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Features of distribution of electric field strength and current density in the reactor during
treatment of liquid media with high-voltage pulse discharges

Purpose. Development and use of a mathematical model of the stages of formation of high-voltage pulse discharges in gas bubbles
in the discharge gap «rod-planey to identify the features of the electric field intensity distribution in the reactor and determine the
current density in the load during disinfection and purification of liquid media by high-voltage pulse discharges and find the most
rational treatment. Methodology. To achieve this goal, we used computer modeling using the finite element method as a method of
numerical analysis. An experimental reactor model was created that takes into account the dynamics of discharges in gas bubbles
in water. The equations describing the system include the generalized Ampere equation, the Poisson equation and the electric
displacement equation, taking into account the corresponding initial and boundary conditions, as well as the properties of
materials. The dependence of the potential of a high-voltage electrode on time has the form of a damped sinusoid, and the specific
electrical conductivity in a gas bubble is a function of time. Processes occurring at the front of the voltage pulse from 0 to 20 ns
are considered. Results. It is shown that with an increase in conductivity and high-voltage potential to amplitude values in a gas
bubble, the electric field strength in the water layer in the reactor reaches 70 kV/cm, and it is in the water layer that there is a
strong electric field. The calculations show that already by 19th ns the density of conduction currents in water prevails over that of
displacement currents. At the same time, additional inclusions in the water significantly affect the distribution of electric field
strength and current density, creating a significant difference in their values at the boundaries of the interface between the bubble,
conductive element and water. Originality. A simulation of the dynamics of transient discharge processes in a gas bubble and a
layer of water with impurities was carried out, including an analysis of the distribution of the electric field strength and current
density in a system with rod-plane electrodes in the phase transition section of a gas bubble-water. This approach allows us to
reveal the features of processes in reactors and to investigate the influence of phase transitions on the distribution of
electrophysical quantities. Practical value. Computer simulations confirm the prospect of using nanosecond discharges generated
in gas bubbles within a volume of water for widespread industrial use and are of great interest for further experimental and
theoretical research. References 25, figures 9.

Key words: reactor, electric field strength, conductivity current density, displacement current density, discharge in a gas
bubble in water, inclusion in water.

