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Computer simulation of the discharge process in an electric circuit, which contains a pulsed electric in gas bubbles in
water, has been perfOrmed. The experimental oscillograms of voltage pulses are compared with the results of computer
simulation of voltage pulses on the treated water layer. It is shown that the amplitudes of the voltage pulses directly on
the layer of disinfected water in the reactor with a discharge in the gas bubbles are less than those measured in
experiments using a capacitive voltage divider. Computer simulations have shown that the shape of the voltage on a
layer of water differs significantly that at the point where it is measured by capacitive voltage. In addition, we have
shown that the presence of long lines in the bit circuit of the plant must be taken into account. Given the presence of
long lines in the bit circuit, the simulation results better correspond to experimental results. References 5, figures 7.
Key words: computer modelling of discharges processes, high-voltage electrical circuit, nanosecond discharge in a gas
bubble, high-voltage pulse plant, pulse power, switch, disinfection of water in the stream, a reactor — a discharge unit.

Introduction. Disinfecting water treatment with pulsed electric discharges obtained using high-
voltage pulse plants is one of the most promising technologies for water disinfection [1-3] in [4] an
experimental plant is presented a prototype of an industrial technological plant for water disinfection by
nanosecond discharges in gas bubbles. The experimental installation contains as a load the main pipeline
with running water and three nozzles for supplying pulsed high voltage and air to form gas bubbles in three
disinfection units of running water located at the junction of the main pipeline with nozzles. It is known that
the amplitude of the pulse voltage on the decontaminated water layer plays an important role in the degree of
disinfection [1, 4]. In the experiments, we used an autonomous high-speed capacitive voltage divider (CVD)
[5], which was located above the nozzles. In the electrical circuit of the plant (installation) (see the scheme in
[4]), the CVD is located after a group of three multi-gap multichannel sharpening switches (dischargers)
connected in parallel. In the working experimental plant between the high-voltage CVD terminal and the
nodes with discharges in the gas bubbles are the above-mentioned nozzles, partially filled with water (to a
height of about 5-8 cm). At nanosecond fronts of pulses generated after sharpening switches (spark gaps),
these sections of pipes filled with water and containing high-voltage conductors in polyethylene cast
insulation are long lines with an electrical length of about 2 ns, which affect the shape and amplitude of the
voltage at each node should be considered. Based on the above, computer simulation is required to determine
the shape and amplitude of the pulse voltage in nodes with discharges in gas bubbles and to compare with the
experimental results obtained using CVD.

The aim of the work is to calculate by computer modeling the amplitudes and shapes of voltage
pulses directly on the layer of decontaminated water and to compare the calculated curves of voltage pulses
with experimental ones.

We performed computer simulations using Microcap 10. Simulations were performed for two cases.
For case 1, one unit was used — a reactor with discharges in gas bubbles and one multi-gap multichannel
sharpening switch. For case 2, three identical units were used — reactors with discharges in gas bubbles and
three multi-gap multichannel sharpening switches, electrically connected in parallel, through which the
decontaminated water flows in series. The characteristic size of gas bubbles in water is 7-10 mm. The type of
discharge in a gas bubble can be defined as a barrier channel discharge in a sharply inhomogeneous electric
field, where treated water acts as a barrier, in which the main pulse energy is released. Fig. 1, a shows typical
experimental oscillograms of voltage (curve /) and current pulses (curve 2) for case 1, and Fig. 1, b shows
typical experimental oscillograms of voltage (curve /) and current pulses (curve 2) for case 2. The division
value along the process axis for voltage oscillograms is 7.9 kV/div in Fig. 1, a and Fig. 1, b, and for current
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waveforms is 11.7 A/div in Fig. 1, a and 23.4 A/div in Fig. 1, b. The division price along the time axis in fig.
1 is 50 ns/div. We considered the degree of coincidence of the shape of the voltage pulses, simulated and
obtained experimentally, as a criterion for the correspondence of the results of computer simulation with
experimental results for determining voltage pulses in the same place in the electrical circuit.

