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Computer simulation of operation plant effective modes for water disinfection by electrical
discharges in gas bubbles

Purpose. Determination by means of computer simulation of the most efficient modes of operation of the installation for water
disinfection using discharges in gas bubbles, in which (modes) the amplitude of voltage pulses at the processing unit and on the layer
of treated water is not less than the voltage amplitude immediately after the switching discharger. Methodology. To achieve this
goal, we used computer simulation using Micro-Cap 10. We used two different electrical circuits that simulate the operation of the
experimental setup in two different modes: in a mode with a restoring electrical strength of the discharge gap in the gas bubble
between two adjacent voltage pulses on the discharge node and in the mode without restoring this dielectric strength. In computer
simulation, we varied the following factors: the maximum simulation step, inductances, capacitances, active resistances, wave
resistance of a long line, and the delay time for the operation of a spark gap simulating a discharge gap in a gas bubble. Results.
Computer modeling has shown that in order to increase the voltage amplitude at the treatment unit and on the layer of treated water,
it is necessary to reduce the load capacitance — the capacitance of the water layer in the treatment unit to 10 pF or less, to increase
the active resistance of the water layer to 500 £2 or more. An important factor for increasing the voltage and electric field strength in
the discharge unit and, consequently, for increasing the efficiency of treated water disinfection is the discharge delay time in gas
bubbles. The most rational delay time for the operation of the arrester, which is the gap in the gas bubble inside the water, under the
conditions considered by us is 4-5 ns. It is with this delay time that the amplitude of voltage pulses at the node of disinfecting water
treatment and on the layer of treated water is maximum, all other things being equal. Furthermore, with such a delay time this
amplitude of voltage pulses significantly exceeds the voltage amplitude directly after the main high-voltage discharger, switching
energy from the high-voltage capacitive storage to the processing unit through a long line filled with water. Oviginality. Using
computer simulation, we have shown the possibility of increasing the voltage at the discharge unit of the experimental setup by 35 %
without increasing the voltage of the power source. This provides a higher efficiency of microbiological disinfection of water by
nanosecond discharges in gas bubbles and lower specific energy consumption. Practical value. The obtained results of computer
simulation confirm the prospect of industrial application of installations using nanosecond discharges for disinfection and
purification of wastewater, swimming pools and post-treatment of tap water. References 15, figures 10.

Key words: high-voltage water disinfection unit, discharge unit, sharpening spark gap, discharge in gas bubbles in water,
discharge delay time, long electric line.