Mema. Po3pobka ma sukopucmatnts Mamemamuinoi mooeni cmaoiil popmysants 6UCOKOBOTbMHUX IMIYIbCHUX PO3PAOIE Y 2a308UX
OYIbKAX 8 PO3PAOHOMY NPOMIJNCKY «CIPUICEHb-NIAOWUHAY OJiA GUAGLEHHA 0COOIUBOCHIEN PO3NOOINY HANPYICEHOCHI eNeKMPUYHO2O0
noisi 8 peakmopi i GU3HAYEHHs 2YCMUHU CIPYMY 8 HABAHMANCEHHI Npu 3He3apadicyiouitl obpobyi i ouuweHHi pioKux cepedosuiy
BUCOKOBOTLMHUMU  IMAYIbCHUMU PO3PAOAMU A 3HAXOOJCEHHS HAUOIMbW payioHanbHux pedicumis obpodku. Memoouxa. [ns
00csAZHeH sl NOCMABNEHOT Memu MU BUKOPUCTOBYBANU KOMN TOmMepHe MOOeNI08AHHA 3d 00NOMO2010 MemOoOy CKIHYEHHUX eleMeHmie
AK Memoody uucenvhoz2o ananizy. Cmeopeno mooenb eKcnepumMenmaibHo20 peakmopd, Wo 6paxoeye OUHAMIKY po3psaoie y 2a306uUx
Oynvkax y 600i. Pignanns, wo onucyioms cucmemy, KI0YA0OMb y3azanvHene pigHaAnna Amnepa, pienanns Ilyaccona i pienanns
e1eKMPUYHO20 3MIWEHHS, 3 YPAXYBAHHAM GIONOGIOHUX NOYAMKOGUX [ SDAHUYHUX YMOS, A MAKOIC G1ACMUSOCMeEl Mamepiais.
3anexcnicme  nomenyiany —6UCOKOBOALIMHO20 —eleKkmpooa 6i0 wacy mae Gopmy 3amyxaiouoi cumnycoiou, a numoma
eNeKmponposionicms y 2a306iu 6ynvyi € Qynryis yacy. Poseaanymo npoyecu, wo npomikaroms Ha ¢poumi imnyascy Hanpyau 6io 0
00 20 nc. Pesynemamu. Iloxazano, wo 3i 3p0cmanusam npogioHoCmi ma 8UCOKOBOAbIMHO20 NOMEHYIATY 00 aMNAIMYOHUX 3HAYEHD )
2a308iil 6ybYl, HANPYICEHICMb eNeKMPUYHO20 NOA 8 WApi 800U 8 peakmopi docseae 3naienv 70 kB/cm, i came 6 wapi 600u icnye
CUTbHe eNlekmpuyHe noje. 3 pospaxynkie euniusae, wjo 6ina 19-oi me, eycmuna cmpymié nposioHocmi y 600i 6xce nepesepuLye
eycmuny cmpymie smiwenns. Ilpu ybomy 000amrosi 6KNOYeHHs 6 600 ICMOMHO GNAUBAIOMb HA PO3NOOLL HANPYICEHOC
e1eKmMpU4HO20 NONsL A 2YCMUHY CIMPYMY, CMEOPIOIOYY 3HAUHE 30ilbUeHHA 8 IX 3HAUEeHHAX HA SPAHUYAX PO30iny cepedoUuy Midic
oyrvoawxor, npogionum eremenmom ma eooorw. Haykoea nosusna. [Ipogedeno mooenro8anns OUHAMIKU WUEUOKONTUHHUX NPOYeCi8
PO3pa0y 8 2a306iil 0ybYyi ma wapi 600U 3 OOMIWKAMU, BKIIOYHO 3 AHANI30M PO3NOOLTY HANPYHCEHOCMI eleKMPUYHO20 NOAA i
2YCTNUHU CIPYMY 8 CUCEMI 3 eIeKMPOOAMU «CMPUICEHb-NIOWUHAY 6 OLIAHYI (ha308020 nepexody 2azosa 6yrvka-eooa. Lleii nioxio
00360715€ PO3KpUMU 0COOIUBOCIE NPOYECi6 6 peakmopax i 00CAioumu 6nius Qazosux nepexooie Ha po3noodil ereKmpoQizuyHux
eenuuun. Ilpakmuuna yinnicme. Komn’lomepne MmoOentosants niomeepodtcye nepcnekmugy 3acmocy8amHs HAHOCEKYHOHUX
DPO3PA0IE, WO 2eHepyIOmMbCs 8 2a306UX OYIbKaAX ycepeOuni 06°emy 600U, 05l WUPOKO20 NPOMUCTOBO20 GUKOPUCIIAHHA | CMAHOBIAMb
GenuKUll inmepec 0151 NOOALULUX eKCNEePUMEHMATbHUX | meopemuyHux 0ocaiodceny. biomn. 25, puc. 9.

Kniouosi cnosa: peakTop, HANPYKEHICTh €J1eKTPUYHOIO MOJISI, TYCTHHA CTPYMiB NMPOBIIHOCTI, r'yCTHHA CTPYyMiB 3MillleHHS,
po3psa y ra3osiii OyJjbui y Boai, BKJIIOYEHHs Y BOJI.

Introduction. Modern requirements for wastewater
treatment require the development of effective means of
destruction of organic substances that are resistant to the
action of traditional oxidizers. Another component of the
problem is the general requirements of decarbonization of
the economy, and the success of their solution also applies
to wastewater treatment [1-3]. It is especially important
here to avoid long processes of biochemical
decomposition of organic substances, accompanied by the
formation of CHy, as a gas that has a significantly higher
coefficient of contribution to the greenhouse effect,

compared to CO,. Among the technological alternatives
to the traditional technologies of natural and reagent
oxidation of compounds contained in wastewater,
electrophysical technologies stand out, the tools of which
are factors caused by the action of ionizing radiation [4],
plasma flows [5], and high-voltage discharges [6].
Prospects for the successful practical implementation of
each of the indicated directions, in that the resource for
their optimization consists in establishing ways of more
fully using the energy of the field effect on the object of
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destruction (bacteria, viruses, organic compounds) and
establishing the role of concomitant factors generated as a
result of high-voltage electric discharges in water
(acoustic pulses, local temperature increases, secondary
radiation). Thus, during the treatment of wastewater by
methods based on high-voltage electric discharges,
various physical and chemical processes occur: the
formation of oxidants, including hydroxyl radicals, ozone,
the occurrence of shock waves, ultraviolet radiation,
strong electric fields [7-12]. The hydroxyl radical OH"
itself acts as a natural oxidant, exhibits high biocidal
activity, is capable of effectively destroying pollutants,
inactivating bacteria, viruses, yeast, and oxidizing organic
and inorganic compounds [13-15].

