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THE MICRO- AND NANOSECOND DISCHARGES IN GAS BUBBLES FOR WATER
DISINFECTION AND PURIFICATION

Purpose. Comparison of electrical circuits of experimental plants for obtaining micro- and nanosecond discharges in gas bubbles
in water and comparing the experimental results obtained for disinfecting water using such discharges. Methodology. To obtain
high-voltage pulses on the load in the form of a gas bubbles and a layer of water with a frequency of more than 2000 pulses per
second, a method of generating micro- and nanosecond pulses using high-voltage pulse generators based on a pulse transformer
(PT) according to Tesla, with a transistor opening switch IGBT in the low-voltage part of the circui . A current-limiting resistor
with a resistance R, = 24 kS2 is used to protect the transistor switch at microsecond discharges. At nanosecond discharges, a
multi-gap spark gap is used to sharpen the front of high-voltage pulses. We used a capacitive voltage divider with a division factor
of K, = 7653 to measure voltage pulses, a shunt with a resistance of R; = 2.5 L2 for measuring current pulses. RIGOL DS1102E
digital oscilloscope with a 100 MHz bandwidth was used as a recording device. Results. The effect of micro- and nanosecond
discharges in gas bubbles on microorganisms was experimentally investigated. It was possible to reduce the biochemical oxygen
consumption of water during microsecond discharges, reduce the turbidity of water, and improve its organoleptic qualities. The
energy released in a single pulse with microsecond discharges W, = 17 mJ, with nanosecond discharges W, = 7.95 mJ. At
nanosecond discharges, complete inactivation of E.coli bacteria was achieved. The disinfecting and purifying action of
nanosecond pulses is better compared to microsecond pulses due to an increase in the amplitude of the pulsed voltage up to
30 kV, and a pulsed current of up to 35 A. Originality. The possibility of effective microbiological disinfection of water using
nanosecond discharges in gas bubbles at low specific energy consumption has been experimentally shown. Practical value. The
obtained experimental results on water disinfection using micro- and nanosecond discharges offer the prospect of industrial
application of installations using such discharges for disinfecting and purification wastewater, swimming pools, and post-
treatment of tap water. References 9, figures 3.

Key words: high-voltage generator, micro- and nanosecond pulses, discharge in gas bubbles in water, disinfection and water
purification by discharges, inactivation of microorganisms.

