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Abstract

Introduction. Electrolytic plasma technologies used for dimensional and finishing processing of metal surfaces attract
attention due to their high efficiency and precision. The key factor that determines the quality of processing is the
temperature of the electrolytic-plasma discharge (EPD), which affects the ionization of the electrolyte and the properties
of the surface. The lack of comprehensive studies of the temperature characteristics of jet EPD limits the optimization of
processes. The research objective is to determine the distribution of temperatures and heat flows in the system “jet
electrolytic cathode — metal anode” under various processing conditions.

Materials and Methods. The study was conducted using an electrolyte jet with a diameter of 3 mm and a mass flow rate
0f 0.25-3.75 g/s at a voltage of 20500 V. KhVG and 08Kh18NIT steels were used as anodes, and the electrolytes were
aqueous solutions of NaCl, (NH4),SOs, CsHsO7, with a concentration of 4-50 g/l. The temperature was measured with a
chromel-alumel thermocouple, an infrared pyrometer, and a thermal imager.

Results. A heat balance equation was developed, describing heat distribution among the metallic anode (MA), jet cathode,
electrolyte, vapor, and radiation. The analysis of the volt-ampere characteristics (VAC) showed an increase in current at
low electrolyte flow rates (0.75-1.2 g/s) followed by a decrease at 300-500 V, and a parabolic dependence with a
maximum of 2.6 A at a flow rate of 2.37 g/s. The maximum MA temperature reached 100°C (NaCl, 4-35 g/L), decreasing
to 82°C at 150 g/L, while the hollow cathode reached 158°C at an initial electrolyte temperature of 90°C. Vapor
temperatures ranged from 67.3°C (high flow rates) to 87.5°C (low flow rates). Electrolyte loss due to evaporation reached
5.8 g at 300-340 V. The temperature at the periphery of the anode was 15-20% higher than in the center.

Discussion and Conclusion. The main source of heat was the Joule-Lenz law, with the contribution of exothermic
reactions of carbon oxidation up to 260 V. The maximum heat release was observed in the EPD zone, forming an ellipsoid.
The data obtained and the heat balance equation create the basis for optimizing jet electrolytic-plasma polishing in
mechanical engineering, medicine, and microelectronics.
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AHHOTALMSA

Beeoenue. DnexTpoauTHO-IIa3MEHHbIE TEXHOJIOT MU, IPUMEHIEMBbIE JUIsl pa3MEPHOM 1 (PHMHUIITHON 00pabOoTKH METalIu-
YEeCKHX MMOBEPXHOCTEH, MPHUBIEKAIOT BHUMaHNE OJIarofapst X BBICOKOW 3((GEKTUBHOCTH U TOYHOCTH. KiroueBbIM dak-
TOPOM, OTIPENEIISIOIINM KauecTBO 00paOOTKH, SBJISIETCS TEMIIEPATYpa AIEKTPOIUTHO-TIIa3MeHHoro pa3psiaa (OI1P), Biuu-
SFOIIAst HAa MOHU3ANHUIO 3JIEKTPOJINTA U CBOMCTBA MOBEPXHOCTH. HerocTaTok KOMITIIEKCHBIX MCCIIEJOBAaHHUI TEMIIEpaTyp-
HBIX XapaKTepUCTUK cTpyiHoro DIIP orpannuuBaeT onTUMHU3aIuio Ipoueccos. Llens qaHHOTO Mcciae0BaHUS — OIpe-
JETUTH PacTpeie]ICHUe TEMIIEPATYP U TEIUIOBBIX IIOTOKOB B CHCTEME «CTPYHHBINA 3JIEKTPOIUTHYECKHAHN KaTo — MeETal-
JIMYECKUH aHO TP PA3IIMYHBIX YCIOBUSIX 00pabOTKH.

Mamepuanst u memoowt. VlccienoBanus MPOBOAMINCH C UCIOIB30BAHUEM CTPYH IEKTPOINTA JUAMETPOM 3 MM C Mac-
coBO#l ckopocThio moToka 0,25-3,75 r/c npu Hanpspkenun 20-500 B. B kadyectBe aHoja npumMeHsuinch ctanu XBI u
08X18HIT, anmexrpommtsl — BoaHble pacTBOpsl NaCl, (NH4)2SOs, CcHsO7 ¢ xornentpanueit 4-50 /1. Temmeparypa
U3MepsIach XpoMellb-aIIOMeNIeBOi TepMonapoi, MH(ppaKpacHbIM MHPOMETPOM H TETIIIOBH30POM.