The strong electric field in the discharge accelerates
the electrons, increasing their ability to ionize atoms and
molecules, which leads to an avalanche-like increase in the
number of free charge carriers, increasing the current,
causing more efficient gas ionization and the formation of
more active particles. Under the influence of strong pulse
electric fields, the breaking of chemical bonds in molecules
can occur, as well as their dissociation, which leads to an
increase in the number of free atoms and radicals that can
participate in chemical reactions [16]. Also, electric fields,
the action of which lasts from micro to nanoseconds with
strength of the order of 10-100 kV/cm in the form of pulses
of electric field strength of various shapes, effectively
inactivate microorganisms, while the primary color, taste,
and nutritional value of juices, wines, and dairy products
are preserved after their processing [17-21]. In our works
[21-23], it was substantiated that the effectiveness of the
high-voltage discharge action significantly increases under
the condition of injection into the discharge zone of a flow
of air bubbles.

The complexity of rapid discharge processes makes
it difficult to fully understand the dynamics of the
discharge inside the bubble and the water layer, namely,
how the electric field strength and current density are
distributed in the reactor in the area of the phase transition
between gas bubble and water using experimental studies.

The goal of the article is to develop and use a
mathematical model of the stages of formation of high-
voltage pulse discharges in gas bubbles in the "rod-plane"”
discharge gap to identify the features of the electric field
strength distribution in the reactor and determine the
current density in the load during disinfection and cleaning
of liquid media with high-voltage pulse discharges and
finding the most rational processing modes.

Description of the mathematical model of a
reactor for wastewater treatment using high-voltage
discharges in gas bubbles in it. Figure 1 shows a model
of an experimental reactor for water treatment using
discharges in gas bubbles in Cartesian coordinate systems
(the dimensions along the axes are given in mm).

The boundary 7-8-9 and 5-11 is a system of copper
electrodes (¢ = 6:10” S/m): high-voltage rod electrode
with radius of curvature of 0.5 mm, low-voltage flat
electrode. The gas is supplied to the area of the high-
voltage electrode 1, where discharges occur directly.
Electrode 1 is fixed in the dielectric housing 4 (¢ = 2.3,
o =1-10"% S/m). The interelectrode space contains a gas

bubble 2 (¢ = 1) and a model water solution 3 (¢ = 81,
o=0.125 S/m).
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Fig. 1. Model of a reactor for wastewater treatment
using high-voltage discharges in gas bubbles in water

The finite element method was used during
computer modeling of the formation and development
over time of a pulse electrical discharge in a gas bubble
inside water.

The initial system of equations:

J=0-E+0dD/éot;

E=-VV, , €))

D=¢ 0°€" E ,
where J is the total current density, o is the specific
electrical conductivity of the material, E is the electric
field strength, ¢, is the dielectric permittivity of the
vacuum, ¢ is the relative dielectric permittivity of the
material, D is the electric displacement vector of the
dielectric, and ¥V is the electric scalar potential.

In the calculation domain, the condition of
continuity of the current is fulfilled: VJ = 0.

The superimposition of the spatial mesh in the
domain of the high-voltage electrode and the gas bubble-
water phase transition in the reactor is shown in Fig. 2.
A triangular mesh with typical element sizes from
8.8:10 mm to 0.44 mm is set in the entire domain.
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Fig. 2. Superimposition of a spatial mesh in the domain
of the gas bubble-water phase transition

Dependence of the potential of the high-voltage
electrode on time (boundary 7-8-9) in Fig. 3,a has the
form of a decaying sinusoid, which is an approximation of
the obtained experimental oscillograms of Fig. 3,b.

Figure 3,b shows experimental oscillograms of
nanosecond discharges in gas bubbles in water [23]. The
voltage amplitude (curve 1) reaches 30 kV, and the
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current amplitude (curve 2) — 100 A, the scale along the
time axis is 50 ns/div. The scale along the process axis for

current oscillograms is 32 A/div, and for voltage
oscillograms — 7.9 kV/div.
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Fig. 3. Model and experimental pulses in the reactor: a — dependence of the potential of the high-voltage electrode on time;
b — oscillograms of nanosecond pulses: 1 — voltage pulse, 2 — current pulse

The potential of the low-voltage electrode V = 0
(boundary 5-11).

The calculation was performed in the time domain
from 0 to 170 ns, with a time step of 0.1 ns.

At zero time, the voltage at all points in the reactor
is V() =0.