Mema. Ilopienanna eneKmpuuHux Kijl eKCHePUMEHMAIbHUX YCHAHOBOK 01 00ePHCAHHA MIKDO- MA HAHOCEKYHOHUX PO3PAJi6 6
2a306ux OynvKax y 600i i NOPIGHAHHA 00€PHCAHUX EeKCNEPUMEHMANbHUX DPe3YIbmamie 3He3apax3ceHHA 600U 3d 0ONOMO2010
maxux po3paodie. Memoouka. /[nsa ompumanna 6UcoK080JIbMHUX IMAYIbCI6 HA HABAHMANCEHHI Y 6UNAL OYIbOK 2a3y i wiapy
600u 3 yacmomoro oinvuie 2000 imnynvcie 3a ceKynoy 3anponoHo8ano cnocio 2enepayii Mikpo- ma HAHOCEKYHOHUX IMRYIbCI6 3
GUKOPUCMAHHAM 2eHepamopie IMRYabCie 8UCOKOI Hanpyzu HA OCHOBL iIMRYIbCHO20 mpanchopmamopa 3a cxemoro Tecna 3
mpanzucmopnum posmuxarouum nepemurxauem IGBT ¢ nuzvkosonvsmuiin wacmuni kona. Pezucmop, wio oomesxncye cmpym, 3
onopom R, = 24 kOm 6uKopucmogyemupca Ona 3axucmy mpaH3ucmopHozo0 nepemuKasa npu mMikpocekynouux pospaoax. Ilpu
HAHOCEKYHOHUX pO3pA0ax 0azamo3a3opHuill iCKpoGUll PO3PAOHUK BUKOPUCMOGYEMBCA 014 3A20CMPEHHA (PPOHmMY IMRYynbCie
eucoxoi nanpyzu. Mu euxopucmosyeanu emuichuii 0inohuk Hanpyzu 3 Koeghiyiecumom oinenna K, = 7653 ona eumiproeanus
imnynscie nanpyzu, wiynm 3 onopom R; = 2,5 Om — ona eumiprosanna imnynvcie cmpymy. B akocmi 3anucyouozo npucmpoio
suxkopucmosysaeca uugposuit ocyunocpadp RIGOL DSI1102E 3i cmyzoro nponyckanna 100 MIy. Pesyrvmamu.
Excnepumenmansno 0ocniodceno eniue Mikpo- i HGHOCEKYHOHRUX PO3PAOI6 8 2a306ux OyabKax Ha mikpoopzauizmu. Boanocs
IMEeHWUmMu 0ioximiune CHOMCUBAHHA KUCHIO 800010 RPU MIKPOCEKYHOHUX PO3PAOAX, 3HUZUMU MYMHICMb 600U, NOKPAWUMU
opeanonenmuyni nokazuuku. Enepcia, w0 eudinaemovca 6 00HOMY IMRYAbCI NPU MIKPOCEKYHOHUX pO3PAOAX, CKIA0AE
W, = 17 mllanc, a npu nanocekynonux pospadax — W,=7,95 m/xnc. Ilpu nanocekynonux pospaoax 00CAHymo noenoi
inakmueauii 6axmepin E.coli. 3uezapayxcyroua i ouuwyoua 0ia HAHOCEKYHOHUX IMRynbCié Kpawia NOPIGHAHO 3
MIKPOCEKyHOHUMU IMnyabcamu i3-3a 30inbuienna amnaimyou imnynvchoi nanpyzu 0o 30 kB, a imnynvcnozo cmpymy 0o 35 A.
Haykoea nosusna. Excnepumenmanvho noxkazana MoMciugicmov epekmusHozo MIKpOOionoziuHozo 3He3apax3ceHHA 600U 3a
00NOMO02010 HAHOCEKYHOHUX PO3PAOI6 6 2a308UX 0YIbKAX NPU MAAUX RUumomux eumpamax enepeii. Ilpakmuuna 3nauyuwgicme.
Ooepircani ekcnepumenmanvii pe3yiomamu w000 3HE3APANCEHHA 600U 3d OONOMO2010 MIKPO- | HAHOCEKYHOHUX DPO3pA0ie
GIOKpUGAIOMb NEPCnEeKmMugy NPOMUCI06020 3ACHOCYEAHHA YCMAHOBOK 3 6UKOPUCIMANHAM MAKUX PO3PAOI 0N 3He3apPaHCeHHA |
OUUCIMKU CIIYHUX 600, DACETIHIE Ma 000UUCHIKU 8000NPOBIOHOT 600u. Bibn. 9, puc. 3.

Kniouogi cnoséa: BUCOKOBOJBTHMIl reHepaTop, MIKpO- M HAHOCEKYHIHI iMIyJibcH, po3psil B ra3oBuX OyJbKax y Boji,
3He3apaskeHHs Ta 0YMCTKA BOAM PO3PsAIaMH, IHAKTHBANLisI MIKpPOOpraHi3miB.

