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B pabome npueooamca pe3ynomamul IKCNEPUMEHMATbHBIX UCC1E006AHUI RADAMEMPOE
n00800H020 pazpada nepemenno2o moka wacmomou 50 I'y, copawezo mesxncoy 08ymsa npoeonoy-
HbIMU I1eKmMPooamu u3 meou, moauooena u cmanu (Cm3). Ilpu paznuunom mexncrieKmpooHom
PaccmoaHuu Onpeoeiensbl 2e0MempuiecKue pamepsvl ny3plPbKo8 ¢ MUKpopaspaoom (ouamvemp
0,54+0,03 mm), eonvmamnepuvie XapaKmepucmuKy pa3paoa no KOmopvim OUEeHeHbl: Oaumelb-
HOCHb OMOeNbHBIX MUKpOpa3paooe ~1,0+0,2 mc, nadenue Hanpax3ceHus mexicoy I1eKmpooamu
510+60 B u npubnuzumenvHas MOWIHOCHIL MENJI08LIX UCHOYHUKOS HAZPesa MHCUOKOU (ha3vl
~120+10 Bm. B 3apecucmpupo8antslX CheKmpax usayuenus papaoa 0o0Hapyscensvt TUHUN amo-
MmapHozo é00opooa (H,, Hg, H,) u xucnopooa, a maxsce nonocot zudpokcun paouxana (nepexoo
A’Z, V" — X?P V). Ilonocwl uznyuenus moneKyiapHoz0 azoma ¢ cnekmpe ne oonapyicensi. Pac-
cuumanvl A6COIOMHAA URMEHCUBHOCMb U3IYYEHUA TUHUL AMOMAPHO20 8000p00A U KUCTOPOOd,
a makace noa0C 2UOPOKCUI paouxkanos. B npedenax nozpewinocmu usmepenus uHmMeHCUBHOCHY
U3JIyueHus He 3A6UCUN Om MAMEPUAIa IAeKmpooos, HO CYU{eCMEEHHO UIMEHACHCA C MEMCITIEK-
mpoonvim paccmosnuem. Paccuumana rgpghpexmusnasn xonevamenvnas memnepamypa 7500+300 K
ons OH(A2). 3acenennocme epawjamenvhvix yposreii OH (A2Z) moscno onucamo 08yms memne-
pamypamu, XapaKmepuyiouwumu HUdcHUe U 6EPXHUE 6PAuiamenbHble YPOGHU C MeMRepamypamu
1800+100 K u 3300+£200 K coomeemcmeenno. Oyenennas npugedeHHas HAnPANCEHHOCHLb O
6 uccneoosannom paspaoe (1,8£0,5:-10"° B-cm?) 6 npedenax nozpewsnocmu onpedenenus ne om-
JUYAEmCA OM NPUBCOEHHOU HANPAICEHHOCIU ITIEKMPULECKO20 NOJIA NOTLONCUMENbHO20 CMO10a
paszpaoa ammocgeprozo 0ag1eHUA ROCIMOAHHO20 MOKA, 20PAWE20 MeIHCOYy MEMATTUYECKUM ITIeK-
mpooom u ¢oooi. Ilocne 3axcuzanusa paspaoa 3apezucmpuposano u3MeHeHue npoeoOUMOCHY U
PH sicudkoii pazwl, 6vinadenue MuKpoKpuUCmanauiecko20 0Cadka OKCU006 Memanos mamepuana
INNEKMPOO08.
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The paper presents the results of experimental studies of the parameters of an underwater
discharge of alternating current with a frequency of 50 Hz, burning between two wire electrodes
made of copper, molybdenum and steel. At different interelectrode distances, the geometrical di-
mensions of bubbles with a microdischarge were determined, according to which the current-volt-
age characteristics of the discharge were estimated: the duration of individual microdischarges is
~1.0%0.2 ms, the voltage drop between the electrodes is 510+60 V and the electric field strength is
510+60 V/cm, the approximate power thermal sources of liquid phase heating ~120+10 W. In the
recorded emission spectra of the discharge, lines of atomic hydrogen and oxygen, as well as bands
of the hydroxyl radical, were found. There are no emission bands of molecular nitrogen in the
spectrum. The absolute emission intensity of the lines of atomic hydrogen and oxygen, as well as
the bands of hydroxyl radicals, has been calculated. Within the measurement error, the radiation
intensity does not depend on the material of the electrodes, but varies significantly with the inte-
relectrode distance. The effective vibrational temperature of 7500+300 K for OH(A?Y) is calculated.
The population of rotational levels OH(A%X) can be described by two temperatures characterizing
the lower and upper rotational levels with temperatures of 1800+100 K and 3300+200 K, respec-
tively. The reduced electric field strength was estimated (1.8:70™'° V-cm?). After the discharge was
ignited, a change in the conductivity and pH of the liquid phase was registered, as well as the pre-

