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Abstract: An analysis of the physical and chemical phenomena accompanying the electrical
discharges was carried out, principal factors inactivating microorganisms is studied. Characteristic
factors of an electric discharge in cavitation mode providing a synergistic effect when disinfecting
water with a discharge and chemical reagents are identified in order of importance. As a result of
the integral action of cavitation, the inactivation of bacteria is intensified both due to the emergence
of chemically active particles and due to local shock waves, acoustic currents and ultraviolet
radiation in the area of cavitating bubbles. The similarity of cavitation processes in water systems
implemented by underwater electric discharges and with the ultrasound has been experimentally
proved. The main advantage of electric discharge cavitation in comparison with ultrasonic one is
the wide band of ultrasonic frequencies of radiation inherent in electric discharge, high intensity
and power of cavitation processes, and, accordingly, the possibility of a significant increase in the
volume of the disinfected liquid. The study enable better understanding and prediction of the effects
that occur during a high-voltage underwater electrical discharge and have a bactericidal effect.

Keywords: water disinfection; underwater electrical discharges; cavitation; activation of liquid.

1. Introduction

Sustainable management of water resources by ensuring the availability of clean and sanitary
water is one of the 17 Sustainable Development Goals (SDG) adopted for 2015-2030, which
correspond to 169 tasks [1-5]. Actively developed water recycling methods require ensuring
appropriate microbiological quality. For this purpose, research is being carried out on disinfection
methods that would be very effective with minimal costs and short treatment cycle times.

Advanced oxidation processes (AOP) and reverse osmosis (RO) are considered the most
effective water recycling technologies, but these methods may generate significant costs or involve
strict limitations in the amount of water processed per unit, time, amount of removed contaminants
or formation of by-products [6,7]. The reverse osmosis method places high energy requirements to
pump liquid through the membrane plant, replace the membranes and routinely maintain them, and
sometimes requires a combination of water purification with oxidants in the preparatory stages. The
most popular way to disinfect water is chlorination using chlorine gas. This method is relatively
cheap and effective, but it affects the deterioration of the organoleptic properties of water (which is
particularly important when replacing water for drinking or hygiene purposes) and may cause the
formation of organic by-products, such as trihalomethanes, haloacetic acids or chloramines, which
are harmful for health [8-10]. Advanced oxidation methods require the active use of chemical
precursors for the synthesis of active hydroxyl radicals, and AOP methods also involve relatively
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long water treatment cycles. Searching for a compromise between oxidation efficiency and
minimizing the formation of by-products, modern water treatment plants use the technique of multi-
point dosing of chemical oxidants in smaller doses [11] and technologies are sought to effectively
remove precursors of by-products - especially organic compounds and bromides [12-15].

The progressive chemicalization of atmospheric air, soil, food and water is the driving force
behind the search for methods aimed at limiting the use of chemical substances. The use of plasma in
various areas of human activity is becoming more and more interested in the scientific and research
community, including water treatment processes.

Plasma technologies are advanced oxidation methods and are promising due to their efficiency
and environmental friendliness [16]. Plasma water treatment technologies also include its treatment
using electric discharges, which are one of the simplest ways to create plasma states of matter. The
phenomena accompanying this can be used to intensify chemical and technological processes in
water treatment systems, including the inactivation of microorganisms [17-21]. The use of physical
factors, such as electrical discharges, could reduce the concentration of chemical disinfectants
required and prevent the formation of harmful by-products.

In our research paper [22] the decisive influence of volumetric cavitation, which occurs under
certain conditions of an electric discharge, on the process of disinfection has been experimentally
confirmed. However, an electric discharge, especially in the cavitation mode, has a number of effects
that can have a bactericidal effect on microorganisms in different ways and degrees.

According to modern ideas the main causes of the inactivation of microorganisms are:

e  rupture of the cell wall;

e changes in cell permeability;

¢ modification of the nature of protoplasm (e.g., disruption of colloidal structure);

e induction of abnormal redox processes;

e  changes in the structure of nucleic acids, which entails a limitation of protein synthesis in the

cell [7,23,24].

This research aims to ascertain the factors occurring during the electric discharge in a liquid in
the cavitation mode, causing the inactivation of microorganisms and ensuring the synergistic effect
when the treated liquid is simultaneously exposed to an electric discharge and chemical reagents and
to determine peculiarities conditions of the intensive cavitation modes of electric discharge initiation

2. Materials and Methods

The electrodischarge treatment of polluted water research was carried out in an experimental
installation of electric discharges, Figure 1. [22]. The same laboratory installation was the sourse of

pulses during the research of acoustic spectrum of electric discharge in cavitation mode.
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Figure 1. Laboratory electric discharge installation [22].

The high-voltage pulse current generator was connected to the industrial three-phase main
supply. The generator contained three identical inductors 1, three identical high-voltage capacitors 2,
the three-phase high-voltage rectifier 3, the capacitive energy storage device 4, the high-voltage
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switch 5, the electrode system 6 in the working chamber, and the protection system 7. The high-
voltage pulse current generator was equipped with the three-phase frequency converter 8 and the
dividing capacitor 9.

The laboratory system can provide an operating voltage (U) of 15 to 25 kV, the capacity of the
capacitor bank (C) can be varied from 0.1 to 1 uF, and the inductance of the discharge circuit varied
from1to3 pH. During this laboratary research we used the most effective mode of water processing
from [24]: operating voltage 25 kV, energy storage capacity 0.25 puF, pulse frequency 1 Hz. The study
of the discharge current of underwater electric discharges and their acoustic spectrum were carried
varing inductance of the discharge circuit and the length of the non-insulated end of the electrode-
anode in the discharge gap.