I]env. Cpagnenue nekmpuueckux cxem IKCHEPUMEHMATbHBIX YCMAHOBOK O ROTYYEHUA MUKDPO- U HAHOCEKYHOHBIX Pa3pA0086 6
2a306bIX NY3BIPAX 6 600€ U CPAGHEHUE ROIYUEHHBIX IKCREPUMEHMATIBHBIX PE3YTbMANO8 00e33apaj)rcusanis 600vl HPU ROMOWU
maxux paspsndos. Memoouxa. /[s nojiyuenus blcOKOGOIbMHbBIX UMNYIbCOG HA HAZPY3KE 6 6UOE NY3bIPLKOE 2a3d U C105L 600bl C
yacmomoit 6onee 2000 umnynvcoé 6 CeKyHOY RpPeONoNCeH CROocod 2enepauuu MUKPO- U HAHOCEKYHOHBIX UMRYIbCO8 C
UCNOJIb306AHUEM 2€HEPAMOPO8 UMNYILCO8 BbICOKOZ0 HANPAMNCEHUA HA OCHOBE UMNYIbCHO20 mpanchopmamopa no cxeme Tecna
¢ mpanzucmopuuvim pazmvikalougum nepexniouamenem IGBT ¢ nuskosonsmuoit wacmu yenu. Toxkoozpanuuusarowiuii pesucmop
¢ conpomuenenuem R, = 24 kOm ucnonvzyemcsa Onsa 3aujumsl MPAH3UCMOPHOZ0 NEPEKNIOUamens HPU MUKPOCEKYHOHBIX
paspaoax. Ilpu HanOCeKyHOHBIX pazpadax MHOZO3A30PHBLI UCKPOBOU PA3PAOHUK UCHOIBL3Yemcsa 01 000Cmpenus ¢ponma
UMRYbCO8 6bICOK020 Hanpacenusn. Mol UCnONb306anU eMKOCHHbII Oenument HANPANCEHUA ¢ KoIpduuyuenmom oenenusn
K, = 7653 0na usmepenua umnynvcoé Hanpax3ceHus, wiynm ¢ conpomuenenuem Ry = 2,5 Om — 014 uzmepeHus umnyibcoe moka.
B kauecmee 3anucwvisaroujezo ycmpoiicmea ucnonwv3oeanca yugpoesoii ocyunnozpad RIGOL DS1102E ¢ nonocoii nponyckanus
100 MT'y. Pe3yniomamul. IKCREPUMEHMANIBHO UCCIE008AHO GIUAHIUE MUKPO- U HAHOCEKYHOHBIX PA3PA006 6 2A3068bIX NY3bIPIX HA
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MUKPOOP2AHU3ZMBL. Y0anoch yMeHbUIUmb OUOXUMUYECKoe nompeodienue KUciopooa 600bl NpU MUKDPOCEKYHOHBIX pa3paoax,
CHU3UMb MYMHOCHb 600bl, YIAYUUWIUMb OP2AHONEnMuU1ecKue noxKazamenu. DHepeus, Gvloensiemas 6 OOHOM UMNYIbCe NPU
MUKPOCEKYHOHbIX paspadax, cocmaensem W, = 17 m/luc, a npu nanocekynomwvix paspaoax — W, = 7,95 m/uc. Ilpu
HAHOCEKYHOHBIX pa3pAadax O0ocmuzHyma nonnaa unakmueauua oaxmepuii E.coli. Obeszapaxcusarouiee u ouuwjarouiee
Oelicmeue HAHOCEKYHOHBIX UMRYIbCOE JIYHUie RO CPAGHEHUIO ¢ MUKPOCEKYHOHBIMU UMAYIbCAMU U3-3d YEEAUYeHUS AMNIUNYObL
UMRYIbCHO20 Hanpsdicenus 0o 30 kB, a umnyascnozo moka 0o 35 A. Hayunas noeusna. JKcnepumeHmanvHo NOKA3aHa
BO3MOICHOCHL IPheKMmUEH020 MUKPOOUOI02UHECKO20 00€33apalrcu6anus 600bl HPU NOMOWAU HAHOCEKYHOHBIX pPAa3paoos 6
2a306bIX NY36IPAX NPU MATBIX YOenbHbIX 3ampamax IHepeuu. Ilpaxmuyeckan snauumocme. Ilonyuennsie Ikcnepumenmansiole
pe3yibmamsl no 00e33apaxcusanuio 600bl NPU NOMOWIU MUKPO- U HAHOCEKYHOHBIX PA3PAO0E OMKPHIGAIOM RNEPCHEeKMugy
RPOMBIULIEHHO020 RPUMEHEHUS YCMAHOBOK C UCNOIb306AHUEM MAKUX PA3PA008 015 00e33apajcuanus u OYUCHKU CHOYHBIX
600, baccelinog u 000YUCMKYU 6000nP0OB0OHOI 600bl. bubil. 9, puc. 3.

Kniouesvlie cnosa: BbICOKOBOJIBTHBI FeHEpaToOp, MUKPO- M HAHOCEKYHIHbIEe UMIYJIbChI, Pa3psi B ra3oBbIX Iy3bIPSAX B BOJe,

066333paﬁ(ﬂBaHl{le H OYHUCTKA BOAbI paspsaiaMi, HHAKTUBAllUA MUKPOOPraHUu3MoOB.

