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IIposedenumu Oocniozncennamu 6uUCOK060AbMHO20
eNeKMPOXIMIMH020 6UOYXY 5K 00'€KMa KepyeawHs 6usns-
JleHo iCMOmHUIl 6NAUG PeHCUMIE Kepoeamnozo 66edeH-
HA efleKkmpuunoi eHepeii 6 Kanan po3pady na edexmus-
HiCMb ex30mepMmiunozo nepemeopenns enepeii. Ompumano
3anexcHicms NUMoMOi eHepeemuunoi epexmuenocmi 6udi-
JleHHs XIMIMHOT enepeii ex3omepmivnoi cymiwi 6i0 po3no-
0iny noeHoi eaexmpuunoi enepeii Midc nOCAIO0BHUMU PO3-
paonumu imnynvcamu. Ile dossonse 3a sanpononosanumu
asmopamu npasunamu GUHAYAMU NOHAMK0BI YMOBU Al20-
puUmMy Kepyeauus po3pAOHOIMNYIbCHOIO YCMAHOBKO10,
aKa peanizye MexHON02iMHI PeHcuMu 6UCOKO0BOIbMHOZ0
eNeKmpOXiMinH020 6UOYXY, WO 3a0e3neuyroms MaAKCUMATL-
HY eheKxmusHiCmb eK30MePMIMHUX nePemeopets.

Ioxazano, wo cymmesa cmoxacmuunicmo npouyecie
npu eK30MepMIMHUX NePeMBOPEHHIX 8 PEHCUMI 6UOYXO0-
6020 20pinHA He 00360JIAE GUKOPUCMOBYEAMU CUCMEMU
Kepyeanus, w0 pezyiolomv MinvKu NOUAMKOG YMOBU
enexmpoximiunozo eudyxy. Taxi cucmemu ne 3abesne-
HYOMb 3A0AHUX PeNCUMIE PO3PAOY NpU KOJNCHIU peani-
3auii. O0rpyHmosano HeoOXiOHICMb NOMOUH020 Kepy-
8aNHsA 6 NPOUECI eK30MEPMIYHUX NePemBoPets 3 Memoro
He0onyuw,eHns SHUNCEHHA MUCKY 6 KAHALL PO3PA0Y HUiNCHe
00nYcmumoz20 3HAMEHHA, AKe NIOMPUMYE eK30mepMiuHYy
peaxuito eubyxo6oz20 zopinns. Ilposedenuii xopensuiii-
HUll anani3 63a€mo036'A3KyYy 3HAUEHb NOMOUHO020 MUCKY 6
Kanaai po3paoy i elexmpuiHux xapaxmepucmux po3ps-
0y noKa3ae HAABHICMb 00CUMDb WIIbHO20 iHPOpMaUiUHO-
20 63aemo36'a3ky miyc numu. Tomy 6 axocmi ingpopma-
uilinux Koopounam, AKi 0nocepedxoB8aHo 6UIHAMAIOMb
MucKk 6 xanani po3paoy, 3anponoHo6aHo GUKOPUCHOBY-
eamu onepauiiino 6U3HAUEHI eNeKMPUUHi xapaxmepu-
cmuxu po3paoy.

Po3pobaeno anzopumm i cucmemy KepyeanHs 6UcCOKo-
60JIbMHOI0 PO3PAOHOIMNYNLCHOIO YCMAHOBKOI0, WO Peali-
3Y€ 8UCOK0BONbMHUL eslekmpoximiunui 6udyx. Kepysanns
pexcumom 66edentst enepaii 8 npoueci 6udYx06020 nepe-
MBOPEHHSL 0036019€ YHUKHYMU 32ACAHHA €K30MePMIUHOT
peaxuii npu 6unacko8oMy, Hepes CMmoxXacmuiHicms npove-
CY, 3HUNCEHHI MUCKY 00 2PAHUMHO 0ONYCMUMO20 3HAUEH-
HSL 6 Nepiod Mide po3PAOHUMU IMAYTLCAMU. 34 PAXYHOK
Yb020 YCYBaAOMbC HENPOOYKMUBHT 6Mpamu ex3omepmiv-
HOI cyMmiwi, 3IMEHWYIOMbCA 6mMpamu XiMiuHoi ma eJex-
mpuunoi emepeii i 30inbUYEMbCA KinbKicms 6udisenoi
cymapnoi enepeii, 6e3 30invuenns 66edenoi enexmpoenep-
2ii, npu KOXCHIl peanizauii 6UCOK0B0ILMHO20 eNeKMPOXi-
MiMHO020 6UOYXY

Kantouosi caoea: pospsadnoimnyavcha ycmanosxa,
anzopumm Kepyeanus, inopmayiiini Koopounamu, 6uco-
K0BOIbMHUU eNIeKMPOXIMIMHULL 6UOYX
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1. Introduction

High-performance technological processes involving
explosive energy conversion are widely used in various
industries. The technologies of discharge-pulse treatment
of materials and products employ a high-voltage electrical
discharge in condensed environments as a source of concen-
trated, dosed impact within the specified local volumes with
high specific energy indicators. The main factors affecting
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the treated object include the pressure waves and hydraulic
flows of liquid that propagate throughout a working envi-
ronment, which are used for destruction, shape-formation,
crushing, dispersing, etc. [1].