Pesynomamut uccnedosanusn. Pa3paboTaHO ypaBHEHHE TEIUIOBOTO OajaHCa, OMMCHIBAIOIIEE DPACIpECIICHHE TeTa
MEXIy MEeTALINYeCKUM aHo1oM (MA), CTpyHHBIM KaToJIoM, DJIEKTPOIUTOM, TIAPOM U U3ITydeHHEeM. AHAIN3 BOJIbT-aM-
TepHBIX XapakTepucTuk (BAX) mokaszan poct Toka mpu HU3KUX pacxomax anekrponuTa (0,75-1,2 1/¢) ¢ mocneayromum
camxenueM npu 300-500 B u mapabonndeckyro 3aBUCHMOCTb C MakcUMyMoM 2,6 A nipu pacxone 2,37 r/c. Makcumaib-
Has temmeparypa MA mocturama 100 °C (NaCl, 4-35 r/n) u camxanace 1o 82 °C npu 150 /1, a momoro xatoma —
158 °C npu HavanpHOM Temmeparype snekrponuta 90 °C. Temneparypa napa BapbupoBasiack oT 67,3 (BbICOKHE pac-
xozs1) 10 87,5 °C (Hu3Kue pacxozsl). Y ObIIb IIEKTPOINTA Ha Uciapenne nocturaia 5,8 T npu 300-340 B. Temneparypa
Ha nepudepun anoja 6vuta Ha 15-20 % BbIlIe, YeM B IIEHTpE.

Obcyscoenue u 3axntouenue. OCHOBHOH UCTOYHHUK Teruia — 3akoH J[koyms—JIeHna, ¢ BKIIaJ0M 3K30TEPMHUUIECKHX pe-
aKuuit okucieHus yriepoja a0 260 B. MakcumanbHOe TEIUIOBBIICICHHE HaOmomaetes B 30ue DI1P, hopmupyromieit ai-
muricous. IlomyueHHbIE TaHHBIE ¥ YpaBHEHHE TETJIOBOTO OanaHca CO3Jaf0T OCHOBY UISl ONTHMH3ALINH CTPYWHOTO 3J1€K-
TPOJIUTHO-IJIA3MEHHOTO MOJIMPOBAHMS B MAITMHOCTPOCHUH, MEJIULINHE K MHUKPOIJICKTPOHUKE.

KuroueBble ¢/10Ba: 3JIEKTPOJIMTHO-IUIA3MEHHBIA pa3psii, CTPYHHBIM KaTOJ, METAJUIMYECKUN AHOJ, paclpeiciieHue
TEMIIEpaTyphbl, TEIUIOBOH OaaHc, cTpyiiHas 00paboTKa, BOJIbT-aMIIEpHBIE XapaKTEPUCTUKH, IIEKTPOIIUT

BaarogapHocTH. ABTOpHI BEIpakaeT OJaromapHOCTh rpadudeckomy amsaiHepy Jmane I[lomoBoif 3a MOATOTOBKY
woctpanuid. KpoMe toro, aBropsl Onarofapst peneH3eHTa U PEeAakIHUIo KypHalla 32 KOMIIETCHTHYIO 9KCIEPTHU3Y U
LICHHBIE PEKOMEHJALIUH MO YIy4IIEHHIO CTaThbH

Jass nurupoBanus. Ilomos AWM., Hosukos B.M., Wsanos J[.H., Kossipckuit I.A. Amnanu3 TeMmmepaTypHBIX
XapaKTEPUCTHK AIIEKTPOIUTHO-TIa3MEHHOTO pPa3psAAa MpH CTPYHHOH 00paboTke Meraummdeckoro aHoma. Advanced
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Introduction. Currently, electrolytic plasma technologies are increasingly used in various industries. One of the most
promising areas of their application is local processing of conductive metal surfaces [1]. This method is characterized by
a number of technology abilities. Depending on the conditions of plasma formation, an electric discharge (ED) can occur
both at atmospheric pressure [2] and in low vacuum conditions [3]. According to the method of plasma supply to the
surface of the product, the treatment of ER in air [4] and in an electrolytic bath [5] is distinguished. It is possible to supply
a stream of electrolyte from a metal [6] or plastic tube [7], as well as applying buried current leads of various designs [8].
The composition of the operating environment in which aqueous solutions of electrolytes are used can have a
concentration from fractions of a percent [9] to their complete saturation [10]. There are known cases of additional
introduction of inert gases (Ar, Kr) into the electrolytic plasma as an operating environment [11]. According to spatial
orientation, there are different directions of the electrolyte flow (current lead) relative to the product: from above [12],
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from below [13], and at an angle [14]. The product itself, in turn, can be located vertically [14], horizontally, or at an
angle to the axis of the stream (current lead) [10].

