume, which took into account only the area near tne neeale up with the highest
electric field strength, turn out to be significantly understated for the cylindrical electrode. Experiments per-
formed at the Institute of Electrodynamics with the long cylindrical needle showed that indeed streamers also
appear along the cylindrical surface with a characteristic distance between them ~ 10 mm .

The trajectory of the formed streamer generally coincides with the field line of field. The streamers
formed near the side surface of the cylindrical electrode, are developing along the field lines (Fig. 6, b),
lengths of which are larger compared to those that stats from the peak of electrode. Accordingly, streamers
formed at the side surface propagate at lower average field strength. They reach the surface of the opposite

electrode if the average field strength along the trajectory of motion exceeds the value ~5- 10° V/m . Other-
wise, the streamer stops before reaching the electrode.,

The presented results reflect the areas of the electron avalanche growth only in the external field,
when the field of a single avalanche is not disturbed by the charges of previous avalanches and streamers,
and possibly by other avalanches or streamer channels propagating nearby. That is, the results relate to the
isolated streamers, which is often observed in experiments, and the streamer corona discharge does not have
a volumetric character. However, analysis of the field structure of the electrode system with an estimate of
the volumes for the appearance of effective electrons can provide certain qualitative indicators even in the
case of limited mutual influence of several streamers. The more reliable information about the corona dis-
charge in specific cases can be obtained in the experiment.

Conclusions. The comparison of electrode system configurations intended for the practical applica-
tion of positive streamer corona was carried out by the volume near the needle, in which the appearance of
effective initial electrons leads to the development of avalanches and their transition to the streamer form.
This approach allows us to obtain quantitative estimates of the appearance of streamers, which in the com-
plex take into account the configuration of the corona electrodes, the radius of the needle tip and the magni-
tude of the voltage between the electrodes.

Comparison of the features of the distribution of the sharply inhomogeneous electric field in the elec-
trode systems with the needles of hyperbolic, cylindrical, and spherical configurations showed that, despite
the smaller values of the maximum field for the hyperbolic needle, the volume of the appearance of effective
initial electrons can exceed the volume near the needle tip for cylindrical and, even more, for spherical elec-
trodes of the same curvature radii. This feature is related to the influence of the shape of the electrode outside
its tip to the electric field distribution. The ratio of the volumes of the appearance of effective initial electrons
for different needle configurations near the limit values of voltage and the tip curvature radii can vary de-
pending on their magnitudes.

For each value of voltage between the electrodes there is an upper limit of the curvature radius of the
tip or, in other words, for each radius of the tip there is a lower limit of the voltage. Moreover, for each value
of voltage, the larger the curvature radius of the tip and, accordingly, the lower the maximum electric field
strength, the larger the volume of the appearance of effective initial electrons.

A feature of the long cylindrical needle is the spread of the zone of appearance of effective electrons
over considerable distance along the lateral surface of the electrode, for example, with tip radius of 0.05 mm,
this area has the length of about a hundred tip radii. The thickness of the area along the electrode gradually
decreases with distance from the tip and at the end the thickness drops sharply to zero. Streamers can also
start from the area near the lateral surface of the electrode, however their lengths are greater than those that
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depart from the tip. Such streamers reach the surface of the opposite electrode when the average field

strength along the trajectory of movement of the streamers exceeds ~ 5- 10°V/m .

For the distance between the electrodes of 15 mm and the voltage up to 15-20 kV, which does not ex-
ceed the spark breakdown voltage, with an increase in the curvature radius of the needle tip at least to values of
(0.3 - 0.5) mm, the volume of the appearance of effective electrons that generate streamers increases, which
indicates the feasibility of choosing the appropriate tip radius for intensification of the streamer process.