cipitation of a microcrystalline precipitate of metal oxides of the electrode material.

Key words: non-equilibrium discharge, emission spectroscopy, field strength, effective vibrational
temperature, gas temperature, radiation intensity, power density of heating sources
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INTRODUCTION

Nonequilibrium plasma burning at atmos-
pheric pressure is an effective tool in many areas of
science, technology, biomedicine, and chemical tech-
nology [1-4]. The impact of atmospheric pressure
plasma on the liquid phase opens up even greater op-
portunities for practical applications in analytical
chemistry, water purification and disinfection, material
processing, and chemical synthesis [6-10]. When a dis-
charge is ignited in the liquid phase, various, both con-
ductive and non-conductive liquids (for example, lig-
uid nitrogen, ethanol, or deionized water) can be used
as electrolytes. In this case, both the electrode and the
ions of the solution can act as a source of particles.
When an electrode is used as a starting material for na-
noparticles, this is called “solution plasma sputtering”
[11]. At present, it is not completely clear how break-
downs are formed in a liquid medium. The details of
the breakdown process depend on the stresses and
characteristics of the excitation wave, as well as on the
properties of the liquid. However, DC or AC excitation
can lead to Joule heating and the formation of a vapor
phase through which breakdown can occur. It is be-
lieved that liquid discharges generated by microsecond
pulses are initiated due to gas bubbles already present
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in the liquid or bubbles formed when a voltage is ap-
plied. In this case, the formation of a discharge is also
possible without bubbles [12], since nanosecond dis-
charges are too short for bubbles to form during a high-
voltage pulse.

To date, there is no single comprehensive the-
ory describing the electrical breakdown of a liquid. It
is natural to expect that the accumulation of experi-
mental information about the discharge parameters in
the liquid phase will make it possible to better under-
stand the physics of this process.

The purpose of this work was to experimen-
tally evaluate the electrophysical parameters of an un-
derwater discharge using a variable power source with
a frequency of 50 Hz and metal electrodes made of var-
ious materials.

EXPERIMENTAL TECHNIQUE

The discharge under study was excited in a
quartz cell filled with distilled water (volume 50 ml)
between two identical wire electrodes made of molyb-
denum, copper, and steel (St3sp) 1 mm in diameter
[13]. The electrodes were located at an angle of 45°
with respect to each other with the possibility of adjust-
ing the interelectrode distance (L) 0.1-5 mm.
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The discharge power circuit included a step-up
transformer (maximum output voltage 10 kV), an ad-
justable laboratory autotransformer, and a ballast re-
sistance of 6 kQ. To determine the current-voltage char-
acteristics of the discharge, a GWinstek GDS-71022 0s-
cilloscope was used. In rare cases, with the configura-
tion of the electrodes used and the set parameters (in-
terelectrode distance, frequency and voltage ampli-
tude), there is a possibility of a change in the type of
discharge and the transition of a spark discharge to an
arc discharge. Conductivity of the liquid phase and pH
measurements was performed using PHT-028 (Keli-
long, China).