Most high-voltage discharge-pulse installations used in
various technologies employ a capacitive drive as an energy
source as part of a pulse current generator (PCG). When it is
discharged to the intra-electrode gap, an expanding plasma
channel is formed in a condensed environment, generating a



pressure pulse with a steep front and a descent close to ex-
ponential. However, for a series of discharge-pulse technolo-
gies (DPT), such as the destruction of natural and artificial
oversized objects, loosening of strong bottom soils, a longer
pressure pulse is required, with more energy [2, 3].

Such technologies exploit a high-voltage electrical dis-
charge in chemically active condensed environments capable
of exothermic conversions under an explosive combustion
mode under the influence of high temperatures and pres-
sures created in a discharge channel by electro-discharged
plasma. Such a complex physical and chemical phenom-
enon is typically termed a high-voltage electrochemical
explosion (HECE). The energy released during exothermal
transformations is combined with the electrical energy of the
discharge accumulated on the linings of capacitor batteries.
As a result of this summation, the energy of destruction in-
creases by several times without increasing the stored ener-
gy in the capacitor battery and, therefore, without increasing
the number of capacitors and equipment dimensions [4].

An important advantage of DPTs, which use a high-volt-
age electrochemical explosion to destroy the oversize, is their
manageability, as opposed to technologies that apply explo-
sives. Therefore, it is a relevant task to design control systems
for discharge-pulse installations in order to provide the re-
quired technological modes of an electrochemical explosion.

2. Literature review and problem statement

Earlier studies at the Institute of Pulse Processes and
Technologies (IPPT) of the National Academy of Sciences
of Ukraine demonstrated that the use of a high-voltage elec-
trochemical explosion (HECE) in various DPTs makes it
possible to expand the scope of application of the technology
of materials pulse treatment. This is predetermined by the
fact that at identical characteristics of pulse current genera-
tors (PCG), used in discharge-pulse installations, the am-
plitude and duration of the generated compression pulse
increase when HECE is applied. Paper [5] analyzes the
pressure profiles that were derived considering the radiation
caused by the reaction of exothermal additives at HECE.
The authors determined the HECE electrical parameters
and the amount of destruction depending on the strength of
the destroyed soils. The calculation of force impact on the
treated object confirms the increase in the amplitude and
duration of the generated compression pulse at HECE.

Energy efficiency is important in the technological use
of HECE. Study [6] explores the single-pulse input of ener-
gy into the HECE channel with disposable electrodes. The
result is the savings through the reduction in the cost of the
electrode system; however, the causes leading to incomplete
combustion of the exothermal mixture are not eliminated. The
combustion reaction of the exothermal mixture stops within
a few tens of microseconds, resulting in the loss of potential
chemical energy and exothermal mixture, which confirms the
non-efficiency of single-pulse energy input into the HECE
channel. Work [7] reports a diagram of the relationships of
the main physical processes in the discharge-pulse treatment
and their effect on the output indicators in the processing of
minerals; however, there is no analysis of multi-pulse energy
input. The use of single-pulse energy input is also considered
in paper [8]. The authors estimated the volume of destruc-
tion and pressures generated by the use of HECE in the de-
struction of strong soils with single-pulse energy input. They

compared HECE with an electric explosion without the use
of exothermal mixtures in terms of the volume of destroyed
soils but did not perform analysis of the WEM combustion
completeness and did not assess energy efficiency. Our anal-
ysis of works [6—8] reveals that the implementation of HECE
at a single-pulse energy input and, therefore, when using a
single-circuit scheme of PCG, is not effective due to incom-
plete combustion of the applied exothermal compositions be-
cause of a short-term nature of the pressure pulse generated
by a high voltage discharge.

The shape of an electrical power pulse introduced into a
discharge channel at a single discharge of the PCG capacitor
bank is close to triangular, while the compression waves
propagating in the working environment most often have
a steep front and a decline close to exponential. This shape
of a compression wave does not meet the needs of many dis-
charge-pulse technologies. In order to study a possibility to
generate a pressure pulse of the required shape and duration,
in particular, a multi-pulsation pressure wave profile, the
hydrodynamic processes were investigated at a multi-pulse
power input into the channel of electrical discharge in a
liquid [9—-11]. The results of the numerical experiment [9]
show that it is possible, based on combined electrical dis-
charge energy sources, such as multi-contour PCG, to form
pressure pulses with several successive pulsations whose
number is equal to the number of electric power pulsations.
Analysis of the results on the study of the introduction of
electrical energy into the underwater spark discharge chan-
nel [10, 11] revealed that the numerical determination of
the characteristics of electrically discharged technological
installations should account for all the pulsations of power
in the estimated multi-pulse energy input model. Each power
pulse ensures an increase in the amplitude and duration of
the pressure pulse. The reviewed literary sources reasonably
demonstrate the advantages of multi-pulse energy input
into the discharge channel. Implementation of a multi-pulse
energy input requires the construction of control systems for
energy input into the discharge channel.

