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Abstract

Introduction. Gas discharges with liquid electrodes are considered as a promising tool for improving adhesion properties
and preparing surfaces for coating application. Glow and arc discharges with electrolytic electrodes have been
investigated in detail in the literature, but most studies focus on configurations with a stationary electrolyte. For “jet
electrolytic cathode—metal anode” systems at atmospheric pressure, the discharge combustion modes, their stability limits,
and the energy characteristics of the process are insufficiently systematized. This hinders the scalability of localized
aluminum processing technologies. The objective of this study is to experimentally classify combustion modes and their
stability regions, determine the electrical, spectral, and thermal parameters of the discharge, and substantiate practical
modes for localized aluminum surface preparation for adhesion and coating.

Materials and Methods. To achieve this goal, a laboratory setup was built: a 3% NaCl jet served as the cathode, and an
AMTs-40 (aluminum-manganese alloy in the RU system, ISO analog: AW-3003) aluminum plate served as the anode.
The jet-anode assembly was placed in a temperature-controlled electrolytic cell with closed circulation of the solution.
Typical conditions: U= 600 V, vx = 0.6-0.7 m/s, d = 2 mm, 6 = 0.10-0.12 Q' cm™". A power supply of up to 4 kV/10 A
provided a wide range of settings. The diagnostics included oscillographic measurements, high-speed video recording
(Casio EX-F1, 600—1200 fps), thermal imaging (FLIR A6500sc), and optical emission spectroscopy (OES) on a PLASUS
EC 150201 MC spectrometer with electron density n. estimated from Stark broadening of H.,.

Results. Two plasma localization topologies were detected: a contact zone on the triple gas-liquid-solid line and a jet
breakup region. The current was pulsed with an amplitude of 0.8—1.6 A. The spectra were dominated by the Na I doublet
(~589 nm), the OH(A-X) bands, and the Ho line; from AA; (H,) = 0.64 nm, an estimate of ne = 6.4 x 10'* cm™ was
obtained. Thermal imaging maps showed a maximum effective temperature of ~47°C at the point of contact, and an
energy deposition zone elongated along the jet with a length of ~7 mm (diameter ~2 mm).

Discussion. The pulsed nature of the current with an amplitude of 0.8—-1.6 A at 600 V indicates the periodic formation
and breakdown of the current channel, which is typical for discharges with a nonstationary geometry of the cathode region
and has been previously noted in studies on discharges with flowing jets. The estimate of the electron density
ne = 6.4x10'° cm™ based on the Stark broadening of Ha falls within the range of 10'°-10'7 ¢m, characteristic of
atmospheric discharges with liquid electrodes, and indicates a relatively dense plasma sufficient for effective surface
activation. The dominance of Na I lines in the spectrum confirms the intense transfer of electrolyte components into the
discharge gap, which is consistent with the aerosol sputtering mechanism in the near-cathode region. The compactness of
the temperature spot on the anode (transverse size ~2 mm, maximum 47°C) confirms the localized nature of the energy
deposition without global overheating of the component. However, the true surface temperature may be higher than the
measured one due to the uncertainty in the emissivity of the growing oxide film.

Conclusion. A discharge between a jet electrolytic cathode and an aluminum anode at atmospheric pressure has been
experimentally characterized. Two stable combustion topologies, the pulsed nature of the current, spectral markers, and
a thermal energy deposition pattern are demonstrated. The results form the basis for constructing operational maps for
local aluminum processing and expanding technology applications. The data obtained form the basis for constructing a
map of aluminum processing modes and can be expanded through varying the flow rate, nozzle diameter, electrolyte
composition, and using faster diagnostics. Future work includes standardizing the energy metrics, quantitatively
decomposing the radiation sources, and scaling the methodology.
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OpMZMHaJleOG amnupudeckoe ucciedosamie

DJIEKTPUYECKHUI pa3psii MeKAY CTPYHHBIM 3JIeKTPOJTUTHYECKUM KATOA0M
1 MEeTAJVIHYeCKHM aHOA0M
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AHHOTAIMA.