The work was carried out at the expense of the state budget theme "Development of the theory and
modeling of non-stationary electrophysical processes in conductive and dielectric media of pulsed
electromagnetic systems (code: Barrier-3)", KPKVK 6541030.
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Ocobaugocmi NOZUMUBHO2O CIMPUMEPHO20 KOPOHHOZ0 PO3PAOY, WO XAPAKMEPUIYIOMbCI GEAUKOIO O0BIHCUHOIO | 4ACOM
ICHYBAHHS KOJICHO20 CMPUMEPHO20 YMBOPEHHS, BUSHAYAIOMD 1020 K 00HO20 3 ANIbMEPHATNUGHUX UWIISIXI8 NOMEHYTTIHO20
MEXHON02IUHO20 3ACMOCYB8AHHS | XAPAKMEPU3YIomsb aKmMyaibHicmes 00CHiONCeHb Y ybomy Hanpsami. Memoio pobomu €
BUBHAYECHHS BNIUBY 2COMEMPULHUX XAPAKMEPUCUK GICIPs MA HANPY2U MIJC eNeKmpooamu Ha 6eluyuny obnacmel,
NnOYAMOK pO3GUMKY NAGUH eIeKMPOHIE 3 AKUX NPU3B0OUMb 00 iX NepemeopeHHs y CImpumepHy Qopmy KOPOHHO20 pO3-
paody 6 nogimpi 3a ammocgheprozo mucky. s enekmpoonux cucmem 3 gicmpam y opmi einepb6onoidy i napabonoioy
obepmanns, chepu i 0082020 YUNTHOPY PO32TAHYMO PO3NOOIL eNeKMPUYHO20 NOJS | 8U3HAYEeHO 00’cm obaacmell, Oe
nosa8a egheKMUBHUX NOYAMKOBUX eleKMPOHI8 NPU3E0OUMb 00 iX POZMHONCEHH 00 cMAdii 1A8UHHO-CIMPUMEPHO20 nepe-
Xo00y. Bcmanoeéneno, wjo Ha 8enuduHy 8KA3aHUX 00 ’€Mié OKpiM padiycié KpUusuHu KiHYiBOK CYMmMESUM YUHOM BNIUBAE
Gopma enekmpooy noza 4acmuHow 1020 NOBEPXHI 3 HauMeHwUM padiycom kpusunu. Ilokasano, wo Hezsaxicaroyu Ha
MeHWi 3HAYeHHA MAKCUMANbHO20 NOJA 01 2inepOoNiuHo20 8icmps, 8eIUdUHA 00 EMY NOABU eeKMUBHUX NOYATNKOBUX
€/IeKMPOHIE MOHCE NEPEeSUYBAMU BETUUUHY 00 EMY 051 YUTNIHOPUHHO20 T, mum Oiibue, chepuynoco enekmpooie mozo
2iC paoiycy KpuGUHU KIHYIBOK 3a OOHAKOBOMY 3HAYEHHI MidceleKmpooHoi Hanpyeu. Ocobausicmio 0062020 8icmps Yuli-
HOpUUHOT popMU € PO3NOBCIOONCEHHS 30HU CIMAPMY eqheKMUBHUX eJIeKMPOHI6 HA 3HAYHY 8I0CMAHb 83006 OIUHOI no-
sepxui enekmpooy. 3 NOpiGHAHHSA PIZHUX eIeKMPOOHUX CUCEM 3POOIEHO BUCHOBOK, WO GUOIP MOJICEe BUKOHYBATNUCS 34
BENIUUUHOIO 00 €MIE NOSBU ePEeKMUSHUX eeKMPOHIE K KIIbKICHO20 NOKA3HUKA, KU 8paxo8ye KoHpieypayiro sicmps,
paodiycu Kinyigok i geauuury Hanpyeu. bubn. 24, puc. 6.

Knrouosi cnoea: mo3nuTrBHA CTpUMEpPHA KOPOHA, €JICKTPUYHE ITOJIE BICTPS MPOTH IUIOIIKWHHY, JIABUHHO-CTPUMEPHUH Iie-
pexill, MOKa3HUK €()EeKTUBHOCTI TIOSIBH CTPHMEPIB.
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