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MODELING OF PROCESSES
IN THE ZONE OF CORONA DISCHARGE IONIZATION

Abstract. The article presents a system of differential equations, modeling the processes in the area of corona
ionization. On the basis of its analytical solutions there obtained analytical dependencies of ions and electrons den-
sity, in accordance with their diffusion, on the field strength in the corona layer, that is, in the corona hood. There
presented the corona hood structure, as well as the diagram of the elementary processes in it. Automated installation
for air ozonation indoor agriculture is presented. It is given a description of the executable functions and processes,
component parts and system components. In the technical description of the automatic frequency control unit shows
the electronic and controls. The paper shows and describes structure and flowchart automatic control unit ozone con-
centration in the working volume. It is shown a real possibility of automation control and monitoring of ozone
concentrations in the application ozonometers installed around the perimeter of the working volume.Development of
high-tech ozone and ozonated devices is of great importance and requires the study of theoretical positions and ana-
lysis of experimental data, the totality of which would allow to develop scientifically sound methodological design of
these systems device with reference to the requirements of food industry. The present work is the first attempt to
study the theory and methodology of research of physical and chemical processes in the negative ozonation crown
with the MP in the air. The results of the mechanism and kinetics of ozone electrosynthesis research in this type
of discharge allowed to create preconditions for the development of new guidelines on ozone corona discharge with
a high energy efficiency and ozone productivity. Systematization of data on the applications of ozone in different
sectors of industry, medicine and agriculture, significantly expand the scope of application of ozone technology in
general.

Keywords: air ozonation, ozone concentration, frequency control, automatic installation for air ozonation,
monopolar corona, Townsend coefficients, ions, electrons, diffusion, densities, corona hood.

1. Introduction. Corona discharge appears in gaseous medium upon sufficient voltage supply to
electrodes. At that, discharge electrode is made in the form of thin wire, which allows to create ionization
zone on it. As a rule, negative potential is supplied to a corona electrode. Electrons from ionization zone
while moving to the anode, attach to neutral atoms and gas molecules, forming negative ions. Those ions,
influenced by an electric field in the external area of corona discharge upon moving to the anode, create
discharge current [1].

Many developments of electronic-ion technologies (electric gas purification, electric separation, dust
suppression, electrocoating) [2] and ozone electrosynthesis installations are based on corona discharge [3].
In the most cases, corona discharge is used in atmospheric air at pressures close to normal.

In the recent time there were developed small-sized ozonizers and ozone measurement devices on the
base of corona discharge, which following advantages compared to the known ones: simple design and
small size, slight impact of pressure and speed of passing air at their characteristics, ecological safety and
no need in air handling [4]. Monopolar corona discharge serves as ozonizing element in those ozonizers at
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small inter-electrode gaps (5-10 mm), and discharge electrode is a micro electrode in the form of a needle,
microwire (10-100 microns) or thin spiral.

A number of experimental studies of monopolar corona in the electrode cylindrical system, for
example, measuring the mobility of ions in the outer area, HF diagnosis of corona ionization zone, etc.,
showed that the discharge layer or corona hood is the key, determining the characteristic features of the
discharge in general [4]. Ionization corona discharge processes (ionization, excitation, recombination,
diffusion, electron attachment, etc.) occur primarily in the corona hood close to the discharge electrode
with a small radius of curvature.

In this regard, the task is: the mathematical description of the corona hood structure and processes
modeling in the zone of ionization through solution of a differential equations system with account of ions
and electrons diffusion

2. Training of parameters. Our work [5] presents theoretical formulation and analysis of one-
dimensional model of gas flow (liquid) with a needle electrode. Also there developed a two-dimensional
mathematical model of the corona discharge as a function of gas medium parameters, supply voltage and
design parameters of corona discharge gap [6].

It should be noted, that in the papers [5-6] the contribution of diffusion current, which occurs due to
high densities of ions and electrons in the corona hood is not taken into consideration. In addition, the
outer boundary of the discharge zone was not clearly defined, and in both cases it is delineated with a
parabola or paraboloid, passing through the coordinate origin (discharge electrode) and the edge of the
outer electrode. In this case, despite the great convenience of calculation models, the space of develop-
ment and discharge processes of propagation is deliberately limited.

The most favorable for the study of a monopolar corona discharge is the shape of the electrodes in the
form of axially symmetric cylinder, where the discharge electrode serves as microwire, and external
electrode - metal cylinder covered on both sides by security similarly shaped electrodes to avoid edge
effects of the electrostatic field measuring electrode. Length measuring electrode L = 1 cm, its diameter
can vary from 10 to 20 mm, and the diameter of a microwire - from 10 to 100 microns.