It's very important, that three of the five causes of microbial inactivation listed above are
specified by the interaction between the cell and reactive particles. Thus, it is necessary to create
conditions for the occurrence of such particles in the medium treated by the electric discharge. The
occurrence of chemical reactions is associated not only with the formed bubbles collapse, but also
with their resonant ability [25]. Gas bubbles suspended in a liquid medium undergo periodic
contraction and expansion, i.e. pulsation at a certain frequency. The natural frequency of such a

bubble f in the case of small amplitudes is equal to: 7= _ L 3w ( Do+ 20_} , where r is the
27R r

max

radius of the bubble at a given stage of compression, p0 is the external pressure, Rmax is the
maximum radius of the bubble, v is the ratio of the heat capacity of the gas filling the bubble at
constant pressure to its heat capacity at constant volume, o is the surface tension of the liquid, o is
the density of the liquid. Since the double ratio of the surface tension to the radius of the bubble is
extremely small comparing to the initial pressure, the formula is simplified to the form:

f= L 3w

2B N P

At an external pressure of 0.1 MPa and other conditions being equal, the natural frequency of an
air bubble in water is determined by its radius. The amplitude and energy of the gas bubbles
pulsations in the liquid will be maximized if the natural frequency of the pulsating bubble coincides
with the frequencies of the acoustic waves in the liquid (resonance). It is these resonant bubbles that
ensure the occurrence of chemical processes in the acoustic field. As experimental studies have shown
[26], up to 60% of bubbles in the cavitation zone in an electric discharge reactor have characteristic
maximum diameters from 0.2 to 2 mm, their resonant frequency is in the range of 15-35 kHz; the rest
of the bubbles in the cavitation zone have a maximum diameter of 0.1 to 0.05 mm, the resonant
frequency of these bubbles is in the range of 70-125 kHz.

So, the obvious way to obtain powerful cavitation - is to create acoustic waves with the
mentioned frequencies in the working liquid. Then, nearly all the bubbles in the medium will getting
resonant and it will set the stage for the maximum chemically reactive particles occurrence. In the
research [27] the presence of frequencies of 15-35 kHz of sufficient intensity in the spectrum of
acoustic radiation of underwater electrical discharge has already been shown. The frequency range
of 70-125 kHz of acoustic radiation of an electric discharge has not been studied. The presence of a
large number of bubbles that might resonate in this frequency range can have a decisive impact on
the intensity of cavitation and related processes.

Thus, one of the tasks of the effectiveness of simultaneous water disinfection by electric
discharge and chlorination explanation is to prove the generation of acoustic radiation in the range
of 70-125 kHz (high-frequency range) by electrical discharges in water. It is known that acoustic
radiation shifts to the high-frequency region of the spectrum when the leading edge of the pressure
pulse is shortened, this allow to generate a rapidly expanding channel of electrical discharge. From
the physical foundations of the theory of underwater electrical explosions, it is known that to obtain
pressure pulses with a short leading edge, it is necessary to obtain a current pulse in which the leading

edge has a duration 1.2-1.5 times less than the duration of the pulse itself.
The installation described above (Figure 1) allows to alter the duration of leading edge of the
current pulse within a wide range by changing the length of the non-insulated end of the electrode
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(Figure 1, item 6) and inductance of discharge circuit. To study the acoustic spectrum of the
underwater electric discharge, the electrode system was placed in the large three-dimensional pool
of an acoustic measuring complex, electrical discharges were produced, repeating the effective water
disinfection modes from [22]. The underwater sound detector was installed at a distance of 1 m in
depth from the axis of the discharge gap of the electrode system. The electrode system was placed in
a pool of 2.5 m depth at a distance of 1.5 m from pool’s walls, and at a distance of 1 m from the free
surface of the water, so that the waves reflected from the free surface could not distort the picture of
the acoustic field. Every set of measurement included 50 repetitions, the acoustic spectrum of the
pressure pulses of the electric discharges were derived, then the frequency hystograms of acoustic
radiation of the underwater electric discharge were built.

3. Results
Table 1 shows the characteristics of the current pulses obtained in the several modes of electrical

discharge in acoustic measuring pool.

Table 1. Amplitude-time characteristics of the generated current pulses (energy, stored in a single

pulse 78,125 J, capacitance 0.25 uF).

Length of the  Discharge  Current Current Duration of the  Current

Mode non-insulated circuit pulse pulse leading edge of the pulse
No. end of the anode, inductance, period, time, current pulse, us amplitude,
mm uH us us kA
1 4 1.2 5.4 2.7 1.35 16
10 1.2 6.5 3.25 1.62 12
3 7 2.6 9.0 4.5 1.8 14

Obviously, changing the length of the non-insulated part of the anode electrode and the
inductance of the discharge circuit, it is possible to alter the duration of the leading edge of the current
pulse. In this case, there are modes (e.g., mode 3) in which the current pulse becomes significantly
asymmetrical and the leading edge of the current pulse is very short compared to the duration of the
entire pulse. It is important to note, that the peak value of the current in this case is less than that of
the current pulse in mode 1, which was obtained with an extremely short non-insulated part of the
anode electrode.

Analysis of the obtained spectrum (Figure 2) confirmed that the modes that allow to obtain short
leading edges of current pulses provide very short leading edges of acoustic pulses (2 ps for mode 1;
2.78 ps for mode 2; 3.2 us for mode 3), which means a significant (up to 120 kHz) expansion of the
frequency band of acoustic radiation of underwater electrical discharges in the ultrasonic range
compared to those detected and described in [27].
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Figure 2. Hystograms of acoustic radiation of the underwater electric discharge (post-discharge
stage).

It should be recognized that the values of the sound pressure of the electric discharge in water
in the range of 70 to 125 kHz are significantly less compared to the acoustic radiation of an electric
discharge in water in the range of 15 to 35 kHz [27], and are: for the mode 1-5-10-1...2-10-1 Pa, for the
mode 2-3-10-1...1-10-1 Pa, for the mode 3-1-10-2...1-10-3 Pa. Returning to Table 1, we conclude that
the intensity of the high-frequency part of the spectrum of acoustic radiation of an electric discharge
in water can be adjusted by the inductance of the discharge circuit and the non-insulated end of the
electrode-anode protruding into the discharge gap alteration.