Plasma emission spectra were recorded using
an AvaSpec-2048L-2-USB2 spectrophotometer with
two 600 lines/mm diffraction gratings, operating wave-
length range from 200 to 900 nm, and an entrance slit
of 25 x 100 um. The distance between the discharge
burning site and the receiving lens of the spectropho-
tometer was 1.1 cm. Absolut emission intensity calcu-

A RZ 5 A\ ! - T
lated I = IS, (ET[RDH) , Where [ — radiation in-
D

tensity reduced to unit area of the entrance slit of the
spectrometer, Sg — spectrophotometer slit area, R — ra-
dius receiving lens of the spectrophotometer 0.25 cm,
Lo — distance from discharge to receiving lens of the
spectrophotometer, H — discharge length, Rp — dis-
charge radius.

To determine the rotational and vibrational
temperatures OH(A?X), we used the Cyber Wit Dia-
tomic program or our own program [14]. Molecular
constants for OH" were taken from the monograph
[15]. It should be noted that in some cases it is impos-
sible to describe the distribution of molecules over ro-
tational levels by a single temperature. The reasons for
this are detailed in the book by V.N. Ochkin [15]. The
temperature of the arc discharge was determined by an-
alyzing the slope of the continuum in the recorded ra-
diation spectra [16]. The arc temperature did not de-
pend on the material of the electrodes and the interelec-
trode distance and amounted to 5800+500 K.

The determination of the approximate power
density of heat sources for heating the liquid phase was
carried out by analyzing the dependence of its temper-
ature on time. The measurements were carried out with
a pre-calibrated copper-constantan thermocouple in a
thin-walled glass capillary at the heating section
(dT/dt)n and the cooling section (dT/dt)c of the liquid
phase (Fig. 1).

The power density of heat sinks and sources was
calculated using the formula cm(dT/dt)= 2Py — 2Pc. In
this case, Py is the total power of all heat sources heat-
ing the system (time range from point 3 to point 4, Fig. 1),

8

and XPc is the power of heat sinks in the system (time
range from point 6, Fig. 1). According to experi-
mental data for L=5 mm and i=100 mA XPy= 123 W,
and 2P. = 18.1 W.

50 100 150 200 250
t,s

Fig. 1. Evolution temperature of liquid phase (Cu; L = 6.5 mm).
1 — the moment of switching on the power source of the system,

the beginning of current transmission and generation of charge
carriers (i = 50 mA); 2 — the end of the generation of charge carri-

ers (t1) and an increase in the current strength to the operating
value (for example, i = 100 mA); 3 — moment of first spark (t2);
4 — the beginning of the boiling of the liquid phase; 5 — the mo-
ment of achieving stable burning of the discharge; 6 — moment of
switching off the power supply (tz)

Puc. 1. V3meHeHue TemiepaTypsl )KUIKOI (a3bl BHYTPH sSTUCHKH
oT BpeMeHH (MezHbIe anekTpopl; L = 6,5 mm). 1 —-MoMeHT BKJIO-
YCHUS UICTOYHHKA MUTAHUSA CUCTEMBI, Ha4aJ10 IPOITYCKaHUs TOKa
U reHepanun Hocuteneii 3apsaa (i = 50 mA); 2 —okoH4YaHHE reHe-
paumnu HocuTetel 3apsiaa (t1) i MOBBILICHIE CHITBI TOKA 10 pabo-
yero 3HaueHus (Harmpumep, i = 100 mA); 3 — MOMEHT TiepBO# Hc-

KpHI (2); 4 —HaYano KUMeHHs XKUAKON (a3bl; 5 —~MOMEHT JOCTH-
JKEHHSI YCTOIUMBOTO TOPEHUS pa3paaa; 6 — MOMEHT BHIKITIOUEHHS
ucrtoynuka nuranus (13)

RESULTS AND DISCUSSION

The results of evaluating the conductivity and
the value of the hydrogen index of the liquid phase are
presented in Table 1. For all the experiments, the first
60 s of the installation operation was the “interval of
charge carrier production” (tg) during this time inter-
val, the plasma discharge was not initiated, and the dis-
charge current was maintained at the level 50 mA.
Next, the operating value of the current (i) was set to
100 mA. Fig. 2 shows that the pH value has a non-lin-
ear dependence on the discharge generation time.