Mema. Busnauenns 3a 00NOMO02010 KOMN IOMEPHO20 MOOENIO6AHHA HAUOIbUL eheKMUSHUX DedCUMie pobomu yCmaHosKu O
3HE3aPAadNCEHHA 800U 34 OONOMO20I0 PO3PAOIE Y 2A308UX OVILKAX, NPU AKUX (DPeXrcumax) amniimyoa iMnyavcie manpyeu Ha 6y3ii
00poOKU ma Ha wapi 600U, Wo 00POOIACMbCA, He MeHule AMNIIMYOu Hanpyau 6e3nocepeoHbo Nicia KOMYMYIU020 pO3PAOHUKA.
Memoouxka. /[na 0ocacHeHHA NOCMABNIEeHOT Memu MU 8UKOPUCTOBY AU KOMN TOmepHe Mooeneants 3a oonomozoio Micro-Cap 10.
Mu euxopucmosyeanu 06i pisui enekmpuyHi cxemu, wWo MOOen0Ioms pobomy eKcnepumMenmanibHoi YCMaHo8KU 6 080X DI3HUX
DEACUMAX:  PEAHCUMI 3 eNeKMPUYHOIO MIYHICIIO, W0 GIOHOBTIOEMbCS, PO3PAOHO20 NPOMIICKY 8 2A30811l OYIbYl MIdHC 080MA CYCIOHIMU
iMRyIbCaMU Hanpyeu Ha po3psAOHOMY 8y3ni ma y peodicumi 6e3 8ionoenenns yici enexmpuunoi miynocmi. IIpu xomn romepnomy
MOOeN0B8AKHI 8apIIosanucs maxi Gakxmopu: MAaKCUMAIbHULL KPOK NPU MOOETOSAHHI, THOYKMUBHOCMI, EMHOCMI, AKMUGHI ONOPU,
XUNbOBUIL ONIP 006201 NIHIL, YAC 3aMPUMKU CHPAYbOBYEAHHS PO3PAOHUKA, WO MOOENIOE PO3PIOHUL NPOMINCOK Y 2A3080M) MIXYPL.
Pesynvmamu. Komn’iomephe Mo0eniogans nokasano, wo 0nia 30iibuwenHs amMniimyou Hanpyau na 8y3ii o6pobku i Ha wapi 6oou,
wWo 006pobAAEMbCA, CNIO 3MEHWYBAMU HABAHMANCYBANLHY EMHICIb — EMHICMb wiapy 600u y 6y3ni o6pobku oo 10 n® i menuwe,
30invuwyeamu akmuenui onip wapy 6oou 0o 500 Om i Ginvuie. Basxcaueum YuHHUKOM 30iNbUEHHA HANPY2U | HANPYHCEHOCMI
e1eKmMpUIHO20 NOJA 8 PO3PAOHOMY Y31 i, omoice, 30iNbluenHs egheKmusHocmi 3ne3apaicents obpodI0eanoi 600U € Hac 3ampumKy
po3pady 8 2azosux Oynvoawikax. Hanbinew payionansHuil yac 3ampumKy CHpaybOo8y8aHHs PO3PAOHUKA, AKUM € 3A30p Y 2a308ill
Oynvyi 6cepeduni 600U, y po3AHYMuUX ymosax cmanosums 4-5 nc. Came npu makomy 4aci 3ampumku amMniimyod iMnyiscie Hanpyau
Ha Y37 3HE3apadNCYy8aNbHOI 00POOKU 600U [ HA wapi 06poONIEAHOI 600U € MAKCUMANLHOK 34 THWUX DIGHUX YMOG [ ICHOMHO
nepesuwye amniimyoy Hanpyeu 6e3n0cepeonbo RNicis OCHOBHO20 6UCOKOBONLIMHO20 DO3PAOHUKA, WO KOMYMYE eHepeilo 3
BUCOKOBOTILIMHO20 EMHICHO20 HAZPOMAONCYsaya y 8y3on 0opobxu. Haykoea nosusna. 3a 00nomo20i0 KoM 10MepHO20 MOOENI08AHHS
NOKA3aHA MOJICIUBICTNG NIOGUWEHH HANpY2U HA PO3PAOHOMY 6Y37li eKcnepumeHmanvhoi ycmanogku na 35 % 0Oe3 30invuuens
Hanpyeu 0dcepena JHCUBIeHHsA, wo 3abesneuye Oinbul epexmusHe MIKpoOionociuHe 3HE3APAMdCeHHs 600U 3d OONOMOZ0I0
HAHOCEKYHOHUX pO3ps0ie y 2a3zo6ux Oyavbawkax 3a manux numomux eumpam enepeii. IIpakmuuna 3uauywjicms. Ompumani
pe3yibmamu  KOMI 10OMepHo20  MOOeN08aHHA  NiOMEepodlCyIomy NepcneKmugy NpoMUCIO8020 3ACOCY8AHHA  YCHAHOBOK 3
BUKOPUCAHHAM HAHOCEKYHOHUX PO3PAOI6 OISl 3HE3APANCEHHS. MA OUUWEHHs] CMIYHUX 800, OACEIHI8 Ma 000YUUeHHS. 00ONPOGIOHOT
600u. bibn. 15, puc. 10.

Knrouogi cnosa: BHCOKOBOJIbTHA YCTAHOBKA /IJIsI 3He3apakKeHHS BOAH, PO3PSI/THUIN BY30J1, PO3PSIAHHUK, [0 3aT0CTPIOE, PO3PSI Y
ra3opux 0y/ab0anikax y BOAi, 4ac 3ani3HeHHs pOo3psy, 10Bra eJeKTPHYHA JiHif.

Introduction. In recent years, various scientists
have carried out intensive researches of the characteristics

Authors of [6] have shown microbubbles are very
fine bubbles that shrink and collapse underwater within

and considered prospects for the technological use of
nanosecond discharges in gas bubbles inside liquids in
various high-voltage installations [1-3]. These studies use
both experimental methods and computer simulations.
The latter is widely used in various fields of electrical
engineering [4, 5].

several minutes, leading to the generation of free
radicals.