The important advantage of HECE is manageability.
One of the methods to control a discharge process to ensure
fuller combustion of the exothermal mixture is to change the
parameters of the pulse current generator (PCG) and the
length of an intra-electrode interval [12]. However, in this
case, the choice of the values for the adjustable quantities is
made before the start of the energy input, so regulation is
impossible in the discharge process; only discrete control from
discharge to discharge is executed. To implement multi-pulse
energy input in order to obtain the pressure waves of the
required shape for a particular technology, multi-loop PCGs
are used as part of discharge-pulse installations [13, 14].
The capacitive drives of each PCG circuit can have different
capacities and may be charged to different voltages. Each
subsequent circuit is enabled after the preset period relative
to the beginning of the discharge of the preceding circuit. [14]
proposed a scheme to automatically enable a second circuit in
a two-circuit generator of pulse currents that provides for a
fairly accurate delay in triggering the second circuit. Howev-
er, it is impossible to change the length of the delay in the sec-
ond pulse supply from discharge to discharge. Such multi-con-
tour PCGs make it possible to generate a variety of shapes and
amplitudes in current pulses and form an appropriate pressure
pulse profile in the treatment area only if discharges are stable.
Study [15] considers the use of two-circuit capacitive pulse
generators in high-voltage electrical discharge installations



instead of conventional single-contour ones. The authors pro-
posed a technique to regulate the energy accumulated in them
by changing the capacity or voltages of their charge and the
moments of input of this energy into the intra-electrode gap
filled with an exothermic disperse environment. However, the
proposed technique does not imply the possibility of control
in the discharge process but makes it possible to change the
initial conditions of energy input from discharge to discharge.

At a high voltage discharge, the exothermal disperse envi-
ronments demonstrate considerable instability; the process is
stochastic in character. Therefore, the use of the above deter-
ministic methods of control over multi-contour discharge-pulse
installations does not provide for the required mode at
each HECE implementation. As a result, there are a certain
number of ineffective discharges, leading to significant energy
losses.

Our analysis of the scientific literature shows that there
is an unresolved issue related to ensuring the effectiveness of
exothermal transformations at each HECE implementation
under conditions of discharge instability. One can conclude
that a systemic study of HECE as a controlled object is
needed in order to construct algorithms and control sys-
tems for HECE in the discharge process. A control system
must be designed that would enable the operative control
over a HECE process, which could improve the efficiency of
exothermal transformations and the assigned technological
regimes at each HECE implementation.

3. The aim and objectives of the study

The aim of this study is to synthesize a discharge-pulse
installation control system for the process of the ongoing
implementation of HECE in order to ensure the predefined
technological modes and maximum efficiency of exothermal
energy conversion at each discharge, as well as to rule out the
non-effective discharges resulting in significant energy losses.

To accomplish the aim, the following tasks have been set:

—to investigate the impact of the modes of controlled
input of electrical energy into a discharge channel on the
efficiency of exothermal energy conversion in order to de-
termine the initial conditions for a HECE mode control
algorithm during a discharge;

— to explore the relationship between the electrodynamic
and hydrodynamic characteristics of HECE with the con-
trolled input of electrical energy in order to determine the
information signals of the control system;

—to construct a control algorithm for a multi-contour
discharge-pulse installation that would ensure the preset
technological modes and the maximum efficiency of exother-
mal energy conversion at each HECE implementation.

4. Studying the effect of the modes of controlled input
of electric energy on the efficiency of exothermal
transformation during HECE

The goal to manage the HECE process is to improve the
efficiency of exothermal energy conversion at each imple-
mentation, which determines the effectiveness of the tech-
nological impact on treated objects.

The effectiveness of exothermal energy conversion dur-
ing HECE is determined by the completeness of the com-
bustion of the WEM mass. When completely burned, the

amount of chemical energy released should be close to the
potential energy of the exothermal mixture. However, under
an unmanageable single-pulse energy input into a discharge
channel, about 20 % of the total amount of the mixture,
introduced to a discharge gap, participates in the reaction.
The main reason for this is the termination of the exothermal
self-sustaining reaction due to a sharp reduction in pressure
in the HECE channel, ranging from hundreds of MPa to less
than Pp,;,=23 MPa, the minimum level of pressure required
for the course of an exothermic self-sustaining reaction.

In order to improve the efficiency of the release of WEM
chemical energy, it is required to maintain the pressure level
in a HECE channel above the minimum for a longer time.
Based on the analysis of the physical processes taking place
during HECE, a method has been proposed to improve the ef-
ficiency of exothermal transformations at each HECE imple-
mentation. The method is based on the sequential portioning
of electrical energy into a discharge channel in line with the
predefined algorithm, implying operative indirect control over
the pressure level in the discharge channel, in order to prevent
the extinction of the self-sustaining exothermal reaction. The
implementation of this method requires the construction of an
appropriate algorithm and a control system for the process of
electrical energy input into the discharge channel.