The formation of a limited ED volume involves moving it relative to the surface of the workpiece manually or
according to a CNC (industrial robot) machine program. In this case, depending on the input parameters, the ED is formed
in the electrolysis mode [15], electrolytic plasma [16] or a combination of these processes. The movement of the ED
relative to the surface of the metal anode at a given feed rate provides the achievement of the required values for
dimensionless (dimensional) processing, the accuracy of the size being performed, and the required parameters:
Ra — average arithmetic deviation of the profile, and R,... — greatest height of the material profile.

In [17], the technologies of jet focused electrolytic plasma treatment are studied. The specific feature of the processes
of jet electrolytic-plasma treatment, in comparison to processing in an electrolytic bath [18], can be a significantly higher
processing speed, dimensional and dimensionless treatment, local processing zone, lower equipment cost, higher
processing accuracy [19], and incomparably lower roughness parameters [20]. This opens up prospects for even more
active use of jet processing methods.

However, the widespread application of jet technologies with an electrolytic electrode and a metal anode is hindered
by the lack of information on the operating temperatures of the process in the treatment zone and on the surface of the
metal anode. This fact is important, since numerous studies on plasma heating of products in flowing and stationary
electrolytes show the presence of high temperatures, up to the melting point [21]. In addition, studies on the plasma
discharges themselves demonstrate plasma temperatures from 1,400 to 4,000°K [22].

The interaction of the ED with the metal anode, when the temperature of phase transformations in alloys is exceeded,
reduces the performance of manufactured products. There are a limited number of studies in the field of integrated
temperature and heat flow distribution in the “hollow current lead — electrolytic cathode — MA — environment” system.
These studies, as a rule, describe only the local part of the system.

The research objective was to analyze temperatures in the system obtained by an electric discharge between a metal
cathode and a metal anode at atmospheric pressure. To achieve this, the authors solved the following problems: the volt-
ampere characteristics of the discharge were studied; the temperature of the steam, anode, hollow cathode (current lead),
electrolyte in the receiving bath was measured; and the distribution of heat flows was analyzed.

Materials and Methods. An electric discharge formed in the voltage range (U =20-500 V) at low electrolyte flow
rates (0.25-3.75 g/s) and small interelectrode gaps (2—8 mm) was investigated for a free-falling electrolyte jet of @3 mm
on the surface of a metal anode with the application of a constant bias voltage between the metal anode and the hollow
cathode tube.

The diagram of local temperature measurement locations is shown in Figure 1.

Fig. 1. Layout of temperature measurement points: 1 — electrolyte feeder; 2 — copper tube (hollow cathode) fastener;
3 — copper tube; 4 — foamed electrolytic stream; 5 — metal anode; 6 — electrolyte receiving bath; 7 — temperature measurement
points; 8 — power source; 9 — heat-insulating screen; 10 — supports on insulators

The studies were conducted at room temperature (T = 20.0°C) in the pressure range (9.9-10.1)x10* Pa. For MA,
25 marked samples with a diameter of 45x1 mm were made. The sample material was KhVG tool steel. Samples made of
08Kh18NOT stainless steel with dimensions of 100x200x1 mm were also used. Samples made of KhVG steel were treated
with a NaCl solution in tap water at a concentration of 3—160 g/l. Samples made of 08Kh18NOIT steel were treated with
(NH4)2SO4 at a concentration of 2—55 g/l and CsHsO- at a concentration of 10-35 g/1 in tap water. The discharge voltage
varied from 20 to 500 V with a step of 20 volts. The interelectrode gap L was varied in the range from 2 to 8 mm. The voltage
and current were measured with a UT61B millivoltmeter with an accuracy of + (0.5% + 1) for voltage and + (1.5% + 3) for
current. The unit of mass flow rate of electrolyte G was equal to 0.2-3.8 g/s. A mass of 100 g was taken as a fixed mass of
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electrolyte for passing through the hollow cathode tube. The mass loss A, was determined on a scale with an accuracy of
5x107 kg. The mass loss was calculated as the difference between the initial mass of electrolyte poured into the electrolyte
feeder and the final mass collected in the electrolyte receiving bath after the electric discharge. The hollow cathode
temperature was measured by an insulated junction of a chromel-alumel thermocouple installed 2 mm above the lower
end of the current lead tube.

The temperature of the MA was measured by a thermocouple installed at a distance of 0.3 mm from its surface, built
into a protective stainless housing. The temperature was measured by contact with a chromel-alumel thermocouple and
by contactless means with a TA601C infrared pyrometer and a Testo 875 thermal imager. The height of the electrolyte
feeder above the sample surface was 300 mm. The samples were given an angle of inclination of 3—5° for electrolyte
flow. The distance between the MA and the bottom of the electrolyte receiving bath was 40 mm for KhVG steel and
200 mm for 08Kh18NIT steel. 3D models were simulated in the Cinema4D program.