The characteristics of a multiple argon bubble jet in
which a streamer is generated by a dc pulsed discharge
have been experimentally clarified through discharge
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visualization in a bubble and decolorization of a
methylene blue solution [7].

In [8] authors have investigated experimentally a
water treatment, which introduces a vaporized solution
into a coaxial dielectric barrier discharge tube using Ar.

Authors of [9] provided a concise review of the
state-of-art for research on plasma-bubble interactions and
a perspective for future research.

The objective of the thesis [10] was to utilize plasma
discharges to treat a large volume of produced water for
recycling it for subsequent fracking. To recycle produced
water, both bacterial inactivation and water softening are
required, which are the two main objectives of the present
study of plasma water treatment.

Authors of [11] achieved the next results. The
discharge propagates into the bubble from the tip of the
wire in the glass tube. Then, the discharge propagates along
the bubble surface. The propagation velocity is almost
independent of water conductivity and is (2.7-3.6)-10° m/s.
The average maximum length of the discharge propagation
decreases from approximately 8.9 to 54 mm with
increasing water conductivity from 7 to 1000 puS/cm. Indigo
carmine, a commonly used organic dye, was used as the
chemical probe of the active species produced by the
discharge inside the bubble. The amounts of indigo carmine
decomposition with 120 min of treatment is 0.24-0.26 pmol
and independent of water conductivity. Meanwhile, the
energy efficiency for the indigo carmine decomposition in
water decreases from 18 to 7.3 umol/Wh with increasing
water conductivity from 7 to 1000 pS/cm. The amount of
hydrogen peroxide production by the treatment increases
from 2.0 to 3.1 umol with increasing the conductivity.

In article [12] authors start by describing our
experimental methodology addressing bubble geometry
and timing methods. For the first time, we present an
original method of bubble positioning with control of
statistical information of the bubble shape, size, and
position between the electrodes. A unique timing scheme is
introduced that allows the application of the voltage pulses
when a bubble is in the desired position between the
electrodes. Finally, the experimental results and discussion
section present our evidence for the discharge initiation for
two electrode configurations by order of timescale.

In our work [13], we have shown that when using
nanosecond discharge pulses in gas bubbles, one should
take into account the presence of long lines during the
transmission of generated voltage pulses from sharpening
spark gaps to units of water disinfection treatment. At the
same time, we indicated that for all considered processing
modes, the voltage amplitude at the processing nodes (at
the output of a long line) is less than after the sharpening
spark gap at the input of a long line. The question arises:
are there modes in which the voltage amplitude at the
nodes (node) of processing (load) is greater than at the
input to long lines?

L2

It is very important to answer the question of the
possibility of obtaining the amplitudes of nanosecond
voltage pulses directly on the load greater than the
amplitudes of voltage pulses obtained because of switching
the sharpening spark gap immediately after it. The load is a
serial connection of a gas bubble with a discharge inside it
and a layer of water. The magnitude of the voltage
amplitude of these pulses determines the efficiency of the
production of active particles and radiation in the node (or
nodes) of water treatment and, consequently, the efficiency
of disinfecting water treatment. Experimentally, using
direct measurements of voltage pulses at the processing
unit is extremely difficult. Therefore, we use the computer
simulation method for this.

In this work, we consider the following two modes
of operation of the installation. The first mode is one in
which the electric strength of the gas in the bubble is
restored after each discharge. The second regime is one in
which the electric strength of the gas in the bubble is not
restored after each discharge, i.e. the plasma channel(s)
burns (burn) continuously. Let us also consider the effect
on the voltage amplitude at the processing node of the
discharge delay time in the gas bubble of the node, as well
as the effect of the inductance, capacitance and active
resistance of the processing node on the amplitude of this
voltage, all other things being equal.

An increase in the amplitude of nanosecond voltage
pulses at the processing unit (a series connection of a gas
bubble with a discharge and a water layer) at a given
voltage amplitude at the input of a long line filled with
water and located in front of the discharge unit is an
important task. Such an increase in amplitude makes it
possible to increase the production of active particles in
the processing unit and the intensity of broadband
radiation from plasma channels.