Beeoenue. I'a30BbIe pa3psabl ¢ XKUAKUMH 3JIEKTPOaMH PACCMAaTPUBAIOTCS KAaK MEPCIIEKTUBHBIM HHCTPYMEHT ISl yITyd-
MISHHSI aJre3MOHHBIX CBOWCTB M MOATOTOBKH MOBEPXHOCTEH MO/ HaHECEHHE MOKPBITHI. B nurepaTtype moapoOHO u3y-
YEHBI TIICIOIINE U J{yTOBBIE Pa3psiabl C HJIEKTPOINTHIECKUMH 3JIEKTPOIaMH, OJTHAKO OOJILIINHCTBO paboT COCPEOTOUEHO
Ha KOH(UTYPaLUsIX C HEMOBIKHBIM 3JIEKTPOJIUTOM. ISl CUCTEM «CTPYHHBIN 3JIEKTPOIUTHYECKUN KAaTOX — MeETallIH-
YecKUil aHO/I» NpU aTMOC(EpPHOM JaBiIeHHN (OPMBI TOPEHUS pa3psia, TPaHUIbl UX YCTOHYMBOCTH U SHEPreTHYECKHE
XapaKTEePUCTUKH IPOLiecca CUCTEMAaTH3MPOBAHBI HEJJOCTATOYHO. DTO NPEMATCTBYET MacIITAONPOBAHUIO TEXHOJIOTHH JI0-
KaibHOU 00pa®oTky amomunus. Llens HacTosmei paboThl — 3KCIEPUMEHTAIBHO KIacCU(PHUIUPOBATH (GOPMBI TOPEHHUS
1 00aCTH WX YCTOWYHMBOCTH, OTIPENENIUTH JIEKTPUUECKUE, CIIEKTPaJbHBIE W TEIUIOBBIC MapaMeTpsl pa3psAaa, a Takke
000CHOBATh MPAKTUYECKUE PEIKUMBI JIOKATHHOM TOJATOTOBKH aJJFOMUHHEBOW TIOBEPXHOCTH TIO/1 /IT€3UI0 1 OKPBITHSI.
Mamepuanvt u memoowt. J[ns1 peanuzanuy NMOCTaBICHHON 1ein ObUTa co3maHa JiabopaTopHas ycTaHOBKa: cTpys 3 %
NaCl BrimosiHsANIa poJIb KaToa, amoMuHueBast mactTuaa AMII-40 — aHona; y3en «CTpysi-aHOI» pa3MeIIEH B TEPMOCTa-
TUPYEMOH 3JIEKTPOJIMTHYECKON sUeiKe C 3aMKHYTOM HMpKyJsmued pactBopa. Tummunsle ycimosus: U = 600 B,
v = 0,6-0,7 M/c, d =2 MM, 6 = 0,10-0,12 Q'-cm™!; mcrounnk nuranus 1o 4 kB/10 A obecrieunBan IMPOKKI AUANa30H
HacTpoek. /lnarHocTika BKIIoYasa ociuIorpaguieckiue u3MepeHus, BHICOKOCKOPOCTHYIO BUneochEMKyY (Casio EX-F1,
600-1200 x/c), rermoBusnoHHyo chEMKY (FLIR A6500sc) n OOC na ciektpomerpe PLASUS EC 150201 MC c orner-
KOH N MO ITapKOBCKOMY YIIUPEHUIO [,

Pesynemamut uccnedosanus. OGHapyKEHBI ABE TOTIOJIOTHH JIOKATM3aLMH TIJIa3Mbl: KOHTAKTHast 30Ha Ha TPOWHON JTMHUH
«Ta3-)KUJIKOCTh-TBEPIOE TEIO» U 00JIaCTh pacnajia cTpyd. TOK HOCHT UMITYJIbCHBIN XapakTep ¢ ammuutynoi 0,8—1,6 A.
B cniektpax nmomuuupyrot ayomner Na I (~589 um), momocst OH(A—X) u muaust Ho; mo Ah, (Hy) = 0,64 HM monmydeHa
OleHKa 71, = 6,4 x 10'® cM~. TepMOBH3HOHHBIE KApTHI TOKA3aIH MaKCUMYM 3P PEKTUBHOI TemmepaTypsl ~47 °C B TOUKe
KOHTaKTa U BBITSHYTYIO BJIOJIb CTPYHU 30HY 3HEPrOBKJIAAa AITHHON ~7 MM (IIONEPEUHHK ~2 MM).