The corona hood structure includes the distribution of space charges concentration along hood
thickness and their natural composition, distribution of the field intensity and the potential in corona layer,
at that, the discharge process physics will essentially depend on the polarity of the dicharge electrode. For
the first time the effect of space charge at the field strength in the corona was qualitatively considered by
Rogowski [7] and later, proceeding from Townsend-Rogowski theory of electron avalanches, quantitative
calculation was made by N.A. Kaptsov [1]. Due to the lack of experimental studies on the properties of the
corona layer, the mechanism of elementary processes in corona hood and their effect at a particular
characteristic of a monopolar corona is still unclear. Meanwhile, to determine the distribution of E and p

in the corona layer, while there might exist their high gradients, it is necessary to consider the ions and
electrons transport processes in view of their diffusion. This task, excluding the diffusion process was
consistently solved by Kaptsov [1]. Here is the solution for negative corona, when the diffusion of
negative and positive ions and electrons is taken into consideration..

The dynamics of the processes in the corona layer can be described by the following equations:
divE = £ = P+ =P-"Pe. )
€ €

j=k.p.+k p_+kp)E-DNp —DVp -DNVp,;
divi=0=k, p, divE + Ek, gradp, +k_p divE + Ek_gradp +k,p,divE +
+ Ek,gradp, + D.Vp, —D Vp —D\Vp_;
j=doAi
where j., j., jo — current densities, attributable to the share of each kind of charged particles; p,, p_, p,

densities of space charges.
If you know the total space charge density o, then the substitution of it into (1) and its solution with

respect to E gives us the distribution of the field strength in the corona layer.
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If the current density of electrons, emerging out of the surface of the corona wire is designated as j1,
then using the second Townsend coefficient, we obtain

j1:7j+:7(j_j1)a ()
Ji =L, 3)
I+y

where it is accepted at ¥ = y,,]=Jje +J+ J-=0.

When taking into account not only the electron current je, but the share of current, carried by negative
ions, the law of increase of avalanches can be written as follows:

Jo+ i, =Jvexp([ adr)= j——exp([ adr). @
7o l =+ }/ To

With the development of electron avalanches from the corona wire the formation of negative ions
begins somewhere inside the corona layer at a distance 1, from the wire axis at a given field strength En.
With further advancement of electron avalanches, number of negative ions will increase. If we denote by b
the ratio of the current density of negative ions to the total current falling to the share of all negative
charge carriers, we can write

J
b=", ., 5
J-tJe ®
j:b(j_+je):jILbexp(radr), (6)
+y o

where it is accepted at r <r,, b=0; atr >r,, b =1.
For electric current intensity of the individual components of the charged particles we have:

I.=2mj =2mk p,E-2mDVp,,
I =2 mj =2mk_p E-2mDNp_,
I.-2mj, =2mk,p,E—-2mDNp,,
the sum of which is the full force of the current to the corona wire length unit
I=1+1 +1,.

And it is composed in the outer area of the corona layer of the positive ions’ power current I +, of
negative ions’ power current I and electron power current I.. Using the ratios (2-6) we can obtain

I =1 —]Lexp(r odr),
1+ Y To
I = ILbexp(j” adr),
1+ Y To
I, =(1-b)I Lexp(r odr),
1+ V4 o

then for the distribution of space charges in the corona layer, we obtain the following linear differential
equations:

k 1 4 r
. ———Ep, + 1- exp(| adr)|=0, 7
Pl WDI I (8 )} )
k I /4 r
,——7E + - b d :()7 8
P- D p- 2mD_ 1+y exp(Loa ) ®)
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k I y(-b)
—-—F : exp(| adr)=0. 9
P B ([, edr) 9)
For writing’s simplication in the solution of equations (7-9), we introduce the following notations
k k_ k ,
a,=—-. a.=—, a=-t, g 7 _, [ar-ln? -4
D+ D_ De d’/’ 1 =+ 7/ o 1 =+ 7/

and taking into account the boundary conditions (r = 1), where the integration constants are zero, the
solutions of these equations will be more demonstrative [4]:

1 InA4 a. (p-00) [ —a. (o-p) dr
g Ae _le+(ﬂ% e (9= —_, 10
- 27D, ( ) .[0 B (10)
_IbA In A+a_(p—¢,) [—— (9p-0p) d”'
=55 ¢ e T 1
p_ 27TD7 'L) r ( )
L= 1(1 _b)A elnA+a“((p_%)J.re*“e(‘/’*(/’o) ﬂ (12)
27D T r

The total volume charge p , derived from these data will allow, by substituting it in the equation (1),

determining the distribution of the field and potential intensity in corona layer. It should be noted, that the
solution of differential equations of monopolar corona field becomes much more complicated, when
taking into account the diffusion of ions and electrons. Determination of space charges density according
to the formulas (10-12), in the main, solves the problem of ions and electrons concentration distribution in

the corona layer. Their analysis shows, that the distribution p,,p_, p, along the radius are exponential.