T

T B -i.200

RIGOL T°D T B 3840 gpIedl T'D

CHl= 1.8@)  [EEE S.980  Time S8.00ns G480 ,.@es  CHi— 108U MRS 10,80 Tiee 59,0008 00,0000
a b
Fig. 1

Electrical circuit for computer simulation. Fig. 2 shows the calculation scheme for computer
simulation in Microcap 10 for case 1. The voltage source is the one of DC voltage of 5 units (for example, 5
tens of kilovolts) with an internal resistance R1=1 Ohm. This voltage source is connected to the rest of the
circuit by means of the SW1 switch charging the initially uncharged capacitive storage C3=200 pF, which is
the (modeling) storage capacity of our experimental setup (plant), reduced to the high-voltage winding of the
pulse transformer. The high-voltage pulse transformer in the scheme (Fig.2) is represented by the
magnetizing inductance L1=300 pH and the leakage inductance L2=500 nH. The high-voltage capacitance
C5=150 pF is charged through a volt pulse transformer from the storage capacitance C3 and discharges the
load part of the circuit after turning on SW3, which has a parasitic capacitance C10, assumed to be high-
voltage equal to C10=1 pF. The load part of the circuit consists of forward and reverse conductors with
inductances: L4, L3, L7 - for the direct conductor; L5, L6 - for the return conductor. Between the forward and
reverse wires there are capacitances C7, C9, C8. In the gap between the forward and reverse wires, a long
line 71 is included, 2 ns long with a wave impedance Z0=150 Ohm. The gas bubble with a discharge in it (in
the load part of the circuit) is represented by SW2 with a parasitic capacitance size of C6. The active
resistance R3 of the discharge channels in the gas bubble is taken equal to R3=35 Ohm.. The actual load of
the entire installation in the form of a layer of water in the diagram is represented by active resistance R2 =
1000 Ohm and capacitance C4 = 50 pF connected in parallel.
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Simulation results and their comparison with experimental results. Fig. 3 and Fig. 4 show the
results of computer simulation for this case, taking into account the presence of a long line (electrical length
2 ns) filled with water (Fig. 3) and without taking into account the presence of such a line (Fig. 4). From
Fig. 3 and Fig. 4 it follows that the calculated voltage pulse curve between nodes 13, to which the high-
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voltage output of the capacitive voltage divider is connected in the experiments, and grounded terminal,
taking into account the presence of a long line in the circuit in Fig. 2, is much closer to the experimental
voltage pulse curve in Fig. 1, a than the long line is not taken into account.
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In the case without taking into account the presence of a long line in the circuit in Fig. 4, the node
(point) with a high potential, to which the capacitive voltage divider was connected in the experiments, has
number 11, and not 13, as in the case, taking into account the presence of a long line (see Fig. 3).
Accordingly, the curves of the calculated voltage pulses in Fig. 3 and in Fig. 4 are marked V(13) and V(11).
On fig. 3 and fig. 4 and further in fig. 6 and fig. 7, the abscissa shows time in nanoseconds. The division
price along the abscissa axes in fig. 3 and fig. 4 60 ns/div. The ordinates in these figures (Fig. 3, 4, 6, 7)
show the voltage in tens of kilovolts. The division price is 10 kV/div.

The digital oscilloscope RIGOL DS1102E, which we used in the experiments, has a bandwidth of
100 MHz, so it cannot transmit high-frequency oscillations with a characteristic frequency of about or more
than 100 MHz without significant distortion. He smoothes and integrates these oscillations.

It should be noted that the moment of switching on (the beginning of switching) of switching
dischargers in the calculating schemes significantly affects the development of the transient process in the
discharge circuit.
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Calculated curves of voltage impulses (in reactors directly on the water layer) between the discharge
in the gas bubble and a metal lead with some inductance (L5+L6 in Fig. 2) in Fig. 3 and Fig. 4 are V(4)
curves. Number 4 in the diagram in Fig. 2 shows the point with the highest potential (in absolute value) on
the layer of disinfected water. From an electrical point of view, this layer is considered as a parallel
connection of capacitance C4 and active resistance R2. The calculation results show that the voltage pulses
V(4) on the water layer in the reactors differ significantly from the calculation results ¥(13) in Fig. 3 and
experiments (see oscillograms in Fig. 1) to determine the volt-second characteristics of voltage pulses
between point 13 (to which the high-voltage output of the capacitive voltage divider is connected) in the
circuit (Fig. 2) and ground. On Fig. 4, the role of ¥(13) is played by V(11), since if the long line is not taken
into account in the scheme of Fig. 2 high-voltage terminals of capacitances C9 and C8 are short-circuited and
the numbering of some nodes is changed. Node 13 acquires the number 11. It can be seen that the
superimposed high-frequency oscillations, if the long line is taken into account in the calculations, do not
penetrate into the layer of disinfected water. If a long line is not taken into account, high-frequency
oscillations penetrate into the treated water layer. In reality, a long line in the electrical circuit exists during
nanosecond discharges. A common feature for the cases of taking into account and not taking into account a
long line is that the voltage amplitude ¥(4) is noticeably smaller than the voltage amplitude V(13) or V(11),
but noticeably larger than the voltage amplitude of the power supply ¥(1).