At the boundary 5-6-7, 9-10-11 of the calculation
domain, the boundary condition of electrical isolation is
set:

n-J=0, )
where n is the vector normal to the surface through which
the current passes, J is the current density vector.

This boundary condition means that electric current
does not flow across boundaries. The projection of the
current density vector on the normal to the surface
describes the current density flowing perpendicular to this
surface. If the projection is equal to 0, then this indicates
the absence of a current perpendicular to the surface. This
state corresponds to the boundary conditions of isolation,
where charge transfer does not occur at the interface of
two media. The potential distribution must be continuous
at the interface and the same on both sides of the
interface.

Specific electrical conductivity was determined in
the model as a function of time to illustrate the influence
of ionization processes occurring in the gas bubble under
the action of an electric field (Fig. 4).
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Fig. 4. Specific electrical conductivity in a gas bubble
as a function of time
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In Fig. 4, specific electrical conductivity changes as
follows. At the zero moment of time, the specific

electrical conductivity of the gas bubble is 2 orders of
magnitude lower than that of water. Gas is a dielectric and
contains almost no free charges, so its conductivity is low.
On the other hand, wastewater has conductivity due to
various ions and minerals dissolved in it, which are
carriers of electrical charge and can easily conduct
current. As the potential of the high-voltage electrode
increases, the electric field strength increases, which
activates the movement of free electrons in the bubble.
These electrons ionize neutral gas atoms, generating
additional free charges. Thus, the number of free charges
increases dramatically, which significantly increases gas
conductivity. In the model, the conductivity of gas
becomes greater than that of water by about 52 times.

Simulation results and their discussion. The
processes taking place at the front of the voltage pulse
from 0 to 20 ns, when the potential on the high-voltage
electrode increases from 0 to the amplitude value, are
considered.

In the model, the vector E in two-dimensional space
is represented as E = (E,, E,), where E| is the component
of the vector along the x-axis, and E, is the component of
the vector along the y-axis. Thus, to calculate the length
of the vector E, we take the square root of the sum of the
squares of its components. After calculating the length of
the vector, we get the modulus of the electric field
strength.

Figure 5 shows the distribution of the y-component
of the electric field strength in the reactor.

Figure 5 demonstrates that at the initial moments of
time on the (front) of the pulse, the electric field strength
near the rod reaches 22 kV/cm, and that with the growth
of the bubble conductivity and high-voltage potential to
amplitude values, the electric field strength on the water
layer reaches 62 kV/cm.

In addition, impurities are introduced into the model
water in the reactor, which may be present in the water
being treated and contribute to the distribution of the
electric field strength and current density, the intersection
of which in the plane where the calculations are carried out
has the shape, for example, of moist air bubbles in the form
of circles with diameter of 1 mm (¢ = 1, 0 = 0.01 S/m),
copper particles in the form of a square with side of 1 mm
and specific electrical conductivity of 1-107 S/m.
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Time=0.1 ns Surface: Electric field, y component (kV/cm)
Contour: Electric field, y component (kV/cm)
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Fig. 5. Distribution of the y-component of the electric field strength in the reactor
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Figure 6 shows the distribution of the electric field
strength with additional impurities in water at the time of
20.1 ns.

Time=20.1 ns Surface: Electric field (kV/cm) Contour: Electric field (kv/cm)
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Fig. 6. Distribution of electric field strength in a reactor
with impurities in water
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Figure 6 demonstrates the distribution of the electric
field strength in the Cartesian coordinate system. Here, at
20.1 ns, the electric field strength in the gas bubble of
moist air in water reaches 102 kV/cm, in the water layer
itself — up to 70 kV/cm. A gas bubble in water is a
dielectric. At the interface with water, the electric field
strength increases sharply, being distributed inversely
proportional to the ratio of relative dielectric
permittivities. At the time of 20.1 ns, it can be observed
that the value of the electric field in the bubble and in the
water at the interface of the media differs by a factor of
10 in some directions.

Modeling of the pre-breakdown distribution of the
electric field strength at the specific conductivity of the
bubble (in the domain of the high-voltage electrode) of
1:107° S/m is shown in Fig. 7.