Introduction. In the modern world, researchers are
constantly searching for new energy-saving technologies
for disinfection and water treatment. One of the most
promising and relevant technologies in this direction is
the technology of water treatment using micro- and
nanosecond discharges in gas bubbles [1-3].

The use of short electric pulses of voltage (current)
for water treatment allows to avoid large ohmic losses due
to its heating, to increase the electrical strength of the
discharge gap, thereby obtaining high electric fields with
intensity of £ > 30 kV/cm in a load in the form of a gas
bubble water layer. High electric fields inactivate
microorganisms in water, causing irreversible pore
formation in the cell membranes of microorganisms, as
well as affecting the intracellular contents, including the
impact on their RNA and DNA [4].

Pulsed electrical discharge is also a source of
broadband radiation. It follows from [5, 6] that such
radiation has damaging effects on bacteria, leading to
their degradation and destruction, and, thereby, increasing
the efficiency of microbiological disinfection of water.

Micro- and nanosecond discharges in gas bubbles
inside the treated volume of water cause the formation of
active microparticles with a high value of oxidative
potential, measured in volts. The highest value of the
oxidation potential for ozone (O3) is 2.07 V, for atomic
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oxygen (O) is 2.42 V, for hydroxyl (OH) is 2.85 V, and
for hydrogen peroxide (H,0,) is 1.77 V [7].

Ozonation is widely used for disinfection of drinking
water, as well as water in swimming pools. However, OH
hydroxyls, which are formed in discharges in the presence
of water, have a higher oxidative potential and are able to
destroy persistent chemical compounds, unlike ozone [8].
The use of OH can improve the efficiency of disinfection
and chemical treatment of water. The lifetime of OH
particles in the air is hundreds of microseconds.
Therefore, radicals should be created in the immediate
vicinity of the surface of the separation of water and gas
bubbles in it [1, 9].

Installations using this type of discharge can be
widely used for the treatment of wastewater, waters of
swimming pools and the purification of tap water.

The goal of the work is a comparison of the
electrical circuits of experimental installations for
obtaining micro- and nanosecond discharges in gas
bubbles in water, as well as a comparison of the
experimental results obtained for disinfecting water using
such discharges.

Electric circuits of experimental installations.
Figures 1,a,b show the electric circuits of experimental
installations for water treatment using micro- and
nanosecond discharges in gas bubbles [2, 3].
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Fig. 1. Electric circuits of experimental water treatment plants using discharges in gas bubbles:
a — microsecond; b — nanosecond

In Fig. 1,a,b, the capacitance Cy; is charged from the
mains (220 V, 50 Hz) to the voltage Uj. T is the transistor
switch of IGBT-transistors of type IRG4PHS50UD,
operating as a breaker. Pulse transformer (PT) according
to the Tesla scheme is presented in the form of a
equivalent circuit, where L, is the magnetization
inductance; Ly, L%, are the primary leakage inductance

and reduced secondary leakage inductance; D are the
reverse diodes of the IGBT-key built into the transistors;
C.>1 nF is the «emitter collector» capacitance of the
IGBT-key; Cy <C..<<C,: R’ is the reduced resistance of
the measuring shunt in the high-voltage circuit of the
generator; R.,=300 Q, R=60 Q are the matching
resistances of the shunt R=2.5 Q; C';, (', are the reduced
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capacitances of high-voltage and low-voltage arms of
capacitive voltage divider (CVD) with matching
resistance R.. Here, the unreduced (i.e. real) values of the
capacitances were C; = 2.7-107"2 F, G = 20.4-107° F, and
the division ratio of CVD is K; = 7650. In the electric
circuit of the reactor, C,, R, are the capacitance and
nonlinear active resistance of the discharge gap (DG), and
C, R are the capacitance and nonlinear resistance of the
water layer between the DG and a low-voltage (grounded)
electrode (C'y, R';, C', R" are the reduced to the primary
winding of PT values of these quantities), respectively.
Principal differences between the electric circuits
of experimental installations. In the diagram in Fig. 1,a
a current-limiting resistor with resistance R’y = 24 kQ is
used to protect the transistor switch by current. The
dissipation of active power on the resistor leads to
additional ohmic losses. C;, = 940 pF (2 capacitors
TAMICON 470 pF in parallel), T is the transistor switch
consisting of 2 transistors connected in parallel. In the
diagram in Fig. 1,b C;, = 4230 pF (9 capacitors
TAMICON 470 pF in parallel), the transistor switch T