In order to determine the initial conditions for a HECE
control algorithm, which enable the release in a discharge gap
of as much chemical energy as possible per WEM mass, it is
necessary to establish the main factors influencing the effi-
ciency of an exothermic transformation. While conducting an
experimental study aimed at solving this problem, an import-
ant methodical point was to determine the energy released in
the HECE channel through chemical exothermal transforma-
tions. The WEM potential energy could be calculated fairly
accurately. However, since the total combustion of WEM in a
discharge channel does not occur, the total energy released in
the HECE channel would be less than the sum of potential en-
ergies accumulated in the capacitor bank and the WEM mass.

During HECE, the total energy consists of the electrical
energy W; and the thermal energy AW, which is released
through the oxidation of the exothermal mixture. This energy
is used to change the aggregate and thermodynamic state of
the substance in the HECE channel, to expand the channel, as
well as for thermal and other losses. In the process of expanding
the HECE channel, a wave of pressure is emitted and a post-dis-
charge vapor gas cavity (VGC) forms with energy W;, which is
used to treat technological objects. In order to determine the
effectiveness of the exothermal transformation of WEM in the
implementation of the controlled HECE, it is necessary to de-
termine the contribution of chemical energy AW,,,. To separate
the contributions of electrical and chemical energies to the to-
tal HECE energy balance, we use the following expression [4]:

AWy =W, =n,-W,, )

where W, is the full energy of VGC, J; 1, is the conversion
coefficient of the electrical energy W;, introduced to a dis-
charge channel, into the VGC energy.

The energy of the post-discharge vapor gas cavity during
HECE W, could be calculated using a known Willis formula
based on the duration of its pulsation T), [4]:
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where Py is the hydrostatic pressure at the depth of VGC
pulsations, Pa; p is the density of a liquid, kg/m3; T, is the
period of VGC pulsations, s.

In the experimental study, the amount of released
energy in VGC (W,) was determined based on the period
of VGC pulsations T), the time interval between the peaks
of pressure. The profile of a pressure wave in the P(¢) envi-
ronment in the equatorial plane at a distance of 0.3 m from
the discharge channel was measured using a piezoceramic
pressure sensor and recorded by the memorizing oscillo-
graph TDS 2024B.

The 1, magnitude was determined from the following
empirical expression [4]:

N, =0.26exp(-2/3B)+0.14, 3)

where

1
w3
2171 - s
P (Po]

— the coefficient of a VGC shape; [ — the length of an in-
tra-electrode interval, m.
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where AW, is the chemical energy, J. M is the WEM mass, kg.

To determine the p magnitude from formula (4), we first
determined, based on the experimentally recorded pulsation
period of VGC Ty, the full energy of VGC W, from formula (2).
Based on the electrical characteristics I(¢) and U(t), we
determined the electrical energy W; and its conversion
coefficient n, from formula (3). Then, from formula (1), we
determined the chemical energy AW,,.

In the experimental study, during each discharge, we si-
multaneously registered voltage on the HECE channel U(?),
the discharge current I(¢), the profile of a pressure wave
propagating in the P(¢) environment, and the period of pul-
sation of a post-discharge vapor gas cavity T, (Fig. 1). The
sensors used were the DN-50 voltage divider with a mea-
surement range from 0 to 50 kV, as well as the S-100 shunt
with a measurement range from 0 to 100 kA.
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Fig. 1. Results of HECE parameters registration in the discharge process: a — electrical characteristics U(7), (1); b— VGC
pulsation period T7,; ¢ — pressure wave profile A(f); d— profile of the second pulse of VGC pressure



Since the breakdown processes, the release of energy in a
discharge channel and the generation of compression waves
are stochastic in nature [12, 16], then, in order to improve
the degree of reliability and the estimation of the statistical
variance of the results, the experiments were carried out in
series. The number of experiments in a series char-
acterized by the fixed conditions depended on the
spread of the registered HECE parameters. The min-

1.8
1.6

imum value chosen was five. Based on the samples 1.4
acquired, we calculated the estimates of averages: 12
n _ 1

_ x
x=Y =k (5) u 0.8

k=t N
0.6
At a controlled two-pulse input of electrical ener- 0.4
gy into the HECE channel, it is necessary to deter- 0.2