Thus, the obtained experimental results prove the appearance and reveal the conditions for the
emergence of the ultrasonic component in the range from 75 to 120 kHz in the previously unexplored
range of acoustic radiation of underwater electric discharges. This also shows that in the course of
underwater electric discharges, it is possible to create conditions for resonant excitation, including
bubbles with a diameter of less than 0.1 mm, which make up a significant part of the gas phase in the
treated water. Therefore, the ultrasonic component of the acoustic radiation of an electric discharge
in water lies in the range from 20 to 125 kHz and there is a possibility of activating gas or vapor
bubbles in the working medium by analogy with the irradiation of such a medium with ultrasound.

It is this intensive treatment of water with broadband ultrasonic waves generated by an electric
discharge, make possible the resonant oscillations of all existing gas bubbles in liquid, and
consequently, the powerful cavitation in the liquid and the emergence of a large number of reactive
particles. So, the inactivation of microorganisms with a huge number of reactive particles becomes
easier. Along with other factors of electrical discharge described below, that is the cavitation made it
possible to obtain a synergistic effect and significantly reduce the amount of chemical reagents for
disinfection, as shown in Table 2 [22].

Table 2. The results of electrodischarge treatment of contaminated water (the initial concentration of
E. coli -106 CFU/dm?).

Specific energy of E. coli concentration after treatment, (Ig CFU/dm?)
discharge treatment Additional chemical agent
(cavitation mode), Cl*, C1*, Cl*, C1*, CI*,
kJ/dm? 1 mg/dm3 0.8 mg/dm3 0,6 mg/dm?* 0,4mg/dm?* 0,2mg/dm’
5 4 4.3 4.6 5 52
15 1 25 3 3.2 3.4
25 0 0 0 0 0.5

However, an electric discharge is not only a source of intense broadband ultrasonic radiation,
but is accompanied by a number of other phenomena that have a destructive effect on
microorganisms.

4. Discussion

4.1. Physical Phenomena Accompanying Electric Discharge Cavitation

Obvious factors that are characteristic of an underwater electrical discharge and affect biological
objects are: ultraviolet and thermal radiation, primary pressure waves and secondary acoustic waves,
and radical particles that arise in the working environment.

When acoustic waves of high intensity propagate in the medium, nonlinear effects occur that
depend on the amplitude of the wave (second-order effects). These include, for example, acoustic
streams (together with the acoustic turbulence they cause) and pulsations of gas bubbles. Pulsations
induce some concomitant phenomena: flotation effect, rectified diffusion, local shock waves. In
addition, second-order phenomena are ponderomotive forces, surface effects, radiation pressure, and
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cavitation. Cavitation is accompanied by both the flotation effect and rectified diffusion, as well as
microfluid streams, microflows, and local shock waves.

Acoustic streams are stationary vortex flows of fluid that occur in an inhomogeneous acoustic
field, both in free space and near obstacles of various kinds. In addition, the occurrence of acoustic
streams is also possible in the vicinity of pulsating and oscillating bodies. The reason for the
occurrence of various acoustic streams is the same — irreversible losses of energy and momentum of
the acoustic wave in the medium. If you cross an acoustic wave with an imaginary plane, then from
the side the energy density of an incident wave is greater than that of the same volume behind the
plane, on the side of the passing wave. Thus, a force will act on the plane, tending to move it away
from the source of acoustic vibrations. This force, which is equal to the energy density gradient and
is directed towards the propagation of the wave, causes the medium to move. Energy losses in the
medium, which cause acoustic streams, can occur both in the entire volume occupied by the acoustic
field and in part of the volume. Acoustic streams are more intense and their speed is greater the
greater the loss of acoustic energy in the medium. It does not matter whether the loss mechanism is
related to the viscosity of the medium or due to the inhomogeneity of the medium (suspended
particles, gas bubbles, cavitation region). The only thing that matters is the irreversibility of the loss
of energy and momentum of the acoustic wave [28]. Streams arising in an acoustic field are usually
divided into three groups: streams in an inhomogeneous space of limited volume; streams
originating outside the acoustic boundary layer; streams that occur in a viscous boundary layer near
obstacles.

Ponderomotive forces include: the Bjerkenss force, the Stokes force, associated with the change
in viscosity; the force associated with the distortion of the wave form; and the force generated by the
interaction of a pulsating bubble with an acoustic field. The transition from acoustic oscillations with
a low amplitude to oscillations with a high amplitude, in which the continuity of the fluid is broken
and cavitational bubbles appear in it, is due to a qualitative change in the oscillatory process in the
liquid. These changes are due the presence of cavitational bubbles changes the properties of the
medium and its characteristics become nonlinear [29]. In addition, with developed cavitation, there
is a process of periodic propagation of the hydrodynamic rupture in the form of a wavefront of
collapsing bubbles. Note that gas bubbles, unlike cavitational bubbles, exist in a liquid even in the
absence of acoustic vibrations. The equation describing the pulsation of a cavitational bubble in an
acoustic field is a second-order differential equation and cannot be solved in general by analytical
methods [5], taking into account the compressibility of the fluid, this equation was obtained by
Herring and is written as follows (formula 1):

2 2 PR 2
R(l_EJd Rg(l_ﬂ](dfej _ d_P_ﬁg(l_z_U_]dHR):o

c, )dt* 2 3¢, dt mo P PG ¢, ¢ ) dR 1)
where U - bubble velocity, R — bubble radius, c0 — local velocity of acoustic bubble oscillation.
" dp
Member — =/ is an enthalpy on the surface of the vesicle, in which Pe — pressure in
peo P

the medium at infinity (in the special case, hydrostatic pressure), and P(R) — pressure on the surface
of the bubble cavity. If use the Nolting-Nepayras equation and the equation of state of water [30],
recorded in the form , where A, B and n — constants for water (A = 3,001-108 Pa, B=3-108 Pa, n=7), o
and o0 — density of the fluid at the present moment and the moment of determination of the constants
A and B. The enthalpy on the surface of the cavitating bubble can be expressed as follows (formula
2):

n—1

" 3y n n-1
P [poﬂ_ffJ(&) _29. 8" —(B-P sina+B)r )

“n-1 p, R, \ R R

where o - surface tension of fluid; y — polytropic indicator, which determines the state of the gas
in the cavity; w — cyclic frequency of acoustic vibrations.
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The local velocity of the acoustic oscillation c0 in formula (1) can be represented as follows

co =+ +(n=1)h 3)

where c — velocity of acoustic vibrations in the fluid as a whole.