The purpose of the work is to determine, using
computer simulation, the most efficient modes of
operation of the installation for water disinfection using
discharges in gas bubbles, in which (modes) the
amplitude of voltage pulses at the processing unit and on
the layer of treated water is not less than the voltage
amplitude immediately after the switching spark gap.

Electrical circuits for computer simulation and
the influence of the maximum step size in computer
simulation. A diagram with a discharge gap in a gas
bubble that restores its electrical strength after each
discharge is shown in Fig. 1.

Figure 2 shows a diagram with a discharge gap in a
gas bubble in which, once ignited, the discharge does not
go out (with a discharge gap that does not restore its
electrical strength after each discharge).

Figure 3 demonstrates a schematic drawing of three
discharge units of the experimental setup is presented, in each
of which an electric discharge occurs in gas bubbles [14].
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Fig. 1. Scheme with a discharge gap in a gas bubble, restoring its dielectric strength after each discharge
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Fig. 2. Scheme with a discharge gap in a gas bubble that does not restore its dielectric strength after each discharge
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Fig. 3. A block diagram of the plant, which illustrates disinfecting method of treatment water with gas bubbles

Figure 4 shows a photograph of a tubular system
with these three electric discharge nodes [14].

Fig. 4. A photograph of a tubular system with these three
electric discharge nodes

The plant [14] consists of a low-impedance
generator 1 of high voltage pulses, compressor 2, pump 3,
pipeline 4 with a diameter of D = 40 mm with running
water, made of insulating material. The experimental
plant includes also three branch pipes 5 with a diameter of

Dy, = 40 mm, through which insulation hollow cases 6
without a bottom are inserted and fixed there. Cases 6 are
made combined with high-voltage conductors — pointed
electrodes 7 in isolation and with tubular gas pipelines 8.
The plant contains also a grounded electrode 9 in each of
the three discharge units. This electrode is made in the
form of a metal cylindrical ring with a hole in its side
surface for the location of the case 6 in the pipeline 4.
Each discharge unit consists of an electrode 7 in solid
insulation, the tip of which is not insulated, a case 6 with
a characteristic internal linear size S = 2,8 cm, a gas-pipe
8, an electrode 9 and a water layer inside the pipe 4 under
and around the branch pipe 5. The branch pipes 5 may
have caps (Fig. 3 not shows caps) with the possibility of
gas outlet after discharges in gas bubbles. Wherein, the
outflow of water through the caps on the branch pipes 5 is
impossible. A pump 3 pumps water into a pipe 4 from a
water source 10. The distance between adjacent branch
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pipes is d=~300 mm. The flow rate of water and gas from
the compressor is adjustable. The composition of the gas
may be different. The flow of water can be carried out by
gravity from a source of water 10.

Let us consider the influence on the results of computer
simulation of the maximum step size in computer simulation,
the delay time of operation of the terminal sharpening spark
gap SW2, which is the gap in the gas bubble between the tip
of the high-voltage electrode and the interface between the
gas bubble and water. Besides let us consider the influence
the capacitance C4 of the water layer and the operating
modes of the spark gap SW2: with restoration of its
electrical strength between two adjacent discharges and
without such restoration of electrical strength.

We used two different steps for the simulation of the
transient process: 0.2 ns and 0.01 ns.

Figure 5 shows the results when using the maximum

step of 0.01 ns in a computer simulation. Figure 5
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illustrates the results of simulation of voltage pulses V(4),
V(7), V(13) as functions of time ¢ according to the circuit
in Fig. 1. This is under the following conditions: the
moment T of the operation of the spark gap SW2 after the
start of the transient process in the circuit 7 = 76 ns (the
delay time of the operation of the spark gap SW2 after the
arrival of the voltage wave front at the end of the long line
TD is 4 ns). The long line TD is filled with water.
Wherein, the final active resistance R3 of the discharge
channels in gas bubble R3 = 35Q), capacitance C4 of the
water layer C4 = 3.3 pF, active resistance R2 of the water
layer R2 = 1000 €, inductance L8 of the discharge
channels in the gas bubble L8 = 10 nH.