Research Results. Initial Heat Flow in ED. Numerous studies have shown that the range of operating voltages U
from 0 to 500 V can be conditionally attributed to two main processes. The first corresponds to the process of anodic
dissolution during electrolysis and is widely used in industry in the range of 12—60 V. It is accompanied by intensive
heating of the anode and in some cases is used for the process heating of workpieces. The second process conditionally
corresponds to the range of operating voltages from 60 to 500 V and to the electrolytic-plasma mechanism [15]. This
process is used for heating anode materials, chemical-thermal treatment, coating, microarc oxidation, cleaning, and
polishing. Electrolytic plasma treatment is characterized by a wide temperature range. It depends on the ratio of the sizes
of the current leads used. For example, when two current leads are immersed in an electrolytic bath, the smaller of them
starts to actively generate heat. Thus, a loop of 0.8 mm thick nichrome wire placed around the MA plate is locally heated
and burns out in less than 60 s, forming a ball at the end closest to the anode.

When the ratio of the sizes of the active electrode to the larger one is < 3-5, an effervescence occurs on the surface of
the first one, and with increasing voltage, a “thin luminous plasma shell” appears [16], which turns (for anodic processes)
into an anode shell of significantly larger dimensions [8].

The interaction zone of the MA and the plasma (gas-vapor) shell is characterized by the size, intensity, resistance,
ionization of the components. The size of the electrolyte-plasma (anodic) shell for different cases can be 10-500 pm
above the MA surface. This layer corresponds to high resistance (specific electrical conductivity of the layer is
1.1-10° Ohm - cm™) [16].

In this case, the high electric field strength of 10*-10° V/m (in the case of an electrolytic bath) provides ionization
of the components of air, steam, and electrolyte. With an increase in voltage, the process is accompanied by visible
glow and the presence of microdischarges that occur mainly at the tops of microroughnesses, and when leveling the
surface — on blocks, dislocations, or individual atoms. The shell, depending on the composition of the electrolyte, has
a characteristic glow up to white with an electron gas temperature from 1,400 to 4,000°K [22]. Depending on the
conditions, the material of the MA, the shape of the negative current lead, the concentration and type of electrolyte,
the capacity and number of capacitors of the power source, the ED can take the character of a discharge similar to a
glow, spark or arc discharge.

The discharge zone during electrolysis and the occurrence of an electrolyte-plasma discharge in the case under
consideration is a local area. This determines the heat flows propagating from this area. Heat release in the ED occurs on
the MA surface in the electrolyte-plasma layer zone and is directed into the MA, electrolyte, steam, hollow cathode, and
into the environment in the form of radiation.

The relationship linking the release and consumption of heat in the system “hollow cathode — electrolytic electrode —
MA?” per unit of time can be written in general form by the heat balance equation:

40, dQ, _dQ.  dQs dQ, dO; dO; (1)
dt dt dt dt dt dt dt

The left side of the equation defines the initial amount of heat released in the electrolyte-plasma layer. It consists of
a9,

dt
of carbon in steel [13].

The right side of the equation shows the heat flows from the ED zone.
dQs dQs dQs dQ; dO,
dt ' dt’ odt’ odt’ dt
electrolyte, into the MA, into the environment in the form of steam.

. d S
— amount of heat released according to the Joule-Lenz law, and % — amount of heat released by the oxidation
t

are heat flows directed into the hollow cathode, into the flowing

Expressions
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When determining parameters / and U for calculating the initial heat flux arising in the ED, the volt-ampere
characteristics were obtained for a NaCl solution at different electrolyte flow rates — from 0.75 to 2.37 g/s. It was shown
that in the voltage range from 20 to 500 V, at a low electrolyte flow rate, G = 0.75 g/s and G = 1.20 g/s, an increase in the
electric discharge current was observed with a characteristic decrease in the range of 300-500 V. With an increase in the
electrolyte flow rate to G =2.37 g/s in the range of 20-500 V, the curve had the form of a flat parabola branch and a
maximum current value 2.6 A. In this case, the current density per MA could reach 3.2-5.2x10* A/m?.

Study on Volt-Ampere Characteristic. Up to U= 240 V, the difference in discharge current between the three curves
is in the range of 0.2-0.4 A (Fig. 2). After U =240V, the differences between curves 1 and 2 become more significant.
For curves 2 and 3, in the range of U = 180-400 V, there is almost complete coincidence of values. The most significant
differences between them start at point U =400 V and range from 0.4 to 1.4 A for the highest G =2.37 g/s and the lowest
G =0.75 g/s of electrolyte consumption.