In the emission spectra of the discharge, emis-
sion lines of atomic hydrogen and oxygen, as well as
bands of hydroxyl radicals (A%Z, V' — XI1, V"), were
recorded. In the emission spectra of a gas discharge
burning between copper electrodes, numerous emis-
sion lines of copper are recorded. Similarly, the lines
of atomic iron and molybdenum are present in the
emission spectra of a discharge burning between steel
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and molybdenum electrodes, respectively. No lines or
bands of nitrogen-containing products were found in
the emission spectra. It should be noted that the inte-
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relectrode distance has a noticeable effect on the emis-
sion intensities of the lines and bands of the spec-
trum (Fig. 3).

Table 1

Characteristics of the liquid phase

Tabnuya 1. XapaKkTepUCTHKH KUAKOH (pa3bl

Electrode Cu—Cu Electrode Fe-Fe Electrode Mo-Mo
Parameters L, mm t1 t t3 t1 t t3 t t t3
ts 60 97 132 60 90 120 60 95 130
o, 10° Sm 0.80 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01
pH 5.46 5.81 6.16 5.56 6.00 6.26 5.60 5.81 6.06
ts 60 117 143 60 95 130 60 99 141
o, 10° Sm 1.40 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.05 0.03
pH 5.96 7.25 5.95 5.91 6.96 6.69 5.69 6.36 6.98
ts 60 286 320 60 237 249 60 89 175
o, 10° Sm 3.00 0.01 0.02 0.02 0.06 0.05 0.04 0.06 0.06 0.03
pH 6.11 8.45 6.55 6.11 8.39 7.03 5.46 6.10 5.63
pH R
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Fig. 2. Hydrogen index of the liquid phase after discharge burning
at different interelectrode distances (a) and different settling times
(b) (electrode Cu; i =100 mA)

Puc. 2. BoopoiHblii moka3aTeib MpU pa3IHuHbIX MEXKIIIEKTPOI-
HBIX PAcCTOSIHUSIX () M pa3IMuyHOM BpemeHu oTcranBanust (D)
(mennbIe anekTpos; | = 100 mA)
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Fig. 3. The emission intensity of hydrogen lines for a burning discharge
between copper (a) and steel (b) electrodes, 1 — H(2p?P° — 3d?D),
2 — H(2p?P® — 4d?D), 3 — H(2p?P° — 5d2D)

Puc. 3. IHTEeHCHBHOCTD U3ITy4YeHUs JIMHUI BOJOpOIA U1 pa3psiaa
ropsiiero Mex,y MeIHbIMU (a) u ctanbHbiME (b) amekTponamu,
1 - H(2p?P° — 3d?D), 2 — H(2p?P°® — 4d°D), 3 — H(2p?P°® — 5d?D)

9
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Fig. 4. The emission intensity of oxygen lines for a burning dis-
charge between copper (a) and steel (b) electrodes, 1 — O
(2522p3(*S°)3s — 2522p3(*S°)3p)L = 777.4nm, 2 - O
(2522p3(*S°)3s — 2522p3(*S°)3p) A = 844.7nm, 3- O
(2522p3(*S°)3p — 2522p3(*S°)3d) A = 926.3 nm
Puc. 4. IHTeHCUBHOCTD U3TYyYCHUSI TMHUI KUCIOpOA JIS pas-
psiaa ropsiero Mexay MeaHbiMu (a) u cranbHbIME (D) mekTpo-
namu 1 — O (2522p3(*S°)3s — 2s22p3(*S°)3p)L = 777,4 um, 2 - O
(2522p3(*S°)3s — 2522p3(*S°)3p) A = 844,7 um, 3- O
(2522p3(*S°)3p — 2522p3(*S°)3d) A = 926,3 HM

The effective vibrational temperature (Tv) and
rotational temperature (T;) of the AT state were deter-
mined from the intensity ratio of the OH bands at dif-
ferent interelectrode distances (Table 2). It should be
noted that there are two groups of cold and hot mole-
cules corresponding to the lower and higher rota-
tional numbers of the A state with temperatures of
1800+£100 K (we equated the gas temperature) and
3300£200 K, respectively.