Fig. 5 shows the calculating (design) scheme for computer simulation in Microcap 10 for case 2. The
difference between this scheme and the scheme in Fig. 2 is that the values of a number of circuit elements
have been changed: C7=C9=10 pF, long line impedance Z0=50 Ohm, R3=12 Ohm, R2=333 Ohm, C4=50 pF.
For the scheme in Fig.2 these values are: C7=C9=7 pF, long line wave resistance Z0=150 Ohm,
R3=35 Ohm, R2=1000 Ohm, C4=150 pF. C7 and C9 model capacitances between conductors supplying
voltage pulses to nodes with discharges in gas bubbles (up to a long line 71). The wave resistance of the long
line Z0 in case 1 is 150 Ohm, and in case 2 it is 50 Ohm insofar as for a single long line Z0~377d/(b\&) Ohm
~ 377 3em/(0.84cmV81)=377 3.6/9~150 Ohm. Here d is the characteristic distance between the direct and
return conductors of the long line 71 filled with water with a relative permittivity €=81, b is the characteristic
transverse size of the conductor of the long line. For case 2, the long line 71 is a total long line, consisting of
three identical single long lines with a wave resistance of 150 Ohm each, connected in parallel. R3 is the
resulting active resistance of the gas bubble discharge channel(s) in one reactor (R3=35 Ohm) for case 1 or in
three reactors connected in parallel for case 2 (R3=12 Ohm). R2, C4 are, respectively, the active resistance
and capacitance of the water layer between the gas bubble with the discharge and the return metal conductor
with inductance L5=200 nH. In case 1, R2=1000 Ohm, C4=50 pF is accepted. Accordingly, for case 2, when
three such water layers are electrically connected in parallel, R2=333 Ohm, C4=150 pF.
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Fig. 6 and Fig. 7 show the results of computer simulation for this case, taking into account the
presence of a long line (electrical length 2 ns) filled with water (Fig. 6) and without taking into account the
presence of such a line (Fig. 7). The division price along the abscissa in Fig. 6 is 86 ns/div, and it is
100 ns/div in Fig. 7. The values plotted along the axes in these figures are described above. From Fig. 6 and
Fig. 7 it follows that the calculated voltage pulse curve between node 13 and ground, taking into account the
presence of a long line in the circuit in Fig. 6 is much closer to the experimental voltage pulse curve in
Fig. 16 than without taking into account the presence of a long line.

The calculation results show that the voltage pulses /(4) on the water layer in the reactors differ
significantly from the calculation results /(13) in Fig. 6 and experiments (see oscillograms in Fig. 1) to
determine the volt-second characteristics of voltage pulses between point 13 in the circuit (Fig. 2) and the
ground. On Fig. 7, the role of V(13) is played by V(11), since if the long line is not taken into account in the
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scheme of Fig. 2, the high-voltage terminals of the capacitances C9 and C8 are short-circuited (as in the case
1 considered) and the numbering of some nodes is changed.

circuit12 cir

4.00

-4.00

-8.00

. i H H H
0.00n 86.00n 172.00n 258 .00n 344 00n 430.00n

T (Secs)

Fig. 6

400 circuit13.cir

400 -ee e

) s e e s e | s o W e e S S S S S R e 0 S S S S S S S S T O e e S S S S SO S s

0
0.00n 200.00n 400.00n 430.00n
v(11) (V] w(4) (V)

T (Secs)