LA
2.4
2.0
1.6
1.2
0.8

0.4

0.0
0 100 200 300 400 500 Uu,v

Fig. 2. Dependence of VAC of electric discharge between electrolytic cathode and MA on electrolyte consumption;
MA — KhVG steel; NaCl —4 g/l; 1 —G=0.75g/s;2 — G=1.20g/s; 3 — G=2.36g/s
Study on MA Temperature. Study on the heat flow in the MA from the ED was performed on a sample made of
KhVG steel. A thermocouple in a protective housing made of stainless steel was tightly fixed on the back side of the MA

at a distance of 0.3 mm from the surface.
The MA temperature was measured at different values of the concentration of the electrolyte based on NaCl. The

temperature values were taken after the steady-state heat flow (Fig. 3).
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Fig. 3. Dependence of MA temperature on ED voltage; MA — KhVG steel; G =1.14 g/s;
electrolyte with NaCl concentration: 1 — 4 g/l; 2 — 35 g/1; 3 — 150 g/l

It is shown that at the electrolyte concentrations of NaCl 4 and 35 g/1 up to the range of U= 320-340 V, the curves have a
flat character, which may indicate stable electrolysis processes in this range and at these concentrations of the electrolyte. In the
range of U=320-360V, a sharp increase in the anode temperature is recorded on these curves. Obviously, this region is a
transitional one, characterized by an increase in the double layer and a change in the mechanism of transfer of MA atoms.
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The increase in the double layer insulating the MA surface occurs simultaneously with the growth of the electric field
strength. When the breakdown voltage is exceeded, a microdischarge occurs, destroying the nonconductive film formed
on the surface. Both the peaks of the surface profile microroughness and the areas between the depressions are the zone
of microdischarge occurrence with developed surface roughness. The occurrence of a microdischarge at the top and in
the area of the depressions is caused by the high intensity of the electric field. In the first case, the cause is the shape of
the protrusion itself, and in the second case — the presence of a high charge on the surface between the depressions. It
can be caused by a high negative charge of nonconductive films (contamination, anode layer, spray products).

The mechanism of material transfer from the surface of the metal anode is changed in two stages. First, the chemical
weakening of atomic bonds occurs under the action of electrolyte components, which facilitates the detachment of
electrons and atoms. Then, when microdischarges are formed, the thermal mechanism of destruction of these bonds
becomes predominant. This causes additional emission of electrons and promotes further interaction of the anode with
the electrolyte, leading to the removal of its atoms into the solution.

In the range of U =360-500 V, a smooth decrease in temperature is recorded for curves 1 and 2, which may indicate
an increase in the locking effect. It is characterized by an increase in the nonconductive film, a decrease in the discharge
current, an increase in the power of individual microdischarges, but a decrease in the number, and consequently, the
amount of heat released in the electrolyte-plasma layer.

With an increase in the salt (NaCl) concentration to 150 g/l (curve 3) in the electrolyte, the region of maximum
temperatures shifts to the region of lower voltages, from 360 to 180 V. Obviously, this also reduces the ignition threshold
of the electrolyte-plasma discharge. In this case, the crimson glow characteristic of the formation of the electrolyte-plasma
layer was already recorded for NaCl at U = 140 V. In addition, it is noted that with an increase in the concentration of the
electrolyte, a decrease in the maximum temperature to 82°C is observed. For a saturated NaCl solution, an ED is formed
in the shape of an ellipsoid truncated on both sides at U=160 V and U =200 V. This corresponds to the region of
maximum temperatures.

In general, it can be noted that the temperature near the contact surface with the electrolyte plasma on the metal anode
does not exceed 100°C. The difference in the voltage range U =320 —340 V is characteristic for curves 1 and 2. This
determines the transition to ED in the form of an ellipsoid truncated on both sides with a maximum temperature [9].

Study on Hollow Cathode Temperature. The hollow cathode temperature was measured by fixing the thermocouple
junction, insulated from the surface of the current lead. The thermocouple junction was installed on the outer side of the
current lead above 2 mm from the lower end of the tube. It was recorded that for all experiments (Fig. 4, curves 1, 2, 3),
having different initial electrolyte temperatures at the input of the hollow cathode, areas with a virtually constant
temperature were characteristic. These areas included the voltage range of U=20-260 V.

T,°C
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i
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Fig. 4. Dependence of the hollow cathode temperature on voltage when using NaCl electrolyte — 4 g/1;
MA —KhVG steel; G=1.06 g/s; | —T=21°C; 2 —T=50°C; 3 —T=90°C

It was noted that at the initial temperature of the electrolyte (7=21°C), supplied to the hollow cathode, the surface
temperature of the current lead tube at the measurement location did not exceed 60°C (curve 1). This is generally
consistent with the data obtained by the authors of paper [2].