These are the parameters for the variant with
one processing node. Voltages V(4), V(7), V(13) —
voltages respectively between points 4, 7, 13 and the
grounded point.
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Fig. 5. Dependence of pulse voltages V(4), V(7), V(13) on time with a maximum simulation step of 0.01 ns: a — pulses in general ;6 — initial
sections of these pulses (I'= 76 ns, R3 =35 Q, C4 = 3.3 pF, Z0 = 150 Q — wave resistance, L8 = 10 nH, R2 = 1000 €, £, = 0.01 ns)

Under the conditions considered in this work, the main
transient process occurs in the experimental setup in the first
approximately 120 ns. Therefore, voltage pulses as a whole,
with their characteristic duration up to 200-300 ns, are
shown only in Fig. 5. It follows from simulation that the
steepest parts of the model waveforms are better
reproduced when using a finer maximum step of 0.01 ns.
Therefore, we carried out further simulations in Micro-Cap
10 using a maximum step of 0.01 ns.

Influence of the discharge delay time in a gas
bubble on the transient process in the discharge unit.
We took into account that, at nanosecond fronts and pulse
durations, the electrical strength of the discharge gaps
increases significantly. Fig. 6 illustrates this circumstance.

Computer simulation makes it possible to check
which voltage pulses are formed on the discharge node in
the case when the electrical strength of the discharge gap
has time to recover between two adjacent discharges, and
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Fig. 6. [15, p. 22]. Dependence of E/p on pr, for various gases:
1-3 — freon of various grades; 4 — SF¢; 5 — O,; 6 —air; 7 — Ny;
8—Ar; 9—Ne

also in the case when the electrical strength does not have
time to recover, and the plasma channel (channels) burns
(burn) continuously.
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The discharge node is both a node for disinfecting
treatment and water purification, on the one hand, and a
source of all factors for such treatment, on the other hand.

Figure 7 (the delay time of the discharge in the gas
bubble is not taken into account) and Figure 5 (the delay
time of the discharge in the gas bubble is 4 ns) present the
results of computer simulation of the influence of the
delay time of the discharge in the gas bubble. We keep in
mind the influence of the delay time of such discharge on

circun
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the amplitude of the voltage pulses at the discharge node
(according to the scheme in Fig. 1).

Computer simulation in Micro-Cap 10 shows that
there is the most rational time delay of the discharge in
the gas bubble with respect to the moment. At this
moment, the front of the falling voltage pulse arrives at
the discharge unit with a gas bubble at the output of a
long transmission line with water. This most rational time

is approximately 4-5 ns.
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=
A ) ()

Fig. 7. Dependence of pulsed voltages V(4), V(7), V(13) on time without taking into account the delay time of the discharge
in the gas bubble: initial sections of these pulses (7 = 72 ns, other values — as for Fig. 5)
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Let us estimate the capacitance C of the treated water
layer as the capacitance of the flat capacitor with the
effective square S of capacitor plates that is equal S = 10"* m*
and the thickness d of water layer d = 102 m:

C=¢e)S/d=81-8.85:10"%10%/107 = 6.9-10 * F.

In [4], we did not take into account the delay time of
the discharge in the discharge node of the disinfection
treatment, i.e. it was assumed that the discharge in the gas
bubble begins at the instant of arrival of the voltage pulse
at the discharge unit after a long line (with an electrical
length of 2 ns). The discharge delay time is the sum of the
statistical delay time during which an effective electron
appears in the discharge gap (effective electrons appear)
and the discharge formation time.

Let us estimate the discharge formation time using
the formula [15, p. 21]

7, = [1/(av)]In[i,d/(eNpv.)],

where 7, is the discharge formation time; a is the impact
ionization coefficient, which determines the number of
electrons created by the primary electron when passing a
distance of 1 cm in an electric field; v. is the drift velocity
of the electron avalanche; i, is the critical value of the
current in the discharge circuit, which is reached by the
current in the discharge circuit at the end of the discharge
formation time; d is the length of the discharge gap; e is
the electron charge; N, is the initial number of electrons
(initiating electrons) that initiate the development of
electron avalanches.