The digital photograph was used to determine
the geometrical parameters of the discharge channel.
Despite the fact that the observed plasma is actually a

group of successive microdischarges, in the interval of
several seconds one can speak of the existence of a sta-
ble path along which the bulk of the discharges pass.
The initially formed area of the discharge burning is
shifted to the surface of the liquid phase, which leads
to an elongation of the discharge channel and subse-
quently to its rupture. In most cases, we can say that
the length of the discharge channel is greater than the
interelectrode distance by ~20-30% for all types of
electrodes we studied.

The frequency of initiation of single dis-
charges in the vast majority of cases coincides with the
frequency of the current. Under the same conditions,
individual microdischarges are almost completely
identical, but are accompanied by stochastic current
fluctuations. The duration of a single discharge, which
was 1.2+0.3 milliseconds. The microdischarge voltage
is practically independent of time and amounts to
~560+40 V (Fig. 5). The microdischarge current, with-
out taking into account random fluctuations, reaches
273+35 mA (Fig. 5).

The estimated reduced field strength in the dis-
charge we studied (Table 2) within the limits of the de-
termination error does not differ from the reduced elec-
tric field strength of the positive column of the DC at-
mospheric pressure discharge burning between the
metal electrode and water [17-20].

CONCLUSION

The results of the study of the parameters of an electric
discharge in the liquid phase when using an alternating
power source with a frequency of 50 Hz are presented.
The digital photos, radiation spectra and volt-ampere
characteristics of the discharge were recorded, the ther-
mal sources of heating of the liquid phase and the geo-
metric parameters of the discharge were evaluated.
The study was carried out using the resources
of the Center for Shared Use of Scientific Equipment of
the ISUCT (with the support of the Ministry of Science
and Higher Education of Russia, grant No. 075-15-
2021-671).
Hccneoosanue ebinoaneno ¢ ucnoav308anuem pecyp-
coe6 l[eHmpa KOJIIEKMUBHO20 NOJIb306AHUA HayllHOﬁ
annapamypou UT'XTY (npu noodoepacxe Munodpha-
yku Poccuu, epanm Ne 075-15-2021-671).
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Table 2
Plasma electro physical parameters
Tabauya 2. JnexTpodpusnyeckne napamMeTpbl
Electrodes T, K i, A E, Vicm N, cm? E/IN, V-em? | D, cm Tv, K T, MS
Mo- Mo 1700 0.276 513 2.94.10%8 1.75-10°%6 0.054 7500 1.34
Cu-Cu 1800 0.256 448 2.45.10%8 1.83-10°%6 0.057 7600 0.96
Fe-Fe 1600 0.321 569 2.62.10%8 2.17-10°%6 0.052 7700 0.79

Note: 2interelectrode distance 3 mm
IIpumeuanwue: ®paccTosiHUE MEXIY STEKTPOAAMH 3 MM

W3B. By30B. XumMus u xuM. TexHoznorus. 2022. T. 65. Beim. 11




0,50

0,25

0,00

-2

0,25

4t

24 25 26 27 2

8 29
t, ms

I.I. Oshchenko, S.A. Smirnov

i, A
U, kV b By

@)

0,5
2
0 0,0
-2
-0,5

-4 N,

16‘[, ms

Fig. 5. Voltage (1) and current (2) change at the discharge between two electrodes made of copper (a) and molybdenum (b); interelec-

trode distance is 3 mm

Puc. 5. U3menenus Hanpsokenust (1) u Toka (2) MHKpopaspsiia TopsIIero Mexay MeqHbIMHE (2) U MonubaeHoBbIME (D) a5iekTpoaamy;

MEKIJICKTPOAHOEC PACCTOAHUE 3 MM

A6m0pbl sasesiom 00 omcymcmeuu KOH-

Gauxma unmepecos, mpedyuie2o pacKkpolmus 8 OaH-
HOU cmambve.
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