Increasing the initial temperature of the electrolyte to 7= 50°C showed that in the range of U=20-340V, the
temperature of the hollow cathode remained virtually unchanged (curve 2). However, from value U =340V, a sharp
increase in temperature to 105°C was recorded. After which the temperature dropped to an average of 90°C.
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For the initial temperature of the electrolyte 7= 90°C in the range of U =20-280 V (curve 3), a drop in temperature
was observed taking into account losses in the pipeline to 7= 60-70°C. However, the energy reserve in the form of
additional heat of the electrolyte placed in the ED zone shifted the total peak temperature increase to the region of lower
voltage. At U =320 V, the temperature reached a short-term peak value — 158°C. After that, there was a sharp decrease
in temperature and a repeated increase to 151°C at U=480 V.

Study on Electrolyte Temperature after ED. The heat flow from the electrolyte-plasma layer to the electrolyte was
estimated taking into account the difference in temperatures obtained at the inlet to the hollow cathode and at the outlet
from the ED in the electrolyte collection bath. Temperature measurements were made in the flow of electrolyte running
down into the bath. Depending on the flow rate, the runoff occurred in drops or a stream. When filling the receiving
bath with electrolyte that had passed through the ED, its temperature was measured. The time for the temperature drop
by 1°C for 0.1 kg of electrolyte that had entered the receiving bath was about 60 s. Cooling of the drop or jet during
the fall was neglected. The measurement results are shown in Figure 5. With an increase in the voltage of the ED
formed by the electrolytic cathode and MA, a smooth increase in the temperature of the spent electrolyte is observed.
Up to U =220V, a characteristic feature is that the entire family of curves lies in the range of < 10°C. The electrolyte
flow rate has an ambiguous effect on the temperature of the electrolyte in the receiving bath. With an increase in the
electrolyte flow rate to G = 1.2 g/s, an increase in temperature with a shift to a smaller voltage range is observed. This
can be explained by the growth of the number of charged particles under increasing the electrolyte flow rate. With an
increase in the electrolyte flow rate to G =2.37 g/s in the range of U=200-500 V, a lower temperature is observed,
which may indicate a faster passage of electrolyte through the ED, and a lower specific power per unit volume for
heating the electrolyte. At the same time, the maximum temperature of the electrolyte collected in the receiving bath

for all three electrolyte flow rates does not exceed 55°C.
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Fig. 5. Dependence of hollow cathode temperature on voltage when using NaCl electrolyte — 4 g/1;
MA — KhVGssteel; | —G=2.36g/s;2—G=120g/s,3—G=0.75g/s

Study on Steam Temperature. To investigate the steam temperature of the ED, the device presented in [13], consisting
of a cone made of heat-insulating material, was used. A chromel-alumel thermocouple was installed at the top of the cone.
This allowed localizing the evaporated and sprayed electrolyte in a limited volume and measuring its average temperature.
The obtained experimental data are presented in Figure 6.

The research has shown that at an electrolyte flow rate of G = 1.2-2.36 g/sup to U =200 V, the ED vapor temperature
differs slightly from room temperature and has a slight increase in the range of 220-300 V. At voltage U = 260420 V, a
sharp increase in the vapor temperature to 67.3°C is observed, proportional to the discharge power between the electrolytic
cathode and MA. Then, a slight decrease in the vapor temperature to 56.3° C is seen. After U =420 V, a drop in the vapor
temperature is recorded due to a change in the geometric shape of the electrolyte-plasma discharge.

For low electrolyte flow rates (G =0.75 g/s and G = 1.2 g/s), a sharp increase in steam temperature to 87.5°C is
observed in the range of U= 180-300 V for curves 2 and 3, which have the form of an exponential function. Such a
difference in steam temperature may indicate that at G = 2.36 g/s and practically equal discharge power, the volumetric
flow rate of electrolyte localized by the electromagnetic field in the ED is 2—3 times greater. Therefore, with an increase
in the volumetric flow rate of electrolyte, the power of the electric discharge generated in the electrolyte-plasma layer is
not enough to convert part of the liquid into steam.
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Fig. 6. Dependence of temperature of steam generated by ED on voltage; MA — KhVG steel;
NaCl—4g/l; 1 —G=236g/s;2—G=0.75g/s;3—G=1.20g/s