From the above expression, it can be seen that the local velocity is a function of the enthalpy of
the bubble’s surface. Equation (1) is solved by numerical integration methods under certain initial
conditions and using equations (2) and (3). The solution of the equations for various initial conditions
showed that the oscillations of the cavitating bubble are not harmonic. This is manifested in the fact
that the bubble’s growth time is four to five times longer than the time it collapses, and there are
modes where the collapse-time is only one-tenth of the growth time. It also follows from the
calculations that the radii of bubbles of sub-resonance size increase with an increase in acoustic
intensity and at the same time the time of collapse increases. From the solution of equation (1), an
important conclusion was made about the possibility of controlling the bubble collapsing time by
changing the external pressure. The time for collapsing is dramatically reduced if the bubble collapses

(formula 3):

in the initial pressure wave of the subsequent liquid breakdown. In the case of high external pressure,
the velocity of bubble collapsing varies for two reasons. Firstly, the mass of the liquid attached to the
bubble decreases and the pressure inside the cavity is remain the same, these contribute to an increase
in the velocity of the bubble walls in the collapsing phase, and secondly, the collapsing phase changes
relative to the period of acoustic oscillations, which in turn leads to an increase in the effective
pressure acting on the cavity in the compression phase.

The movement of bubbles in the liquid as a result of interaction with each other is random. At
the same time, since each bubble has a runoff at the interface, the movement of the bubbles to the
interface is unidirectional. This pattern of motion can be described by the equation of diffusion
kinetics with a source in the volume of the fluid and a runoff at its boundary (formula 4):

aC -
a—+(UV)C:DAC+QW (4)
t
where C — concentration of cavitational bubbles, D — a coefficient similar to the diffusion
coefficient, Qw— cavitational bubble source power.
When acoustic waves propagate, short wavelengths are formed at the “soft” interface between
two media (liquid-gas, for example). These surface waves are also called “capillary waves” because

their parameters depend on the surface tension of the liquid. The length of such waves can be

determined from the equation: A =3/87c/ pf 2 Capillary oscillations at the interface are stable as

long as their frequency is half the frequency of the acoustic vibrations that cause them. Acoustic
stream that occur at the surface of pulsating bubbles are a source of acoustic turbulence. The
occurrence of acoustic turbulence here is associated with the inhomogeneity of the field, where high
transverse and longitudinal gradients of high pressure are formed. The stream is also turbulent at the
interface between the direct and the reverse acoustic flow, as the phenomenon is observed in a limited
volume.

According to the theory of isotropic turbulence, when vortices reach the “internal” scale, the
properties of the medium become isotropic, that is, independent of the direction of acoustic flows.
The frequency of pulsations also becomes independent of the scale of the flows, in this case it will be
constant and equal to the highest value. In an acoustic field, the internal scale of turbulence is defined
as follows (formula 5) [31]:

3/4 3
Ay = 54 T b3/1n3
plie w'p
where b — a constant that takes into account, in addition to viscous energy losses, also losses
inherent in an oscillating medium; A — acoustic flow scale; u — velocity of fluid in acoustic flow; e=u3/
Am — dissipation of energy in the medium. The constant b is often referred to as acoustic viscosity,
and it can be calculated by the formula 6 [31]:

®)
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where 1 - shearing viscosity; v — modulus of bulk elasticity of fluid at atmospheric pressure

related to its internal pressure; cp — heat capacity of liquid at constant pressure; x — thermal
conductivity coefficient; " — bulk viscosity of fluid.

The internal scale of water turbulence in real conditions is within the range of 5-10-5...1-10-4 m.

In the presence of long-lived (pulsating) bubbles in the liquid, a flotation effect is manifested in

the acoustic field. Around each bubble, small particles suspended in the liquid are concentrated. To

elucidate the mechanism of this phenomenon in [32] a solitary pulsating spherical bubble was

considered, the expansion time of such a bubble is longer than the collapse time. In the frequency

range 1-10-4...1-105 Hz with a bubble size of up to 1-10-5 m, the authors consider water to be an

incompressible liquid. The velocity field that pulsating bubble creates in a fluid can be represented

as the equation of continuity in spherical coordinates and the symmetry of the problem:

divU, = dei(f;zﬁr ) =0, where r - bubble radius.
rodr

Particles in a liquid are thought to be suspended and spherical in shape. Falling into the vicinity
of a pulsating bubble, such a particle finds itself in its velocity field. However, since the radius of
friction and inertial forces are different, there is a boundary radius beyond which the bubble does not
trap the particle. As the particle moves away from the bubble (beyond the capture radius), its velocity
first increases and then drops to zero. As the particle moves toward the bubble, its velocity gradually
increases. As the size of the particles decreases or their density decreases, the effective capture radius
decreases, so that for particles smaller than the limit the capture radius, the gripping radius is smaller
than the radius of the pulsating bubble. In this case, only the Stokes force will act on the particle,
removing the particles from the bubble. In this way, very small particles are repelled by a pulsating
bubble. However, it should not be thought that small particles are blocked from reaching the surface
of the bubble. Forming strong aggregates that are not destroyed by alternating flows, such particles
can also be trapped by the bubble.