mine the initial distribution of energy, between the 0
firstand second pulses, ensuring the maximum specif-
ic energy efficiency of exothermal transformation p.
By using the proposed procedure for determining p,
we studied the effect of the ratio of the energies of
the second and first pulses W5/ W; on the efficiency
of the release of the WEM potential chemical energy.
Experimental studies were conducted in a 1m?
technological tank filled with water, with a fixed
exothermal composition containing 40 % of the aluminum
powder in an aqueous solution of the oxidizer whose appli-
cation effectiveness was justified in [4]. To introduce WEM
into a plasma channel zone, it was previously placed in
dielectric capsules, the ends of which hosted current con-
ductive electrodes made from copper. Next, such a capsule
with WEM was installed in the water intra-electrode gap.
The length [ of the capsule, corresponding to the length
of a discharge gap, was determined from the condition for
ensuring the initial intensity of an electric field necessary
for the formation of the channel through conductivity. For
the selected type of WEM, E.>106V/m, [=3x102m [4].
The total energy of a two-circuit PCG W, varied from 400 J
to 750 J. A change in the modes of controlled energy input
was provided by varying the energies W and W, by changing
the initial voltages Uy, U; on energy drives and by changing
the capacitance C; and Cy. The magnitude of the energy
ratio Wo/W; varied from 2.0 to 23.0. The natural induc-
tiveness of each contour Ly and L, was determined based
on short-circuiting experiments and did not change in the
course of the study: L;=6.8x10"% Gn and L,=3.54x106 Gn.
To compare the results of experimental studies under differ-
ent modes of electrical energy input as regards the efficiency of
chemical energy conversion, the magnitude of specific energy
efficiency p was normalized to the value of p at a single-pulse
energy input and is represented by a relative magnitude:
n=p/u, (6)
where g is the efficiency of combustion of WEM unit mass
in a discharge channel at the conventional single-pulse en-
ergy input, J/kg; p is the efficiency of combustion of WEM
unit mass in a discharge channel during HECE with a con-
trolled two-pulse energy input, J/kg.
The results of experimental studies are shown in Fig. 2 in
the form of dependences

built on the basis of experimental data (indicated by points)
for three values of energy W. It also shows their approxima-
tion by a third-degree polynomial dependence, performed
using a standard function — the trend line in the Microsoft
Excel software (marked in the Fig.2 by solid lines).
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Fig. 2. Dependence of specific energy efficiency 1L on the ratio of
energy in the second and first pulses W,/ W, at different values of the
full introduced electrical energy W;: 1—-400J,2-550J,3-750)

The dependences

3

(Fig. 2) show that the magnitude of the energy ratio Wy/W;
has a significant impact on the effectiveness of the exother-
mic chemical reaction under controlled energy input. The
dependences

have, for each value W, the maxima that shift upwards as
full energy increases. The limitation of the growth in @ with
a further increase in the ratio Wy/Wj is explained by that the
energy of the first pulse should provide the conditions for
the ignition of WEM, that is, each composition and volume
of WEM is characterized by a minimum value of Wi, the
further reduction of which is unacceptable.

Analysis of the results obtained has shown that at different
values of the total introduced electrical energy W, and differ-
ent ratios of energies in the Wy/Wj pulses, the thermal energy
of the exothermal transformation of WEM increases within
the range of 1.2 to 1.7 times. This increases the total energy
of HECE without increasing the capacity of capacitor banks,
but only by increasing the contribution of the energy released
as a result of the exothermal reaction of WEM oxidation.
Thus, the results of evaluation studies have shown that by
changing the ratio between the magnitudes of electrical ener-
gy in pulses and, at constant capacity values, by changing the
ratio between the magnitudes of charging voltages of sequen-
tially supplied discharge pulses, it is possible to purposefully
control the efficiency of WEM exothermic transformations.

The full VGC energy W, required to carry out the preset
technological operations, is determined based on technolog-
ical tests. The maximum energy of the exothermal transfor-
mation AW, is determined by the amount and composition
of WEM. By using the dependences
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derived in the course of our study, as well as the values of W;
and AW, it is possible to determine the initial conditions for
a control algorithm for a discharge-pulse installation, ensur-
ing maximum exothermic efficiency energy conversion, from
the following ratios:

—A C,,U?
w=Ym A ewy W, =D

n, 2 @

After determining the ratios of energies W,/ W, accept-
able to ensure effective exothermic conversion, the initial
conditions set are the voltages on capacitors Ui, Us, deter-
mined from ratios (7).

The next step in the synthesis of the control system is to
construct an algorithm to send a signal that would enable a
second discharge circuit in order to increase the time of the
exothermic reaction under a self-sustaining mode. The sec-
ond discharge circuit should be enabled at the moment when
the pressure in the discharge channel reaches the maximum
allowable value for the WEM used. In this case, it is im-
portant to use a reliable information signal when indirectly
assessing the pressure in the discharge channel.

3. Studying the relationship between the HECE
electrodynamic and hydrodynamic characteristics to
determine information signals

Discharge-pulse installations are stochastic control ob-
jects [12],so the synthesis of control systems employs methods
for averaging an information signal using different filters [16].
That makes it possible to improve the efficiency of a dis-
charge-pulse treatment, on average, without providing
maximum efficiency at each discharge, which, in the case
of HECE, leads to significant losses of electricity and expen-
sive exothermal mixtures.