consists of four parallel-connected transistors. The pulse
duration, the front and the shape are determined by the
discharge circuit C, — SD — Ly — (R, in parallel with C;) —
(R in parallel with C) — Ry, — Cj,,. The sharpening of the
pulse front occurs when a multichannel multigap spark
discharger SD operates. The distance between the gaps is
1 mm, it is possible to adjust, the number n of gaps is
1 < n < 5. The pulse duration is determined by the
presence in the discharge circuit of a low-inductance
capacitive energy storage device C;, = 150 pF assembled
from six KBU-2 capacitors with capacitance of 100 pF
each, calculated for voltage 20 kV (two consecutive
chains of three capacitors in parallel). All voltage from
C;, is applied to series-connected discharger SD and
discharge gap DG in the reactor — a gas bubble in water.
The inductance L, of the load discharge circuit is
le ~0.5 lJ,H

Experimental results. Figures 2,a,b show
oscillograms of voltage (current) pulses obtained at
disinfecting water treatment using micro- and nanosecond
discharges.

T D |G e~ ne—ma i L F S48mY

Y R N AN RN

CH1x S88mU

RIGOL [ STOP |@N f~~~~rrnnBnmnnrnnnd| [ B -3.84U |

b

N R NN NN T

|CH1= 1.60V| [MikFm S5.99V | [Time 109.9ns|@»480.0rs |

b

Fig. 2. Oscillograms of voltage (curves 1) and current (curves 2) pulses:
a — at microsecond discharges; b — at nanosecond discharges

At microsecond discharges (see Fig. 2,a), the
voltage amplitude reaches 8 kV, and the current
amplitude is 0.2 A at a pulse repetition rate of f = 2200
Hz. The division along the process axis is 4 kV/div for
voltage oscillograms, and 0.1 A/div for current
oscillograms. Oscillograms of voltage and current in the
load (in the form of a working chamber with water
processed by microsecond discharges) have the shape of
bipolar pulses.

At nanosecond discharges, the amplitude (see
Fig. 2,b) of the voltage across the load reaches 30 kV, and
the amplitude of the current is 35 A at a pulse repetition
rate of f=2200 Hz. The division along the process axis for
voltage oscillograms is 7.9 kV/div, and for current
oscillograms it is 11.7 A/div. At nanosecond discharges,
the shape of the voltage and current pulses in the load is
close to the decaying exponent with a steep front and
superimposed oscillations. A capacitive voltage divider
with division factor K,=7653 was used to register voltage
pulses, and a shunt with resistance R, = 2.5 Q (R, = 300 €,
R, = 60 QO — matching shunt resistances) was used to
register current pulses. A RIGOL DSI1102E digital

oscilloscope with a bandwidth of 100 MHz was used as a
recording device.

Current and voltage on the oscillograms of Fig. 2,a,b
are close in shape and practically not shifted relative to
each other in time. In the first approximation, we can
assume that the load is active and all the energy W is
released in the working chamber. Calculate the energy W7,
based on the relation of the form

t
W= IU(r)~i(t)dt.
0

For the estimated calculation of energy, we represent
the positive part of the pulses in Fig. 2,a in the form of
two rectangular regions with sides along the time axis
t; = 10 ps, and negative one in the form of two triangular
regions with the same base size along the time axis
t, = 10 ps. Then the pulse energy W, is defined as the sum
of the areas of the selected areas W, = U-I't) + 0.5-U-I't, =
= 6000 V-0.15 A-10-10° s + 0.5-8000 V-0.2 A-10-10 ° s =
~(0.009 + 0.008) J = 17 ml.