The term “rectified diffusion” refers to the transfer of the mass of a gas from a liquid to a bubble
as a result of its oscillations in an acoustic field [33]. The mechanism of this process can be represented
as follows. When the bubble is compressed, the concentration of gas in it increases, and at some point
begins to exceed the concentration of gas in the surrounding liquid, at which point the gas begins to
diffuse from the bubble into the liquid. When the bubble expands, the reverse process occurs, a
diffusion flow occurs in the opposite direction. The phenomenon of unilateral diffusion is explained
by the fact that when the bubble expands, the surface through which the diffusion occurs is much
larger than during compression, so the flow of gas directed into the bubble is much greater than the
flow in the opposite direction.

As the frequency of oscillations increases, the density of the diffusion stream under the action of
microflows decreases, while the density of the stream, which is due to the pulsations of the bubble,

x+n (6)

increases.

Cavitational bubbles are also a source of microflows in the acoustic field. If the bubble retains its
spherical shape when oscillating, a so-called vortex-free motion occurs, where the velocity potential
satisfies Laplace’s equation [34]. The value of this velocity is in the range of 2:10-4... 6-10-3 m/s.

One of the properties of cavitational bubbles is the generation of intense local shock waves.
Shock waves are pressure pulses propagating in a medium at a speed greater than the speed of
acoustic waves. When a cavitational bubble collapses due to a sudden stop of the entire mass of fluid
involved in the motion, pressure appears at the point of collapse and a pressure pulse is generated
that propagates through the fluid [34]. To calculate the pressure of the resulting shock waves, it is
customary to use the equation of fluid motion in a potential approximation as a starting point:
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where { - speed potential, a — velocity of sound in perturbed fluid. Despite the rapid decrease
in pressure in the shock wave as it moves away from the point of origin, it is very powerful at the

distance of the initial radius of the bubble. It is also possible to estimate the pressure that develops
4

. . .. P

when a cavitational bubble collapses using an empirical formula [26]: p = =—%,, where pg—the
h

pressure acting in the medium at the beginning of the collapse, ph is the pressure determined by the

presence of gas residues in the bubbles. The pressure increases very strongly nonlinearly when the

cavitational bubble is collapses while the radius of the cavitational nucleus decreases. This can be

expressed in terms of the gas content parameter: § = Py +20R, ( R, j
Py R

max
Some cavitation parameters obtained experimentally in [26] are shown in Table 2. It can be seen
that true shock waves are generated in the course of electric discharge cavitation processes.

Table 2. Typical parameters of electric discharge cavitation.

Ratio of the sound
Initial Maximum at € soun

bubble bubble Minimum Gas Pressure developed speed in the medium
. . bubble radius content, = when the bubble to the velocity of the
radius, radius, Rmin, cm be) collapses pmax, Pa leading edge of the
RO,cm  Rmax, cm ! psesp ! . 8 . g
microcavitation wave
1-10° 2.9-103 5.8-10% 4.8-102 7.4-10° 4.5
510+ 2.6103 25105 1.0-102 1.9-10¢ 6.2
1-104 2.3-103 0.9-10° 2.1-10+ 2.8-107 13.3

The time of the cavitational bubble collapse ultimately determines the duration of the leading

Yol

edge of the microcavitation waves: 7= FR,_, |—— ,wheretheF is coefficient for water is close
Prmax

to unity. The characteristic value of the leading edge duration of microcavitation shock waves ranges

from 0.5-10-7 to 0.5-10-8 s.

When the microcavitational bubbles collapse, high-velocity microjets of liquid are produced. The
above model of the cavitational bubble collapsing assumes that it is perfectly spherical. In real
conditions, the sphericity of the bubble is broken when it is at the liquid-solid interface, if the plane
of the solid surface is significantly larger than the size of the bubble (for example, the walls of an
electric discharge reactor). The extremely distorted cavitational bubble (hemispherical, when it’s base
is on a solid surface) slamming, if compressibility, viscosity and surface tension are neglected, can be

described by the differential equation of the form presented in the paper [35]: V> - ®(r,0,1) =0 ,

where ® — scalar potential function.

The solution of this equation shows that when the current radius approaches zero, the shape
changes according to a very complex law. The deformation of the bubble is so great that its walls hit
a solid surface before the radius reaches zero. At the same time, the speed of microjets can reach
several hundred meters per second.

All of the second-order effects described above accompany a high-voltage electrical discharge in
the liquid are also characteristic for ultrasonic fluid treatment. These two ways of influencing a
substance are united by cavitation, as well as macro- and microflows. All the second-order effects
that accompany cavitation have a strong impact on water treatment processes, especially in terms of
disinfection. In addition, chemical reactions also take place directly in the cavitational bubbles. At the
same time, high-voltage electrical discharge is characterized by phenomena that affect chemical
reactions: ultraviolet radiation and a strong electric field.

Given a constant gas content in the bubble and the pressure of the surrounding liquid, the
minimum radius of the cavitational bubble is determined by the formula:
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3(r-D
R.. = Rmax(ﬁ , at the same time, the pressure will be expressed by the formula:
Y=Dp,

R

pressure, y — ratio of heat capacities of gas in bubble at constant pressure and volume. With the

3
p=p (R“’“j ,  where pmax — gas pressure in bubble at maximum radius, p0 — hydrostatic

‘min

p
— initial fluid temperature. For example, when Rmin=0,1Rmax, p0=105 Pa, y=3/4, T0=300 K the
pressure of the gas in the bubble at the moment it reaches its maximum radius will be p=3,3-103 Pa.
Substituting these values into the equations above, we get that when the bubble is collapses, the
pressure reaches pmax=3-107 Pa, and the temperature Tmax~=3000 K. Such high temperatures, which
occur in a gas-filled cavity of a small volume, create conditions for the appearance of electric charges,
luminescence, dissociated and ionized molecules, as well as atoms and free radicals.