The process of forming a discharge in a gas bubble
can be divided into two stages: pre-breakdown, when the
gas bubble acts as a dielectric at the initial moments of the
process, and breakdown, when the gas bubble goes into a
conductive state. Due to the increase in the electric field
strength, the ionization processes are started and the
conductivity increases sharply. The breakdown moment
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Fig. 7. Distribution of electric field strength
in the domain of the high-voltage electrode according to the
specific electrical conductivity of the gas bubble of 1-10~° S/m
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strongly depends on the electric field strength amplitudes,
which are affected by the radius of curvature of the rod
electrode and the electrical strength of the medium in the
discharge gap. During a nanosecond pulse in the gas
bubble (Fig. 7), the following electric field strength values
were obtained: near the rod — 82 kV/cm, in the bubble
itself — up to 40 kV/cm at time of 5.1 ns. The picture of
the processes during the breakthrough period itself is
similar to the picture of the electric field strength
distribution in Fig. 6 according to the specific electrical
conductivity of the bubble of 1-10* S/m, where it is shown
that a strong electric field exists precisely in the water
layer. A copper particle also distorts the electric field in
water (up to 60 kV/cm). Such a distortion can additionally
lead to the development of high-intensity factors,
microparticles in water.

When a strong electric field exists in water itself,
various physicochemical phenomena occur there, such as
ionization, dissociation of water molecules into hydroxyl
radicals and hydrogen, as well as the formation of gas
microbubbles with characteristic dimensions of 10°— 10> m
as in water, as well as in the domain of its contact with the
plasma and metal electrodes [24], where microdischarges
such as partial discharges occur in gas inclusions in solid

Electrical Engineering & Electromechanics, 2024, no. 5

dielectrics. At the interface of two dielectrics with
different dielectric permittivities, the electric field
generates a mechanical force that is directed
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perpendicular to the interface and directed toward the
dielectric with a lower dielectric permittivity. This force
acts regardless of the direction of the electric field
strength [25]. We meant that viruses and the membranes
of the cells of microorganisms in the treated water are
also the dielectrics with a relative dielectric permittivity
& =2 — 4. During contact of this membrane with water in
strong electric field, its sharp increase occurs, which can
reach 60 kV/mm. Such an increase in the electric field
strength on inhomogeneities in the treated water triggers
additional processes of impact ionization by electrons.
Collectively, this ultimately leads to a higher degree of
disinfection and purification of wastewater.

Figure 8 shows the distribution of conductivity
current density.

Up to 20 ns, the conductivity current density near the
rod reaches 320 A/em?’, in the water itself 50-70 A/cm?,
the presence of additional inclusions leads to a 10 time
increase in the current density values at the interface
between the water medium and these inclusions.

Figure 9 shows the simulation of displacement
currents in water.
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Fig. 8. Distribution of conductivity current density in a sewage

treatment reactor

The displacement current density is estimated as a
value directly proportional to the rate of change of
electrical induction. In Fig. 9, the maximum density of
displacement currents in water reaches 62 A/cm” at time
of 4.1 ns. Further, it follows from the calculations that up
to approximately 19 ns after the start of the discharge
process, the conductivity currents in water become larger
compared to the displacement currents.

Time=19.1 ns Syrface: Displacement current density (A/cm?)
Contour: Displacement current density (A/cm?)
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Fig. 9. Modeling of displacement currents in water in a reactor for wastewater treatment

Conclusions.

1. Calculations show that with the growth of
conductivity and high potential in the gas bubble to
amplitude values, a strong electric field (with strength of
up to 70 kV/cm) is created in the water layer. At the same
time, additional inclusions contribute to the distortion of
the electric field. The values of the electric field strengths
in the bubble, conductive inclusion, and water can differ
by a factor of 10.

2. At the beginning of the discharge process in the
reactor, when there is no gas discharge plasma in the gas
bubble near the high-voltage electrode, and the bubble is a
dielectric, the moment of breakdown start depends strongly
on the amplitude of the electric field strength, which is
affected by the radius of curvature of the rod electrode, and
the electrical strength of the discharge gap. The higher the
rate of voltage rise and the smaller the radius of curvature,
the higher the breakdown strength in the nanosecond time
range can be obtained (up to 82 kV/cm).

3.In the nanosecond time range, the conductivity
current density near the rod exceeds the density in the water
itself by 5 or more times, reaching values of 300 A/cm? or
more. At the same time, additional inclusions also
introduce a distortion of the current densities at the
interface of the media with a 10-time increase. It follows
from the calculations that already approximately by 19th ns

after the start of the discharge process, the density of
conductivity currents in water exceeds the density of
displacement currents.

4. High-voltage nanosecond discharges, which are created
in gas bubbles inside the volume of water or in a gas
environment near the water surface, have good prospects for
wide industrial use in disinfection, wastewater treatment,
decarbonization of the economy and are of great interest for
further experimental and theoretical research.
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