Oscillograms of Fig. 2,b with nanosecond pulses for
the estimated calculation of the pulse energy are divided
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into triangular areas. The first two triangular regions are
selected at the front when the current and voltage on the
load reach maximum values during #; = 10 ns. To take
into account the pulse energy released in the load on the
flat part of the pulse decay, we choose the second two
triangular regions with duration along the time axis
t, = 150 ns, where the amplitudes of voltage and current
reach values U, = 6 kV, I, = 6 A, respectively. The energy
W, released in each nanosecond pulse, we define as the
sum of the areas of selected areas W, = 0.5-U-I;'t; +
+ 0.5-Uy Lyt ~ (0.5-30000-35-10-10"° +
+0.5:6000-6:150-10"%) = (0.00525 + 0.0027) J = 7.95 mJ.

The ratio of the energy W, released in the load at
each microsecond pulse to the energy W, released in the
load at each nanosecond pulse in this work is equal to
WJ/W,=17/795=2.1.

By increasing the electric strength of the discharge
gap in gas bubbles at nanosecond pulses, it was possible
to obtain pulsed voltages with amplitude of 30 kV on the

a

A series of experiments on microbiological
disinfection and purification of water using micro- and
nanosecond discharges in gas bubbles was carried out.
During water purification (the sample was taken from the
Kharkiv river in a volume of 3 liters) using microsecond
discharges in gas bubbles (see Fig. 2,a), the processing
time was 10 minutes, the volume of processing was 1.5
liters (three portions of 0.5 1 each). The treated water was
filtered with a paper filter before being sent to the
laboratory (Communal Enterprise «Sanepidservice»,
Kharkiv). Biochemical oxygen consumption decreased
from 3.84 mgO,/dm’ (in the control sample) to 3.67
mgO,/dm’ (in the treated samples), at a rate of
<6 mgO,/dm’, i.e. it was possible to additionally clean the
fairly clean source water. The turbidity of water has
decreased, the organoleptic properties of water have
improved. When processing the water temperature
increased by 17-20 °C.

When treating tap water contaminated with E.coli
bacteria with a dilution of 10® in 3 liters of water (at the
Communal Enterprise «Sanepidservice», Kharkiv), using
nanosecond discharges (see Fig. 2,b) in gas bubbles, the
processing time was 7 minutes, the volume of the
processed material 1.5 1 (three portions of 0.5 1), complete
(100 %) inactivation of bacteria has been achieved. The
temperature of the treated water increased by 7-8 °C.

load. The operation of the circuit without protective
resistance, an increase in the electrical strength of the gap
and a decrease in the capacitance resistance of water at
nanosecond pulses allowed, compared to microsecond
pulses, to increase the current amplitude 175 times and to
reach its value of 35 A. Therefore, the disinfecting and
cleaning action of nanosecond pulses is better than with
microsecond pulses. And this is achieved at a
significantly lower energy in the nanosecond pulse. In
microsecond pulses, most of the energy is consumed less
efficiently: the degree of water disinfection is less, and
unwanted heating of water is more.

Figures 3,a,b show the luminescence at nanosecond
and microsecond discharges in gas bubbles in water. It
has been established that the intensity of luminescence at
nanosecond discharges is greater (see Fig. 3,a) due to the
increase in their amplitudes of the pulsed voltage and
current in gas bubbles.

b

Fig. 3. Discharges in a gas bubble: ¢ — nanosecond pulses; b — microsecond pulses

The estimated energy released in the load when
treating water using discharges in gas bubbles in the case
of using nanosecond discharges was about 2.1 times less
than when using microsecond discharges. Therefore, the
heating of water at nanosecond discharges is also less.
The pulse repetition rate was the same for both processing
modes, including nano- and microsecond discharges,
respectively.

Conclusions. The results of the experiments on the
disinfection and purification of water using micro- and
nanosecond discharges in gas bubbles showed the
promise of further study and practical application of these
types of discharges. Nanosecond discharges seem to be
more promising for industrial applications. When using
nanosecond discharges, complete inactivation of E.coli
bacteria is achieved, water heating is insignificant, and the
intensity of broadband radiation at such discharges,
compared with microsecond discharges, is higher due to
large amplitudes of pulsed currents and amplitudes of
pulsed electric field strengths. The energy in the pulse
with nanosecond discharges is 2.1 times less than with
microsecond discharges.
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