According to [15, p. 10] for air, the relation a/p =
= A(E/p-B)* is valid, where 4 = 1.17-10* cm-mmHg/V?,
B = 322 V/(ecmmmHg). So a = A(E/p-B)’p. In the
nanosecond range of characteristic pulse durations, one can
take £ = 100 kV/cm = 10° V/cm. Then, at p = 760 mmHg

a=A(E/p-B)’p =1.17-10*(10°/760-32.2)*-760 ~ 878 1/cm.

In addition, according to [15, p. 20-21] it is possible
to accept v = 107 cm/s, and at i,,, which is much smaller
than the current in the discharge circuit, the value
[id/(eNgv.)]~10%. From here we get In[i,d/(eNyv.)] =
~1n10° = 18.42:

7, = [1/(av.)]In[i.,d/(eNov.)] = [1/(878:10")]-18.42 = 2:10 s.

Thus, the estimated calculated value of the discharge
formation time was 7, = 2:10" s, i.e. 2 ns. The statistical

TIEo7n

delay time when voltage pulses with a steep edge (with a
rise rate of >10'* V/s) are applied to the discharge gap
does not exceed the value of the formation time.

To increase the voltage amplitude at the processing
node and on the water layer in this node, it is necessary to
reduce the load capacitance (capacity of the water layer in
the processing node) to 10 pF or less, increase the active
resistance of the water layer to 500 Q2 or more.

It is important to estimate the ratio of the voltage
across the entire discharge node (the voltage across the
discharge channels in the gas bubble plus the voltage across
the water layer) and the voltage directly across the water
layer. The gap in the gas bubble between the tip of the high-
voltage electrode and the interface with the water layer is
the terminal sharpening gas discharger in the discharge
channel(s) of which broadband radiation is formed and
active micro-particles are formed that disinfect water.

Computer simulation showed that for the one shown
in Fig. 1 of the circuit, close to the most rational delay
time 7 for the operation of the spark gap SW2 relative to
the moment of arrival of the front of the incident voltage
wave along the long line is equal 7'~ 4 ns. In this close to
optimal mode, the spark gap SW3 operates 70 ns after the
start of the transient process in the circuit in Fig. 1, and
the arrester SW2 fires 76 ns after the start of this transient
process. Taking into account the fact that between these
arresters there is a long line T1 with an electrical length of
2 ns, from the moment 72 ns of the arrival of the front of
the incident wave traveling along the long line TI,
another 4 ns passes to the arrester SW2 until the moment
of 76 ns of its operation. These four ns is the delay time
operation of the spark gap SW2, close to most rational.
With a smaller and longer delay time for the operation of
the spark gap SW2, the voltage amplitude V(7) at the
processing unit and at the water layer V(4) in the
treatment unit decreases with a practically unchanged
voltage amplitude V(13) immediately after the spark gap
SW3. In a mode close to optimal (see Fig. 4), the voltage
amplitude V(7) at the processing node exceeds the voltage
amplitude V(13) by 1.35 times, and the source voltage
V(1) is more than 2.7 times. At the same time, the voltage
amplitude V(7) on the entire processing unit slightly
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exceeds the voltage amplitude V(4) on the water layer.
This excess is the smaller, the lower the final resistance
R3 of the plasma channels (because of discharges) in the
gas bubble. Figure 5 illustrates the voltage versus time
dependences at three different points in the circuit (see
Fig. 1) for the case when we are considering one multi-
gap spark gap SW3, one long line T1, and one water
treatment unit. This unit comprises one discharge gap
SW2, and is electrically connected in series with it a layer
of water having a capacitance C4 = 3.3 pF and an active
resistance R2 = 1000 Q.