37D
adiabatic nature of the bubble collapsing, the temperatureinitis: 7, =7, [(7/_1)170] , where TO

4.2. Chemical Processes in Electric Discharge Cavitation

In general, the chemical reactions in aqueous solutions that are initiated in a liquid by an electric
discharge in the cavitation mode are well explained by the theory of free radicals. Molecules of water
and gas dissolved in it undergo the following transformations in aqueous solutions under the
influence of cavitation:

H,0,N,,0, —— H' OH  H, H,0,,N, 0,

The yield of the formed products of the chemical reaction is greatly influenced by the mixing of
the liquid, which is automatically provided by first-order effects when the liquid is broken down
(hydraulic flows). For example, hydrogen peroxide is emitted 10 times less in the absence of hydraulic
flows than in the presence of them. Authors of [36] explain this by the enrichment of the liquid with
air during mixing and the reduction of concentration resistance. If solutes and micro-objects are
present in the liquid, they react with excited gas molecules or formed radicals.

Second-order electric discharge effects can play an important role in providing chemical action,
with volumetric cavitation playing a very important role. According to several researchers [16], when
cavitation occurs in a liquid medium, chemical bonds are broken, and as a result, ions and free
radicals appear near the cavitational pocket. These reactive particles can react with substances located
at the gas-vapor cavity-liquid interface. According to the authors [38,39], the bubble collapses at an
increasing rate. At the same time, the temperature of the gas in the bubble rises all the time and,
starting from a certain moment, bubble’s collapse occurs under adiabatic conditions. Using some

assumptions, the authors derived an equation that makes it possible to calculate the temperature in

a cavitating bubble at any stage of its compression under adiabatic conditions: T, 0r03(y =0,

where 10 — maximum bubble radius, r — bubble’s radius at a given compression stage, TO — gas
temperature at the beginning of bubble compression, T — temperature at the moment of compression.
According to the authors’ calculations, with a certain ratio of the maximum radius of the bubble and
the value of the y for the gas that fills the bubble, the temperature in the compressed bubble reaches
2000 K or more. Such high temperatures can contribute, according to the [40] initiation of almost all
possible chemical reactions taking place in the cavitational volume. The products of gas reactions,
thermally specifed in the cavitational pocket, diffuse into the surrounding solution, where,
interacting with solutes, they cause some chemical processes — secondary reactions. For example, to
the secondary ones in the paper [41] refers to the formation of hydrogen peroxide, which occurs in
the treated water only in the presence of oxygen:

H20+%02 — H,0,
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Moreover, this reaction takes place at a lower temperature than the next one:
2H,0 - H,0, + H, .Products of water molecules’ thermal splitting — free radicals OH* — cause
intensive oxidation processes in the working environment. At the same time, the yield of the reaction
depends on the ratio of the heat capacities of the gases penetrating the cavitation pocket. For example,
in paper [42] it has been shown that when carbon tetrachloride is sonicated in water, more chlorine
is converted into the active form in a solution saturated with noble gases (y=1.66) than in a solution
containing oxygen and nitrogen (y=1.4).

Chemical mechanisms of cavitation work not only due to the mechanical and thermal forces that
develop as the result of the resonating bubbles collapse. Chemical reactions can also occur as a result
of electrochemical and photochemical processes that arise due to the appearance of high electrical
voltages in cavitational pocket. According to Frenkel's theory, the electric field strength in a

de
cavitational pocket can be determined by the following equation: £ =—+/Na& , where a—distance
r

between ruptured fluid layers, r — cavitation rupture radius, e — monovalent ion charge, N —number
of dissociated molecules per volume unit. Suppose, N equally 1-1018, o and r equal 5-10-8 cm u 1-10-
4 cm, accordingly, then E will be equal to 600 kV/cm, and there are conditions for the ionization of
gas particles in the cavity. If, as a result of ionization, there is an electrical breakdown between the
walls of the cavity, then a significant part of the channel’s radiation lies in the ultraviolet part of the
spectrum. This will contribute to the photochemical nature of some of the chemical processes in the
working medium.

A water molecule can split to form atomic hydrogen H* and radical OH*, hence valence-
unsaturated particles with high reactivity appear in the solution. Under the influence of the energy
released during the high-voltage breakdown of the liquid, an electron is knocked out of the water
molecule, it leads to the formation of an ionized water particle (H20 — e—H20+). This water particle,
in turn, breaks down into the hydrogen ion H+ and the free radical OH*. An electron knocked out of
a molecule travels a distance that is determined by the energy of the impact on the molecule and the
properties of the medium. On its way, it can attach to a water molecule or a hydrogen ion, resulting
in atomic hydrogen formation. The formation of hydrogen atoms occurs at a noticeable distance from
free OH* radicals, which makes their recombination difficult. There is a high probability of interaction
between free radicals and individual atoms, as a result of this process other chemical compounds and
free radicals emerge. For example, the following reactions are possible:

OH  +0OH" — H,0,
H"+H" - H,
OH +OH" — H,0+0~
0O +0 =0,
H,0,+OH" — H,0+ HO,
HO,” +H" — H,0,
H,0,+HO, > H 0+0,+0H"

For the first time, the formation of hydrogen ions (H+) during cavitation was experimentally
demonstrated as early as 1955, and later free OH* radicals were experimentally detected [30].

In addition to the above-mentioned reactions leading to the formation of radicals and radical
groups, the hypothesis of the formation of hydrogen peroxide H20s owing to the interaction of a
hydrogen atom with molecular oxygen and the subsequent recombination of low-stable HO2*

radicals is considered: H 02* + Hi 02* — H,0, [43].

Thus, the decomposition of water molecules under the influence of factors characterizing
cavitation consists in the occurrence of two parallel reactions leading to the formation of free radicals,
hydrogen peroxide molecules and atomic hydrogen. Ionization of water molecules is carried out in
the gas phase — in cavitational bubbles, during their collapse chemically active objects pass into the
working medium. They cause oxidation processes (e.g., iron ions) even in the absence of oxygen
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molecules. In the presence of molecular oxygen, the process of oxidation of iron ions is enhanced by
the formation of a hydroperoxide radical in the solution, it can provide the following reactions:

Fe* + HO, — HO, + Fe'*
H+HO, — H,0,
H+HO, — H,0,

Oxidation reactions of iron ions have not been detected in aqueous solutions degassed
purposefully. This is the evidence that the reactions are specified by the primary chemical reactions
taking place in the cavitational pockets [44].