If the value p, drops gradually to the outer area, reaching zero at r = ri, then the density of the negative

ions space charge will increase, starting at zero at r = 1, to a maximum at r = r;. The electron density
increases to a maximum, when the radius comes to r,, and with the formation of negative ions r > 1, it
drops to a minimum.

The equations of the ions and electrons density of monopolar corona, considering diffusion, though
complement the charge elementary mechanism and is useful for describing processes in it, do not give a
clear answer about the distribution of the field and potential strength in the corona hood. In addition, based
on the received data, we cannot unambiguously derive expressions for determining the current-voltage
characteristics of the discharge, the initial field strength and other parameters of a monopolar corona.
Thus, at the negative corona negative ions begin intensely formed in the area (r;-r,) and further move to
the outer region of the corona discharge. With a positive corona the negative ions, formed as a result of
attaching free electrons to neutral molecules and atoms, at the approach to the border of the inner area (1),
are destroyed and supply free electrons to support avalanche process in corona hood. If we take as a basis
the fact, that all negative ions are destroyed at E >35-40kV / cm, it is necessary to assume the existence of
corona layer area (r,-ro), where there are no negative ions, regardless of the discharge electrode polarity.
Meanwhile, there is no reason to believe, that the transition from the field (r,-ro) to (r;-r,) takes place very
rapidly, on the contrary, it must be assumed, that the border is more or less vague, and the formation and
decay of negative ions start already when approaching r,, boundary from one or another side.

On the basis of equations analysis (10-12) and the experimental data there obtained a qualitative
picture of the hood structure of the corona and set the distribution of ions and electrons in the discharge
layer for both polarities of monopolar corona (Figure 1). The figure shows the development of the
individual electron avalanches in the hood of positive and negative coronas, and the electrons are indicated
by small circles.

At stationary monopolar corona due to overlapping and overriding of a large number of simul-
taneously occurring electron avalanches in the corona layer, there is set a dynamic equilibrium of ions and

electrons density distribution, i.e., each point of discharge gap has certain values p,, p_, p,.

— 200 ——



ISSN 2224-5278 Cepus eeonoeuu u mexuuyeckux nayk. Ne 1. 2017

The positive corona is most simple in the description: due to increased intensity of ionization proces-
ses and the effect of the electrode geometry (cylindrical system), flow of electrons has a maximum density
near the surface of the corona wire, while the density in the positive ions increases gradually as it appro-
aches the outer portion of the corona hood. Their concentration reaches a maximum at a distance (1-1o)
from the surface of the wire, and then decreases slowly to the outer electrode. Due to the insignificant p -

in the area of (1;-1,), the distribution of negative ions is not shown in the picture:

Density distribution of positive ( 0, ) and negative ( 0_ ) ions, electrons ( 0, ) and resultant space charge ( O p)

Figure 1 — Structure of monopolar corona hood

At negative corona the electron density is maximum only at the inner portion boundary r,,, because in
further in the area of (r;-r,) there started formation of negative ions, which are the current carriers in the
outer area of the discharge. If in either case, in the field of (r,-ry) there observed electron-ion
recombination processes, then at negative corona in the outer area (r;-1,) they can be supplemented with
other elementary processes: electrons attachment and detachment, ionic charge exchange, etc.

Proceeding from the analysis of the curves of the resultant space charge p,, the following conclu-

sions can be drawn. In the corona layer there are high gradients of charged particles of either polarity. In
addition, there are areas (r +, r-), where p = 0, inside the corona hood. This means that the field strength

at these points is equal to the electrostatic one (E,), i.e. E, curve should intersect with E, particularly at
those points (r:, r.). Positive space charge ( p, ) in the negative electrode increases the field strength,
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speeding up the process of positive charges attraction to the wire. In case of positive corona, electron
avalanches move towards the discharge electrode, leaving a cloud of positive ions behind, which are
slowly coming out of the ionization zone into the inter-electrode space. The space charge, generated by
positive ions, so to speak, screens off the ionization zone from the outer electrode field, which leads to a
decrease of the discharge electrode field strength and to its marked increase in the external space [4].