Loss of Electrolyte Consumed for Evaporation. The change in the electrolyte volume was recorded after passing 0.1
kg of electrolyte through the hollow cathode during the formation of the ED. The spent electrolyte was collected in the
receiving bath and re-weighed. The increase in the ED temperature at G = 2.37 g/s started with U =220 V and led to an
increase in the transfer of electrolyte in the form of vapor into the environment for all the studied flow rates (Fig. 7). At
voltage U =300 V, an increase in the electrolyte consumption for evaporation was recorded only for its small flow rates
when passing through the hollow cathode: G =0.75 g/s and G = 1.20 g/s up to 5.50-5.80 g.
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Fig. 7. Dependence of electrolyte mass loss on discharge voltage; NaCl — 4 g/l;
MA —KhVGsteel; 1 — G =236g/s;2— G=0.75¢g/s;3— G=1.20g/s

A characteristic increase in the loss of electrolyte mass for G = 0.75 g/s at the point U = 340 V is the zone of formation
of an ellipsoid truncated on both sides [9]. After U =400 V, a decrease in the mass of electrolyte entering the receiving
bath is observed for all three curves, which results in an increase in temperature and in electrolyte consumption due to
intensive evaporation.

In general, this can be explained by an increase in the heat flow from the electrolyte-plasma layer to the ED zone and
growth of its temperature. It should be clarified that the gas-vapor shell of the ED, formed under the action of an
electromagnetic field with an increase in voltage, has greater mobility of individual discharge elements — bubbles. Their
constant movement around the discharge axis occurs due to the Lorentz forces and the dipole moment. This results in an
intensive transfer of molecules from the interface “bubble — environment”. Another factor that makes a significant
contribution to the evaporation of the electrolyte is the ionization of bubbles. In [9], it is shown that the ionization of the
ED, which is well recorded especially in the upper part of the discharge, starts with the shell of the bubble. With growth
of the discharge voltage, there is an increase in the ionization of the components, their surface energy and, consequently,
a decrease in the energy of detachment of gas molecules from the surface of the bubbles.

Specificity of Electrolyte Flow Rate. When measuring the flow rate of 0.1 kg of electrolyte through the ED, the
authors recorded the following features (Fig. 8). With an increase in voltage between the electrodes, the electrolyte flow
rate was not constant and had different values. This was typical for all three studied electrolyte flow rates.

The greatest stability is shown by the mode G = 1.20 g/s (curve 2). However, at voltage U = 340 V, a sharp decrease
in the electrolyte flow rate is observed — more than twice as compared to the initial.
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At high initial electrolyte speed G = 2.3 g/s, with growth of discharge voltage U =20-300 V, the flow rate increases.
With a further growth of voltage U from 300 to 460 V, a slowdown in the electrolyte flow rate is also recorded. The
slowdown in the flow rate can be most clearly seen at G = 0.75 g/s. In this case (curve 3), a clearly defined rise is observed.
Here, the electrolyte flow rate decreases by up to two times.
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Fig. 8. Dependence of the time of passing 100 g of electrolyte through discharge on voltage; NaCl — 4 g/1;
MA —KhVGssteel; 1 —G=237¢g/s;2—G=1.20g/s;3—G=0.75g/s

Measuring ED Temperature Field with Thermal Imager. Measuring the ED zone with a thermal imager showed a
temperature increase of up to 100°C. Electrolyte with an initial temperature of 23-26°C was directed to the MA made of
08X 18NIT stainless steel with a size of 100x200x1 mm. In this case, the maximum temperature of the ED was recorded.

When studying the electrolyte-plasma discharge at different volumetric flow rates, concentrations and chemical
compositions of the electrolyte, it was found that the ED temperature did not exceed 100°C (Fig. 9).

The characteristic features of the process are two key factors. The first is the proximity of the curves, the second is
the decrease in temperature after reaching the maximum. The decrease in temperature after reaching the maximum can
be explained by a change under the conditions of contact interaction, an increase in specific resistance, and the transition
from an electrochemical process to an electrolytic-plasma process.
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Fig. 9. Dependence of ED temperature on voltage; stainless steel 08 X18N9T; 1 — G=0.94 g/s; 2— G=1.86 g/s; 3 — G =2.78 g/s;
4 — G =3.71 g/s; electrolyte (NH4)2SOs — 2.7 g/1; 5 — G = 1.86 g/s; electrolytes (NH4)2SO4 — 50 g/l and C¢HsO7 — 30 g/1;
6 — G =2.51 gfs; electrolytes (NH4)2S04 — 15 g/l and CeHsO7 — 15 g/l

It is noted that when the falling drops of electrolyte running down from the MA come into contact with the cathode
plate fixed below, the maximum temperature is 167°C.