The analysis of the described phenomena allowed us to put forward a hypothesis about the
presence of two steps in chemical reactions initiated by cavitation. Each of these stages is associated
with a specific stage of the cavitational bubble development.

Stage 1. Photo- and electrochemical phenomena take place in the cavitation pocket when the
pressure in the cavity is very low. At this stage, conditions are created in the cavitation region that
are analogous to electric discharges in a medium of vapor and gas at low pressures. The gases in
the cavity are ionized and activated. The process of formation of activated and ionized particles is
completed by an electronic breakdown of the cavity.

Stage 2. Further development of the cavitational pocket is accompanied by an increase in
pressure in it, and then collapse. At the same time, the formed relatively long-lived active radicals
and atoms are transferred into the medium. In addition, the collapse of the cavitational bubble is
accompanied by the occurrence of a local shock wave acting on the molecules of the substance, as
shown above.

So, the chemical reactions initiated by cavitation can be divided into the following groups:

e reactions occurring in a gaseous medium (cavitational pocket);

e  reactions occurring at the cavitational pocket-liquid interface as a result of the interaction of
radicals and atoms occurring in the cavity with molecules at the interfacial area;

e reactions that are caused by active substances formed in the gas phase and penetrating into
surrounding liquid (water) as a result of the collapse of cavitational bubbles;

e reactions occurring in a liquid medium under the influence of local shock waves, the source of
which is collapsing cavitational pocket.

The presence of a particular gas in an aqueous solution not only causes the acceleration or
deceleration of chemical processes, specific gas also causes the nature of the chemical reactions in the
cavitation fields. For example, in the presence of hydrogen, the oxidation of iodine ions completely
stops, but under the same conditions, iodine molecules dissociate into individual atoms, then they
rebuild as a result of interaction with hydrogen atoms. The process of iodine rebuilding appears to
take place in the gas phase, i.e. in cavitational bubbles. During cavitation in an aqueous solution with
molecular iodine and molecular hydrogen in it, both water vapor and the above-mentioned
substances diffuse into the cavitational pockets. The energy of dissociation of iodine molecules into
atoms is 1.53 eV. In the case of photodissociation (ultraviolet radiation from the plasma channel of
the main discharge and discharges in cavitational bubbles), the iodine molecule is split into an iodine

atom and an excited radical of this element: I, +hv —> I +1 . The limiting quantum capable of

triggering the process of photodissociation must have an energy that is equal to or greater than the
sum of the dissociation energy and the excitation energy of the radical or atom. For example, in the
above case, this energy is 8.45eV.

The hydrogen molecule can dissociate directly in the cavitational pocket: H, — H "+ H.
Hydrogen atoms, on the other hand, can be produced by the reaction of molecular hydrogen with
OH* radicals: H,0 — H +OH", H,+OH — H,0+ H". This means that when one molecule

of water interacts with one molecule of hydrogen, two hydrogen atoms emerge, they can rebuild two
atoms of dissolved iodine. The amount of atomic iodine depends on the concentration of molecular
iodine in the reaction mixture. At low concentrations of molecular iodine, only a fraction of the
hydrogen atoms formed recombine to form molecular hydrogen. In the region of low concentrations,
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under the same physical conditions of cavitation, the amount of rebuilt iodine increases if the initial
concentration of molecular hydrogen is increased. It is this phenomenon that we used in our
experimental work to determine the intensity of cavitation [45]. With a further increase in iodine
concentration, it may turn out that all the hydrogen atoms formed bind only a part of the halogen
present. Similar patterns were obtained in paper [46] during the oxidation of iodine ions in a
cavitation field. In [46], similar data were obtained during the study of the effect of carbon
tetrachloride on the kinetics of iodine ions in the cavitation field oxidation. The amount of iodine
released in the presence of CCL in an aqueous solution increases by 10... 12 times. Starting with a
certain concentration of potassium iodide (0.5 n. KI), the amount of iodine excreted in both the
absence and presence of CCls remains constant. This means that under the same physical conditions,
the same number of active products capable to oxidize the substance under study is formed in a unit
volume of an aqueous solution. The amount of CCls decomposition products that enhance oxidation
processes also remains constant under the same conditions. The decomposition products primarily
include atomic chlorine, which segregates from carbon tetrachloride under the action of cavitation.
As a result of this reaction, hexachloroethane C2Cls can be obtained as the end product; that would
indicate the appearance of the CCls radical. Under the influence of cavitation, not only the bond of
the halogen with the carbon atom is broken, but also the sulfur segregates from the carbon atom. For
example, carbon disulfide (CSz) in an aqueous solution forms a very stable colloid-sol under
cavitation action [47]. The same stable sol was obtained by sonication of the aqueous solution of ethyl
sulfide. Qualitative analysis showed that the resulting solutions contain colloidal sulfur micelles of
various sizes.

The issue of activation of molecules of various gases in the cavitational pocket also arises when
analyzing the reactions of the formation of hydrogen peroxide in sonicated water. The formation of
peroxide was predominantly observed when the water contained dissolved oxygen [48]. This is
explained by the fact that in the absence of oxygen, most of the products of the ionized water particles

decomposition recombine: H' + OH ™ — H,O . In the presence of oxygen, the recombination of
the free hydroxyl radical and atomic hydrogen slows down as a result of the reaction:

H"+0, —>H02* appearance of a radical HO:* enhances oxidation processes, which are
accompanied by the formation H202: HOZ* +H02* — H,0, +0, . The formation of hydrogen

peroxide also occurs when a mixture of oxygen and hydrogen is forced into sonicated water. They
interact with the products of the water molecules decomposition as follows:

H,0—>H +O0H™
H'+0, > HO,
OH +H,—> H,0+H ,
H'+0, > HO,
2HO, — H,0,+0,

Under these conditions, for every water molecule decomposed there should also be one newly
formed hydrogen peroxide molecule. However, the HO:* radical interacts more easily with the
hydroxyl radical than with the hydrogen molecules in the solution. Thus, the process represented as
OH  +H, — H,0+H" , inhibited by a more easily occurring reaction: OH" + HO, — H,0+O,.
The largest amount of hydrogen peroxide is formed when the ratio of dissolved hydrogen and
oxygen in the sonicated medium is 1:4. Oxygen molecules decompose directly in the cavitation pocket

and ozone forms: 0, -0 +0" , 0" +0, = O,.