Our study has shown a significant correlation between
the effectiveness of exothermic energy conversion at a multi-
pulse energy input into the HECE discharge channel on the
time of subsequent pulses. In order to ensure fuller combus-
tion of WEM and the maximum efficiency of exothermal
energy conversion, it is necessary to send another discharge
pulse at the moment when the pressure in the discharge
channel reaches the minimum boundary value, required
for the self-sustaining exothermal reaction P;,=23 MPa.
However, pressure in the discharge channel has a signifi-
cant statistical variance and is not operationally defined;
therefore, it cannot be used as an information signal to the
control system. Given this, research is needed to determine
the information signals that serve an indirect assessment of
pressure in the discharge channel. Since the electrodynamic
and hydrodynamic processes during HECE are stochastic,
it is necessary to operate with the probabilistic indicators of
random magnitudes that characterize these processes. These
include the breakdown voltage U(¢), discharge current I(¢),
electrical power N(¢), and pressure in a compression wave
P(t). There are a series of studies showing that these char-
acteristics are subject to the normal distribution law [12].
In order to establish a link between the electrodynamic
U(1), 1(t), N(t) U(t) and hydrodynamic P(¢) characteristics

of HECE, their correlation analysis was carried out. Since
the magnitudes under study are distributed normally, the
Pearson linear correlation coefficient » was used in the
correlation analysis to assess the linear link, as well as the
determination coefficient R=7% that characterizes the link
density [17]. Correlational analysis was conducted for vari-
ous combinations of the electrodynamic U(¢), I(¢), N(t) and
hydrodynamic P(¢) quantities. The results of 7 and R compu-
tation are given in Table 1.

Table 1
Results of correlation analysis
Combination of examined
s r R
quantities
P-1 0.8602 0.7399
pP-U 0.9458 0.8945
P-N 0.9679 0.9368

The resulting determination coefficients R between the
electrodynamic and hydrodynamic characteristics confirm
the existence of a dense enough link between them despite
the stochasticity of these processes. Thus, the operation-
ally determined electrodynamic characteristics U(¢), 1(¢),
N@®)=U() I(t) could be used as information signals indirect-
ly determining pressure in a discharge channel. The densest
information link is observed between P(¢) and N(¢). The
dependence between P(f) and N(¢), experimentally estab-
lished in advance for a particular process, could be stored in
a control system database and used in the implementation
of the control algorithm for a discharge-pulse installation.
Alternatively, it can be promptly computed based on expres-
sions (8), (9) suggested in [1]:
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where P is the pressure in a discharge channel, a is the radius
of a discharge channel, /is the length of a discharge gap, vy is
the effective adiabatic indicator, p is the density of an envi-
ronment, N@)=U(¥) 1(?).

Using N()=U(t)-I(t) as an information signal makes it
possible to derive a pressure assessment in the discharge
channel P(¢) with a sufficient degree of accuracy for the
timely delivery of the control signal.

6. Construction of a control algorithm for a multi-contour
discharge-pulse installation that implements HECE

In the existing two-circuit PCGs [14], obtaining pres-
sure waves of the required shape in a condensed medium
implies that the next circuit is enabled in the preset time ¢,
relative to the beginning of the discharge of the preceding
circuit. The high voltage discharge in a liquid is stochastic,



and the amount of pressure has a relatively large variance.
Therefore, it is not possible to determine exactly a time point
when the current pressure value in a discharge channel of
the first pulse reaches the limit Py;p.
It is also impossible to determine in

The discharge-pulse installation for the implementation
of the controlled high-voltage electrochemical explosion
(HECE) is shown in Fig. 4.
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Fig. 3. Pressure in the plasma discharge channel P,(#) at a
two-pulse input of electric energy

In order to ensure the efficient conversion of energy at
each discharge, a discharge-pulse installation control al-
gorithm is supplemented with an operation to operatively
determine the time to send the second discharge pulse, de-
pending on the pressure of the current implementation of the
first impulse. The information signals used for the indirect
assessment of pressure in a discharge channel are the elec-
trodynamic characteristics of the discharge N(@)=U(t)-1(¢),
the correlation analysis of which had shown their dense
informational link to the pressure in a discharge channel
P(¢). Timely delivery of the second pulse at P(¢)=Py;, in each
HECE implementation would help avoid the extinction of
the exothermal reaction at an accidental reduction of pres-
sure to the limit minimum value between the delivery of the
first and second discharge pulses. This would prolong the
duration of exothermic reaction under a self-sustaining mode
until the complete combustion of the exothermal mixture in
each HECE implementation. This would help avoid losses
and increase the amount of the released total HECE energy
without increasing the cost of electricity.