Study on Temperature on Metal Anode Surface. During jet flows of the electric discharge, an uneven temperature
distribution is recorded on the surface of the MA. The periphery of the electrolytic discharge in the jet flows has a 15-20%
higher temperature than in the central region of the electrolyte. The analysis of temperatures on the surface of the MA is

presented in Figure 10.
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Fig. 10. MA surface temperature; anode — stainless steel 08 X18N9T

Evaluation of ED Heat Flows. The analysis of the heat flow distribution shows that it consists of an incoming flow
formed by heat generated by the Joule-Lenz law (Q,) and heat generated by the oxidation of carbon in steel (Q,). The
outgoing flow consists of heat directed into the environment in the form of steam — Qs; heat directed into the
anode — Qu; heat directed into the hollow cathode — Qs; heat directed into the electrolyte — Qg; heat directed into the
environment in the form of radiation — Q. The distribution of heat flows for the ED in the form of an ellipsoid truncated
on both sides is shown in Figure 11. The maximum amount of heat Qs is directed into the environment in the form of
steam and is about 58%. The flow Qs directed into the metal anode is also significant (about 21%).

Q:=2%
s~ 8%
Qs = 11%

Q:=21%

Qs

Fig. 11. Distribution of heat flows for an electric discharge in the form of an ellipsoid truncated on both sides

The calculation of the amount of heat for the heat balance equation shows the general picture of the distribution of
heat flows in the range of operating voltages from 20 to 500 V (Fig. 12). The calculated curve shows that the amount of
heat Q, directed into the electrolyte, has a virtually constant character over the entire voltage range. At the same time, in
the high voltage range, the values of Q1 are almost 20 times higher than Q. In general, the value of Qs is on average 10%
of the value of Q.

The calculated value of Qs in the range up to 260 V exceeds Q;. Obviously, the magnitude of exothermic reactions in
this range is not taken into account and makes a significant contribution to the total heat flow. The value of Qs is on
average 50-70% of Q;.
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Fig. 12. Ratio of heat flows in the range of operating voltages from 20 to 500 V:
1—Q732—Q63—Qs54— Qa5 — Q36— Qi
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Discussion and Conclusion. As a result of the conducted study on the thermal state of the system formed by the
electrolytic cathode and the metal anode, it can be confirmed that in the given geometric ratio of the metal anode and the
hollow cathode and the studied volumetric flow rates of the electrolyte, the maximum temperatures on the anode do not
exceed 100°C, and the maximum temperatures of the system are 167°C.

The results obtained are consistent with the data presented by other researchers and published recently. For example, in the
study on plasma electrolytic jet polishing (PEP-Jet) of AISI 316L stainless steel [23], it is noted that the electrolyte temperature
in the range of 68-90°C stabilizes the gas-vapor layer, which is consistent with the data obtained by the authors on the process
temperatures corresponding to the boiling range of the electrolyte (up to 167°C). However, in [23], the emphasis is placed on
corrosion resistance, and not on the complex heat balance, in contrast to the study. The data in [24] indicate that the optimum
electrolyte temperature (80°C) provides efficient formation of the gas-vapor layer at voltage 300 V, which is close to the peak
temperatures obtained in the ED ellipsoid zone, despite the difference in the research methods used. Paper [25] on the ESR of
Inconel 718 alloy simulates the heat flow at the gas-liquid interface at a temperature of 70-85°C and a voltage of 250-350 V,
which confirms the above conclusions about the main role of voltage in the formation of the heat flow. However, paper [25]
does not consider the nonuniform temperature distribution over the anode surface. In [26], the authors consider ESR of 316L
steel at 90°C. They focus on micro-level electrochemical reactions, but they do not analyze the electrohydraulic effect causing
cavitation and shock waves, which slows down the electrolyte flow at low flow rates (0.75-1.2 g/s) and increases the
temperature. It is a significant factor in the temperature growth at low electrolyte flow rates. This phenomenon is probably
associated with the local specificity of the jet discharge, which requires further investigation [27].

The maximum recorded cathode temperature in the study was 167°C, which did not exceed the phase transformation
temperature for most structural materials providing their operability. This is consistent with the findings of [24] and [25],
which note that the process temperatures also remain below the critical values for the materials. The temperature data
measured by various methods confirm that the process occurs in the electrolyte boiling region, which is consistent with
the data of [23] and [26] on the temperature ranges of 68—90°C.

Another feature is the uneven distribution of the electrolyte temperature on the MA surface. The value of the
electrolyte temperature spreading over the surface is not uniform or decreasing towards the periphery. It is noteworthy
that its value falls in the center and increases at the periphery — the peripheral zones are 15-20% hotter than the central
ones. A similar phenomenon has not been described by other researchers, since the temperature distribution was either
not analyzed or was considered uniform. The cause-and-effect relationship of this effect remains unclear and requires
further research. The study on this issue is the subject of subsequent research.
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