In the cavitation region, nitrogen molecules from the air dissolved in water also dissociate. They
interact with products of oxygen dissociation, form nitric oxide - a chemically highly reactive free
radical that can act as both an oxidizing agent and a reducing agent. The primary elementary process
that determines nitrogen oxidation reactions mainly comes down to the ionization of the nitrogen
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molecules N2. The resulting particle dissociates into atomic nitrogen and a cation, then they interact
with molecular oxygen:

N; +0, —» NO" + NO*
NS +0, — NO,+N"
N+0, - NO+O"
N +0, - NO*+0O"

In this case, the reaction rate of the nitrogen oxidation is proportional to the efficiency of nitrogen
ionization under the influence of secondary electric discharge factors, especially in cavitational
bubbles.

Nucleic acids (including DNA and RNA) must be very sensitive to the effects of cavitation. A
decrease in the relative viscosity of the DNA solution by ultrasonic cavitators is detected after just
one minute of treatment; with increasing exposure, the relative viscosity of the DNA solution
continues to decrease [49]. This decrease is persistent; the sonicated solution does not change the
viscosity even after 24 ... 48 hours of sedimentation. Qualitative tests for the presence of free
monosaccharides, phosphoric acid, purine and pyrimidine bases in the treated DNA solutions did
not give positive results, i.e. degradation of the DNA molecule is observed. However, degradation of
fragments formed in the field of ultrasonic waves does not occur if sonication of DNA solutions
occurs in the presence of gases that prevent the development of oxidative reactions. In the paper [49]
it is assumed that the decomposition of a giant nucleic acid molecule into separate fragments is
caused by destructive mechanical effects that occur in the cavitation region. We think that such
decomposition occurs not only as a result of mechanical action, but mainly due to the formation of
free hydroxyl radicals in the solution under the influence of physical and chemical factors. For
example, it is known [50], that depolymerization of thymonucleic acid occurs quickly in the presence
of hydrogen peroxide and ferrous, their interaction is accompanied by the appearance of free

2+ * 3+ -
hydroxyl radicals: H,0,+Fe” - OH +Fe (OH") . As shown above, the active formation of

such chemically active particles is a phenomenon accompanying cavitation in aqueous solutions. In
sonificated protein solutions protein peroxide radicals appear with a lifespan of 5...10 minutes; the
main condition for their occurrence is the saturation of the solutions with oxygen, and not with
hydrogen or an inert gas [51]. According to the authors, organic peroxides arise from the direct

interaction of an oxygen molecule with an excited molecule: RH +0, > ROOH According to their

data, peroxide compounds are formed during the auto-oxidation of hydrocarbons under the
influence of ionizing radiation. This is preceded by the appearance of peroxyl radicals, which react
with hydrocarbon radicals. According to [5], complex molecules that are in a metastable state are
highly reactive and are biradicals. The lifespan of biradicals is hundredths of a second, whereas
electronically excited molecules lose their energy within 1-10-8... 1-10-9 s. When biradicals interact
with molecular oxygen, biradicals form probably, the lifetime of them is already several minutes. The
long lifespan of the peroxide radical and the high reactivity significantly contribute to the conversion
of the excitation energy into a chemical form.

5. Conclusions

e  Powerful volumetric cavitation, indused by electrodischarges in cavitation modes, is a driving
force of significant decrease in the quantity of chemical reagents, temperature and treatment
time of water dezinfection. The primary factor, inherent in electrodischarge cavitation is
emergence of great number of chemically active particles in working medium and following
oxidation processes’ intensification. Other factors of electrical discharge are next in importance:
local shock waves, acoustic flows and turbulences, flotation effects and rectified diffusion.

e  The similarity of the effect of ultrasound and electric discharge in the cavitation mode on water
systems has been experimentally proved, the frequencies of 70-120 kHz emerging in the
spectrum of acoustic radiation of an underwater electric discharge in cavitation modes have been
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revealed. Intensive degradation of microorganisms is observed when the frequency of acoustic
vibrations is sufficient to induce the resonant oscillation of cavitational bubbles. Discharge in the
cavitation mode generates frequencies of acoustic radiation that correspond to the resonance
conditions of bubbles presented in the working medium. Thus, acoustic waves of a certain
frequency and intensity indirectly ensure an inactivation of microbiological objects in treated
water.

e Itisrevealed that the intensity of the high-frequency part of the spectrum of acoustic radiation
of an electric discharge in water is adjustable by the change of the discharge circuit inductance
and the non-insulated end of the electrode-anode protruding into the discharge gap.

e  Underwater electrical discharge as a source of cavitation does not have such intrinsic constraints
as erosion resistance of the ultrasonic emitters themselves, cavitation does not have a direct effect
on the plasma channel of the electrical discharge in the liquid. Besides, both the intensity and
the total power of cavitational processes that are induced by underwater electrical discharges
are always higher compared to ultrasonic treatment due to more wide range of generated
acoustic frequencies. Hereupon, the possibilities of industrial application of water disinfection
by electric discharge in cavitation mode are much wider than in the case of ultrasonic treatment.
This is crucial for the practical use of underwater electrical discharges not only for acceleration
of oxidation, but also for another chemical-engineering processes’ intensification.
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