To determine the thickness of the corona layer you can also use the Pike formula [4]. Under normal
atmospheric conditions (& = 1) it shows, that upon the ignition of the corona discharge, the electric field

intensity at a distance A = 0,308 \/_ 1o from the discharge electrode, remains constant for any ry and equal

to 31kV / cm [4]. Neglecting the influence of space charge in the discharge layer (Eq.ro = E,), we obtain

Ei(1+0\’/3,08)r0
E 7
A:g_ro_roz - =031, (13)

indicating a layer thickness independence on the discharge current intensity. Apparently, the formula (13)
is valid only when the condition Egry = E, is performed. Calculations by Kaptsov’s method [1] and the
formula (13) show, that the values A of the formula (13) is approximately three times less than its value
obtained in the work [1]. This is primarily explained by the low values of E; = 15,2kV / cm, adopted in the
work [1] for calculating the thickness of the corona layer.
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Figure 2 — Diagram of elementary processes in corona hood
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It should be noted, that the more complicated is the description of the outer portion (r;-r,) of the
negative corona hood, where, along with the considered elementary processes there additionally exist
electron attachment and detachment processes. In this case, keeping the formation and decay of negative
ions leads to further complication of differential equations solution of the corona [4]. Schematic diagram
of various elementary processes occurring in the corona layer of the negative corona (r;-rp) is shown in
Figure 2.

The complexity of the processes nature in the discharge layer must be attributed not to the elementary
processes in themselves, but to possible occurrence of a large variety of processes (Figure 2).

In the inner portion of the corona layer (r,-1o) free electrons (e), colliding with atoms and molecules
of the gas, lead to a number of different processes, such as elastic collisions (y) ionization ( & ), agitation
(B) and, if they clashe with the newly formed positive ions, to recombination ( ). Simultaneously with

these processes there occurs radiation (hv), appear excited atoms and ions, and on the surface of the
negative electrode there take place y - processes and photoelectric emission (h V). Positive ions can

knock out electrons from the cathode and, moving to the discharge electrode, form fast neutral atoms (b)
upon recombination with electrons.

Negative ions appear in the (r;-1,) area, where there are processes of electron attachment (h) to neutral
gas atoms. In this area, due to ion exchange processes (I1) and the detachment of electrons (O) there also
exist complex ions (K) and fast atoms (b).

It should be noted, that the corona discharge, as at other forms of gas discharge, generates heat (T):
part of the electrons energy, ions and fast molecules or atoms will be manifested in the heating of gas and
corona electrode, and a part of the power will leave the discharge electrode in the form of radiation.

Conclusions. We solved the system of differential equations, modeling the processes of ionization in
the discharge layer or in a hood of corona discharge. We obtained analytical dependences of ions and
electrons densities in accordance with their diffusion due to the field intensity in ionization zone, fulfilled
the analysis of corona hood structure and performed a diagram of the elementary processes in it.
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JK¥YMBIC /KACAY AUMAFBIH/IA AYAHBI O30HJIAY YPAICIH MOJIEJIBJEY

AHHOTaUMs. ATPOOHEPKICINTIK KeIIeHIHIH JKailapblHia ayaHbl 030HIAayFa apHAJFaH aBTOMATTaHIBIPBUIFAH
KYPBUIFbI YCBIHBUIBIT OTHIP. KypBUIFBIHBIH KypaMaac OeieKTepine, aTKapaTblH KbI3METTEePiHe jKoHEe OHBIH IpoLec-
TepiHe cunarrama OepinreH. JKMiNIKTI aBTOMATThl pPeTTey OJIOTBIHBIH TEXHUKAIBIK CHIIATTaMACBhIH/AA 3JIEKTPOH]IbI
XoHEe OacKapymibl aeMeHTTep KenTipiareH. Ockl )xymbIic ayaaa MII Tepic 030HHpPOBaHUE TOKIHACTT (PUIUKAIBIK K-
HE XUMMSUIBIK TPOLECTEPAl 3epTTEYAIH TEOPUSICH MEH 9iCHAMACHIH OKyFa OipiHINI TaJIbIHBIC OOJBIN TaObLIa bl
JKOFaphl SHEPTHUs TUIMJIUIITT ’aHE 030H eHIMUIIr 030H KopoHa pa3psaThl )kaHa HYCKayJIap/IblH JaMbITy YIIiH aJFbl-
HIapTTap jkacayra MyMKIHZIIK Oepai pa3psit ochkl TYpiHE MEXaHU3MI XoHe 030H electrosynthesis 3epTTeyiH KMHETHKA
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HOTIDKENEPl. @HEPKACilN, MEIMIMHA JKOHE ayblI IIapyallbUIbIFBl TYPJl CEKTOPIapbIHIA O30HIBI KOJNJAaHy TYypajbl
MONIMETTEPi XKYHeney, alTapIbIKTal JKaIITbl 030H TEXHOJIOTUSACH KOJIIAHY asChIH KEHEHTY.