Fig. 4. Structural diagram of a discharge-pulse installation for implementing the

controlled HECE

The installation includes a two-circuit pulse current
generator 1 (PCG), automated control system 2 (ACS), and
reaction chamber 3 (RC). The two-circuit pulse current
generator includes a charging unit (PCG CU) with two
terminals (I-0), (II-0) and two discharge contours con-
nected to electrodes E located in the reaction chamber RC.
The discharge circuits include, connected in parallel to the
PCG CU terminals, capacitive energy drives (C1) and (C2)
with parallelly-connected voltage sensors (VS1), (VS2).
The high-voltage dischargers (D1) and (D2) are controlled
by ignition units (IU 1), (IU 2). The current sensors (CS1)
and (CS2) are inductively connected to discharge circuits.
In the reaction chamber, in the liquid environment between
two opposite electrodes, there is a water-filled exothermal
mixture (WEM) of the selected mass and composition.
The automated control system (ACS) receives information
signals from voltage sensors (VS1,2) and current sensors
(CS1,2); control signals are sent to the charging unit
(PCG CU) and ignition units (IU1,2) of the dischargers
(D1,2). The automated software control system implements
a discharge-pulse installation control algorithm (Fig. 5).

The task to the control system comes from a database
that stores the results of pre-conducted experimental stud-
ies and calculations that determine the necessary energies
of the first and second discharge pulses W;, Wy providing
the maximum efficiency of the release of WEM chemical
energy. The magnitude of a pressure value limit in the dis-
charge channel P,,;,, necessary to maintain the progress of
the exothermal reaction under a self-sustaining mode in the
aqueous solution of the oxidizer, is determined by the com-
position and mass of the exothermal mixture chosen based
on the assigned technological regime. Next, one computes
the magnitudes of charging voltages Uy, U, on the first and
second capacitive energy storage units needed to provide
the energy of the discharge pulses Wi and Wj. The derived
values (Uy, Uy, and Pp,) are set by software as the initial
conditions for the algorithm of the automated control sys-
tem for the current implementation of HECE. Next, a signal
is received from the automated control system to enable
the charging unit of the pulse current generator in order to



charge the capacitive energy storage units (C;, Cy). In the
process of charging, the current values of voltages Ui(¢),
Uy(t) on capacitive storage units are measured by voltage
sensors (VS1, VS2). Information signals from the sensors
are sent to the automated control system where the current
voltage values Uy(¢), Uy(t) are compared to the preset values
Ui, Us. The moment the voltages on the capacitors reach the
specified values, the automated control system sends a signal
to enable the ignition unit (IU1), which triggers a high-volt-
age discharger (D1) of the first discharge circuit and the
electrodes receive the first discharge pulse. The process of
a high-voltage electrochemical explosion of the exothermal
mixture in the reaction chamber begins.
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No
Yes

Enable IU1, D1
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Measure
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Fig. 5. Automated control system algorithm operation

In the process of implementing the first discharge pulse,
voltage Ui(¢) is measured by a voltage sensor (VS1), dis-
charge current [{(¢) is measured by a current sensor (CSt1),
which is inductively connected to the first discharge circuit.
The values of voltage U;(¢) and discharge current [;(¢) are
sent to the control system. The software in the control sys-
tem computes the current pressure value in the discharge
channel of the first high-voltage pulse P(¢). One could also
use a pre-compiled database to determine pressure based on
electric characteristics. The current pressure value in the
discharge channel P(¢) is compared to the set threshold min-
imum value Py, required to maintain the exothermic reac-
tion under a self-sustaining mode. When the current pres-
sure value reaches the limit value P(¢)=Py,, a signal is sent
from the automated control system to enable the ignition
unit (IU2). The high-voltage discharger (D2) is triggered
and the discharge of the second discharge circuit begins. The
electrodes receive a second discharge pulse, which increases
the pressure in the reaction chamber and ensures further

exothermic reaction under a self-sustaining mode until the
exothermal mixture burns completely.

The proposed algorithm to control a discharge-pulse
installation would avoid the extinction of the exothermal
reaction in case of an accidental, given the stochasticity of
the process, reduction of pressure to the limit minimum value
between the first and second discharge pulses. That would
prolong the duration of its progress under a self-sustaining
mode in each implementation until the exothermal mixture is
completely burned. This could decrease the loss of electrical
and chemical energy at each implementation of a high-voltage
electrochemical explosion and increase the amount of the to-
tal energy released by HECE, without increasing the amount
of electricity introduced; in addition, the loss of expensive
exothermal mixtures would be prevented.

7. Discussion of results of synthesizing a control system
for a discharge-pulse installation when implementing the
electrochemical explosive technological regimes

In the design of a discharge-pulse installation control
system that implements a high-voltage electrochemical ex-
plosion, it is important to define the initial conditions in or-
der to set a task for control software for a particular techno-
logical mode. These include the choice of necessary energies
and voltages of each discharge at a multi-pulse energy input
into a discharge channel, ensuring maximum efficiency of
the WEM exothermal transformations. Our experimental
studies have established the dependences of relative specific
energy efficiency on the ratio of energies of discharge pulses

for the range of energies from 400 ] to 750 J, which are
shown in Fig. 2. The resulting dependences demonstrate a
maximum corresponding to the maximum chemical energy
conversion efficiency during HECE. By using these de-
pendences, the optimal ratio of energies in pulses Wy/Wj is
determined. At known values of energies W; and AW, set by
the requirements of the technology and the type of WEM,
the ratios (7) are used to determine the initial conditions for
the control algorithm of a discharge-pulse installation in the
form of voltages on capacitors Uy, Us.