Voltage versus time for the case when three
identical multi-gap spark gaps connected in parallel are
used. Figure 8 illustrates the voltage versus time
dependences at the same three points [V(4), V(7), V(13)] of
the circuit (see Fig. 1), for which some results have already
been discussed above, for the case when three identical
multi-gap arresters connected in parallel in the experimental
setup. In the diagram (Fig. 1), these arresters are represented
as one resulting spark gap SW3, three identical long lines
with an electrical length of 2 ns, connected in parallel, and
are represented by the resulting long line T1 with a threefold
reduced wave resistance Z0 = 50 Q. In this case, three
water treatment units are also used, each consisting of one
discharge gap and a layer of water electrically connected
to it in series. These three identical processing nodes
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Fig. 8. Dependences of voltages V(4), V(7), V(13) on time according to the diagram in Fig. 1 for the case with three processing units.
In this case three identical multi-gap spark gaps (their common designation SW3) connected in parallel are used:
initial sections these pulses (7= 76 ns, R3 =12 Q, C4 = 10 pF, Z0 = 50 Q — wave resistance, L8 = 3.3 nH, R2 =333 Q, £, = 0.01 ns)
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The mode without taking into account the
restoration of the electrical strength of the discharge
gap in the gas bubble in comparison with the mode in
which the electrical strength of the gap is restored.
Figure 9 shows the results of computer simulation for the
operating mode of the experimental setup, when the
plasma channels after discharges do not disappear until
the next high-voltage pulse arrives, that is, the electric
strength of the gas gap in the gas bubble does not have
time to recover between two voltage pulses adjacent in
time. This mode corresponds to the operation of an
experimental setup with one processing unit, in which the
plasma channels in the gas bubble burn continuously, and

during modeling are combined into one node with the
resulting discharge gap SW2 and the resulting water layer
electrically connected to it in series, having a capacitance
C4 = 10 pF and active resistance R2 = 333 Q. At the same
time, some other elements of the circuit have values that
differ from those shown in Fig. 1, namely, C8 = C9 =3 pF,
L6 =L7=0.33 nH, L8§ =3.3 nH, R3 =12 Q. L8 and R3
are, respectively, the inductance and the calculated final
active resistance of the resulting discharge gap SW2.

Both Fig. 5 and Fig. 8 show that the front of the
pulses at points 4 and 7 is associated with the processes of
reflection from the discharge gap SW2 at the end of the
long line T1 and the path of voltage waves along the long
line T1. The time interval between adjacent voltage surges
caused by the reflection of voltage waves from the
discharge gap SW2 is 4 ns, i.e. is equal to the double time
of the wave travel along the line T1. On the oscillograms in
Fig. 5, the voltage front for pulses V(4) and V(7) is much
steeper than in Fig. 8, and is approximately 4 ns. In both of
these figures, the voltage amplitude at the discharge nodes
as a whole V(7) and at the water layer V(4) is greater than
the voltage amplitude immediately after the multi-gap
spark gap SW3. This was achieved by reducing the
calculated capacitance of the water layer C4 to a value of
10 pF or less and choosing a delay time of 4 ns (close to
optimal) for the operation of the spark gap SW2.
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one sharpening multi-gap spark gap SW3, the electrical
circuit of which is shown in Fig. 2. In this figure, the
spark gap SW2 is absent, since the plasma channels
(plasma channel) are well conducting, do not play the role
of a switch, the impedance of which varies from a value
much greater than the impedance of the discharge circuit
to a value much less than the impedance of the discharge
circuit. On Fig. 2 point number 7 in Fig. 1 has the number
12. As an estimate, we took both for the mode with the
restoration of the electric strength of the discharge gap in
the gas bubble, and for the mode without restoring its
electric strength, when using one processing unit. The
final (after the end of the transient) active resistance of the
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plasma channels (plasma channel) R3 = 35 Q, inductance
L8 =10 nH (see Fig. 2) in both these modes.

Comparison of the results of simulation of the regime
taking into account the restoration of the electrical strength
of the discharge gap in the gas bubble after each discharge
(the main mode) and the regime without taking into
account the restoration of the electrical strength of this
discharge gap (without the arrester SW2) shows the
following. The presence of the spark gap SW2, considering
the delay time of its operation, which is close to most
rational, takes place in the main mode. The amplitude of
voltage pulses, when taking into account the restoration of
electric strength, is greater by about 20 % (see Fig. 5 and
Fig. 9). The conditions for the reflection of a voltage wave,
taking into account the delay time of operation SW2 and
the restoration of the electric strength of the discharge gap
in the gas bubble, are closer to the conditions reflections
from the end of a long line (in our case, the T1 line) that is
open at the end. In addition, in the regime without taking
into account the restoration of the electrical strength of the
discharge gap in the gas bubble after each discharge, the