Fig. 7

Node 13 acquires the number 11. It can be seen that the superimposed high-frequency oscillations, if
the long line is taken into account in the calculations, weakly penetrate into the layer of disinfected water. If
a long line is not taken into account, the penetration of high-frequency oscillations into the treated water
layer is significant. In reality, a long line in the electrical circuit exists during nanosecond discharges.
Common for the cases of taking into account and not taking into account a long line is that the voltage
amplitude V(4) is less than the voltage amplitude (13) or V(11) and is approximately equal to the voltage
amplitude of the power supply ¥(1). In case 1, the voltage pulse curves V(4) and V(13) with superimposed
oscillations have a clearly aperiodic shape (see Fig. 3 and Fig. 4) with steeper fronts than in case 2 (see Fig. 6
and Fig. 7). In case 2, the voltage pulse curves V(4) and V(13) with superimposed oscillations approach the
oscillatory form in shape. This is explained by a significant decrease in the active resistance of the discharge
circuit in case 2.

The simulation results show that the voltage shape on the layer of disinfected water differs
significantly from that at the place where it is measured by a capacitive voltage divider, the presence of a
long line (long lines) in the discharge circuit should be taken into account, the moments of switching on
switching dischargers significantly affect the simulation results (calculations). ). When the presence of a long
line (long lines) in the discharge circuit is taken into account, the simulation results are more consistent with
our experimental results.
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Conclusions. 1. The voltage pulse amplitudes directly on the layer of disinfected water in the reactor
with a discharge in gas bubbles are less than those measured in experiments using a capacitive voltage
divider.

2. The shape of the voltage on the layer of disinfected water differs significantly from that at the
place of its measurement by a capacitive voltage divider.

3. The presence of a long line (long lines) in the discharge circuit should be taken into account.
When the presence of a long line (long lines) in the discharge circuit is taken into account, the simulation
results are more consistent with our experimental results.

4. The moments of switching on switching dischargers significantly affect the results of modeling
(calculations).
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IIposedeno komn’iomepue MOOENOBAHH PO3PAOHO20 NPOYECYy 6 eNeKMPUYHOMY KOJI, SKe MICMUume IiMUYIbCHUL
eeKMmpUdHULL po3ps0 y 2a308ux 0yavkax y 800i. IIposedeHo nopiHAHHA eKCNepUMEeHMANbHUX OCYULOSPAM IMNYIbCI8
Hanpyau 3 pe3yibmamamyu KOMNH FOMEPHO20 MOOEN08aHHA IMNYIbCI8 Hanpysu HA 00poOI8AHOMY WAPi 600U.
Tokaszano, wo amnaimyou imnynveie Hanpyau 6e3nocepeoHbo HA Wapi 3He3apPaAd*Cy8aAHOL 600U 8 peaKmopi 3 pO3PA0OM 8
2a308Ux OYIbKAX MeHule, HIdHC BUMIDAHI 8 eKCHePUMEHMAX 3a O0NOMO20I0 EMHICHO20 JinbHuKka Hanpyau. Komn tomephe
MOOeT0BAHHS NOKA3AL0, WO (OopMaA HANPYyeU HA wapi 600U CYMmeso GIOPIZHAECMbCS GI0 maKol y Micyi 6UMIpIOBaHHsL it
eMHicHUM OinbHukom Hanpyau. Kpim mozo, noxasano, wo mpeba 8paxosysamu HaAA6HICMb 0082UX JiHill 8 PO3PAOHOMY
Koni yemanoeku. Ilpu ypaxysanni maseHocmi 0062ux JNiHIti 6 PO3PAOHOMY KO pe3yIbMmamu MOOeN08aHHs Kpauje
8ION0BIOAIOMb 00EPAHCAHUM HAMU eKCHEPUMEHMATbHUM pe3yabmaman. biomn. 5, puc. 7.

Knrouosi cnosa: KOMITIOTEpHE MOJCTIOBAHHS PO3PSAHUX MPOIECIB, BUCOKOBOJIBTHE CJIEKTPHYHE KOJIO,
HAHOCCKYHJIHHUI PO3Ps]] B ra30Biil OyJbIli, BUCOKOBOJBTHA IMITYJIbCHA YCTAHOBKA, IMITYJIbCHA TIOTYXHICTh, PO3PSIHUK,

3HE3apa)XKEHHS BOJM y MOTOLIi, PEAKTOpP — PO3PSAHUI BY30JI.
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