Tyiiin ce3aep: ayaHBI 030H/IAY, 030H KOHIICHTPAIUACHL, JKUUTIKTI peTTEy, ayaHbl 030HayFa apHaJFaH aBTOMAT-
TaHBIPBUIFaH KYPBIIFBL.
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MOJIEJIUPOBAHMUE ITPOIECCA O30HUPOBAHMUSA BO3YXA B PABOYEM OFBEME

AnHoTtanus. [IpencraBieHa aBTOMaTH3MPOBAHHAs yCTAaHOBKA IJISI O30HMPOBAaHMS BO3QyXa B IOMEILCHUAX
arpoNpoMBIIIIEHHOT0 KOMILIeKca. [laHO OIMcaHue MCIIOMHAEMBIX (YHKLHMH U IPOLECCOB, KOMIUICKTYIOIINX YacTei
U KOMIIOHCHTOB YCTAaHOBKH. B TexHMuYeckoM OomuMcaHUH 6J'IOKa ABTOMATUYCCKOT'O PETyJIMPOBaHUA YaCTOTHI IMPUBC-
JIEHBI 3JICKTPOHHBIE U YIPaBISIOIIUE 3JIeMeHThl. Pa3paboTka BbICOKO3()(EKTHBHBIX O30HHBIX TEXHOJIOTHH U 030HU-
PYIOIINX YCTPOWCTB UMeEET OOJIBIIOE 3HAYEHHE M TPEOyeT MCCIIe0BaHNs TEOPETHUECKHX MTOJIOXKEHUH 1 aHaJIM3a KC-
NEepUMEHTAIBHBIX JaHHBIX, COBOKYITHOCTH KOTOPBIX IO3BOJIMIA OBl Pa3BUTh HAYYHO-OOOCHOBAHHBIN METOIMYECKUN
anrmapaT NMpOeKTUPOBAHUS JaHHBIX CHCTEM C YUYETOM TpeOOBaHMH, MPEABSIBISIEMbIX MMUIIEBON IPOMBIIIIEHHOCTHIO.
Hacrosmas paboTa siBisieTcs nepBoi HOIBITKOM M3yUeHHSI TEOPHUH U METOUKH NCCIIEIOBAHUN (PU3UKO-XUMUIECKUX
MIPOIIECCOB O30HUPOBAHMS B OTpHUIIaTeNbHOM KopoHe ¢ MII B atmMocdepHOM Bozayxe. [lomydeHHbIe pe3yIbTaThl HC-
CJIEZIOBaHUI MEXaHU3Ma M KHHETHKH 3JIEKTPOCHHTE3a 030HA B 3TOM BHJIE pa3psia MO3BOIMIN CO34aTh MPEIIOCHUIKA
IUIsl pa3pabOTKH HOBBIX MPUHLUIIOB 030HATOPOB HA KOPOHHOM pa3zpsze ¢ 0oiee BBICOKUMU YHEPTETHUECKIMH BBIXO-
JlaM{ 030HA U MPOU3BOIUTENBHOCTHIO. CHCTeMaTH3anysl AaHHBIX MO MPUMEHEHUSM O030HA B Pa3IMYHBIX OTPACIIX
MPOMBIIICHHOCTH, MEIMILMHE M CEIbCKOM XO35ICTBE, CYIIECTBEHHO PACHIMPAIOT O0IacTh MPUMEHEHUS O30HHOMN
TEXHOJIOTUH B IIETIOM.

KarodeBbie c10Ba: 030HHPOBaHUE BO3AYyXa, KOHIEHTpAIMs 030HA, PETryIMPOBKAa YaCTOTHI, aBTOMaTU3UPOBAH-
Hasl YCTaHOBKA JUIsI O30HUPOBaHMS BO3LyXa.
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