curves of the voltage pulses V(4), V(12), V(13) are very
similar to each other with a somewhat lower amplitude of
the voltage V(4) on the layer water. A feature of the regime
without taking into account the restoration of the electrical
strength of the discharge gap in the gas bubble is that the
plasma channels in the gas bubble burn continuously,
providing broadband continuous radiation, including
ultraviolet and even shorter wavelength. In this case,
energy is supplied to the discharge unit by nanosecond
pulses with a certain repetition rate. The energy supply to
the discharge unit by nanosecond pulses is provided by a
high-voltage capacitive storage with a capacity of C5 = 150
pF and a multi-gap spark gap SW3, the dielectric strength
of which is restored much faster than that of SW2. The
maximum repetition rate of pulses to the processing unit is
determined by the minimum possible recovery time for the
electrical strength of the spark gap SW3. If the pulse
repetition rate exceeds the maximum, the electrical strength
of the spark gap SW3 will not be restored, and the real
experimental setup will go into emergency short circuit
mode, which is unacceptable.
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0.00

=10.00}

V(12), V(13)—/~

—1838 e §6.00n
w(18) (W) wi4) () +(12) (W)

t, ns
118820

Fig. 9. Dependences of voltages V(4), V(12), V(13) on time in the mode without taking into account the restoration of the electrical
strength of the discharge gap in the gas bubble (according to the scheme in Fig. 2). This is the case with one processing unit:
the initial sections of these pulses (the arrester SW2 is replaced by a segment of the conductor, so the parameter 7 is absent.

The remaining values correspond to the values in Fig. 4)

Influence of the capacitance value of the water
layer on the voltage amplitude at the processing unit.
Figure 7 and Fig. 10 show that with an increase in the
capacitance of the C4 water layer from C4 = 3.3 pF (Fig. 7)
to C4 = 50 pF (Fig. 10) the voltage amplitude at the
processing unit V(7) and at the water layer V(4) becomes
significantly less than the voltage amplitude V(13) after the
spark gap SW3. In this case, the voltage amplitude V(13)

064
000F

N\~

practically does not change. Our calculations show the next
thing. When we are using an experimental setup, in order
for the amplitude of the voltage pulses at the processing
unit and on the water layer to be no less than the amplitude
of the voltage pulses directly after the spark gap SW3, the
capacitance of the water layer C4 should not exceed 20 pF.
Figure 1 demonstrates the electrical circuit of this setup for
computer simulation in Micro-Cap 10.
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Fig. 10. Dependences of voltages V(4), V(7), V(13) on time according to the scheme in Fig. 1. This is the case with one processing unit and
increased capacity C4 of the water layer C4 = 50 pF: initial segments of these pulses (7= 72 ns , C4 = 50 pF, other values as in Fig. 5.)
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To illustrate the effect of the capacitance C4 of the
water layer on the voltage amplitude at the processing
unit, the results of simulation were taken without taking
into account the delay time of the discharge in the spark
gap SW2, since it is this simulation option that was
considered in our work [13]. When taking into account
the delay time of the discharge in the spark gap SW2
(delay in the operation of the spark gap SW2), an increase
in the capacitance C4 of the water layer also leads to a
decrease in the voltage amplitude at the processing unit,
although the effect of this increase is reduced.

Conclusions. To increase the voltage amplitude at the
processing node and on the water layer in this node, it is
necessary to reduce the load capacitance (capacity of the
water layer in the processing node) to 10 pF or less,
increase the active resistance of the water layer to 500 Q or
more. The maximum step in computer simulation of the
process of discharging a generator of high-voltage
nanosecond pulses to an RLC load with a discharge gap
should not exceed 0.01 ns. The most rational delay time for
the operation of the discharger, which is the gap in the gas
bubble inside the water, under the conditions considered by
us is 4-5 ns. It is at this delay time that the amplitude of
voltage pulses at the node of disinfecting water treatment
and at the layer of treated water is maximum, other things
being equal. This amplitude of voltage pulses exceeds by
about 1.35 times the voltage amplitude immediately after
the main high-voltage discharger, which commutates
energy from the high-voltage capacitive storage to the
processing node through long line filled with water.
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