The range of energies in experimental studies was chosen
based on the requirements of the oversized destruction tech-
nology. Under other discharge-pulse technologies, one may
change the energy range, which would require additional
research to determine the initial conditions for the control
algorithm.

Statistical analysis of the HECE electrodynamic and
hydrodynamic characteristics has confirmed significant sto-
chasticity of processes in exothermal transformations under
amode of explosive combustion. The stochasticity of the pro-
cesses does not make it possible to use the averaged values of
information signals in the control system of a high-voltage
electrochemical explosion. Ensuring the necessary tech-
nological regimes requires maintaining the preset pressure
values in a discharge channel at each HECE implementation.
Since pressure in a discharge channel has a significant statis-
tical variance and is not operationally defined, it cannot be
used as an information signal to the control system. In order
to determine information signals, a correlation analysis was



performed on the relationship between current pressure in
the discharge channel P(¢) and the discharge electrical char-
acteristics; the results are given in Table 1. The resulting val-
ues for the correlation coefficients 7>0.86 have confirmed the
possibility of using U1 (¢), I1(t), N(t) as information signals for
the discharge-pulse installation control system.

When applying analytical expressions (8), (9) to quickly
determine the pressure in a discharge channel, it is necessary
to ensure the hardware implementation of the proposed control
algorithm to ensure sufficient performance speed of the system.

The constructed control algorithm for a discharge-pulse
installation aimed at the implementation of a high-voltage elec-
trochemical explosion (Fig. 5) avoids the extinction of the exo-
thermal reaction at an accidental, given the process stochastic-
ity, reduction in pressure to the low limit value. The algorithm
implements operative control over electric characteristics in the
discharge process, indirectly determining the pressure in a dis-
charge channel, which is compared to the minimum allowable
value. Achieving the minimum allowable pressure value is a sig-
nal to enable the next discharge contour of PCG, which ensures
that the pressure is maintained at the required level for the
exothermic reaction to proceed under a self-sustaining mode.
Using the proposed control algorithm provides an increase in
the duration of the exothermal reaction under a self-sustaining
mode until the exothermal mixture is completely burned at
each HECE implementation. This reduces the non-productive
loss of the exothermal mixture, chemical and electrical ener-
gy at each implementation of a high-voltage electrochemical
explosion, and increases the amount of total energy released,
without increasing electricity costs. At the same time, techno-
logical requirements are fulfilled for the implementation of the
predefined technological modes of operation of discharge-pulse
installations at minimal energy costs.

Further improvement of control over discharge-pulse
technologies involving a high-voltage electrochemical explo-
sion implies the construction of an inverse model of HECE.
Using an inverse model in control would make it possible, by
using software, based on the required characteristics of tech-
nological influences, to determine the necessary parameters
and operational modes of pulse current generators, in order
to maintain them in the current implementations of HECE.

8. Conclusions

1. Based on the studies of a high-voltage electrochemical
explosion as a control object, a significant influence of the

controlled input of electric energy into the discharge channel
on the efficiency of exothermic energy conversion has been
revealed. The dependence of the specific energy efficiency
of the potential chemical energy of the exothermic mixture
on the distribution of the total input electric energy among
successive discharge pulses has been derived. This makes it
possible, in line with the rules that we proposed, to deter-
mine the initial conditions of the control algorithm for the
regime of a high-voltage electrochemical explosion during
the discharge, which ensure the maximum efficiency of exo-
thermic transformations.

2. Studies of the electrodynamic and hydrodynamic
characteristics of a high-voltage electrochemical explo-
sion and their statistical analysis have shown significant
stochasticity of the processes during exothermic trans-
formations under an explosive combustion mode. The
stochasticity of the processes explains the ineffectiveness
of using control systems that regulate only the initial
conditions of an electrochemical explosion. The necessity
of current control in the process of exothermic transfor-
mations has been justified in order to prevent a decrease
in pressure in the discharge channel below the permissible
value that maintains the exothermic reaction of explosive
combustion. Correlation analysis of the relationship be-
tween the current pressure in the discharge channel and
the electrical parameters of the discharge, characterizing
the mode of input of electric energy, has shown the pres-
ence of a fairly dense informational relationship between
them, despite the stochasticity of the processes. Thus,
as information signals in the control system, indirectly
determining the pressure in the discharge channel, the
operationally determined electrical characteristics of the
discharge can be used.

3. An algorithm has been developed to control a dis-
charge-pulse installation that implements a high-voltage
electrochemical explosion, which avoids the extinction of
the exothermal reaction in case of an accidental, due to
the process stochasticity, reduction in pressure to the ex-
tremely low value. Using the proposed control algorithm
would prolong the duration of the exothermal reaction un-
der a self-sustaining mode at each HECE implementation
until the exothermal mixture is completely burned. This
reduces the non-productive loss of the exothermal mixture,
chemical and electrical energy at each implementation of a
high-voltage electrochemical explosion, and increases the
amount of total energy released, without increasing elec-
tricity costs.
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