Obcysncoenue. imimynbcHBIN XapakTep Toka ¢ amrumutyaoi 0,8—1,6 A pu 600 B cBHIETENHCTBYET O TIEPUOAMIECKOM HOp-
MHPOBAHUH U CPBIBE TOKOBOTO KaHala, YTO TUIIMYHO AJISI pa3psiioB C HECTAIMOHAPHON TeoMeTpUel KaTOJHOW 00sacTH U
paHee oTMedanoch B paboTax IO pas3psgaM CO CTEKAoIUMH cTpysMHu. OIeHKa 3JIEKTPOHHOM KOHLEHTpaLUH
n. = 6,4x10'% cm™ no wrrapkosckomy ymupenuto Ho nonasaer B jquanason 10'°-10'7 cm=, xapakrepHsiii 1y atMocgep-
HBIX Pa3ps/IoB C SKUIKHUMH JIEKTPOIaMH, U YKa3bIBa€T Ha OTHOCHTEIBHO IUIOTHYIO IIa3My, IOCTaTOUHYIO JUIs 3 (PEKTHB-
HOH aKTHBalIWH MMoBepXHOCTH. JloMuHMpoBanue auHui Na | B criekTpe moATBepK1aeT MHTEHCUBHBIN NTEPEeHOC KOMITOHEH-
TOB 3JIEKTPOJINTA B Pa3psIHbIA IPOMEXKYTOK, YTO COTJIACYETCSI ¢ MEXaHM3MOM a3p0O30JIbHOTO PACTIBIIIEHHS B TPUKATOJHON
o6macti. KoMIakTHOCTh TeMIiepaTypHOro IsITHA Ha aHoie (TToTepeyHbIi pazmep ~2 MM, MakcumyM 47 °C) moaTBepKaaeT
JIOKANBHBIN XapakTep SHeproakiaana 0e3 riaobanbHOTO Meperpesa JeTaiy, OJHAKO HCTHHHAS TeMIlepaTypa MOBEPXHOCTH
MOYeT OBITh BBIIIE H3MEPEHHON HM3-32 HEOIPEACTEHHOCTH SMUCCUBHOCTH PACTYIIEH OKCHIHOM TUIEHKH.

3aknrouenue. DKCTIEPIMEHTAIFHO OXapaKTEPHU30BAH Pa3PsIL MEXKIY CTPYHHBIM 3JIEKTPOIUTHIECKUM KaTOJOM H AJTFOMH-
HHEBBIM aHOJIOM IIPH aTMOC(EPHOM JaBJICHUH; [TOKa3aHbI JIBE YCTOWYMBBIE TOMOJIOTHH TOPEHHsI, UMITYJIbCHAsI IPUPO/IA
TOKa, CIIEKTPaJIbHBIE MapKephl U TEIUIOBasi KApTHHA SHEProBKIIaia. Pe3ynbrarel popMupyloT 6a3y Ui IOCTPOEHHS pe-
KHUMHBIX KapT JOKaJIbHOI 00paOOoTKH allOMUHUS M paclIMpeHHs TEXHOJIOTHYECKHUX NpritokeHuit. IloydeHHbIe TaHHbBIC
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COCTaBIIAIOT OCHOBY U IOCTPOCHHUS KapThl PeXXKUMOB 00paOOTKH aFOMUHHIEBHIX U3CTHHA M MOTYT OBITH PACIIMPEHE 32
c4€T BapBHPOBAHUS pacxoja, IHaMeTpa COIUIa, COCTaBa AJICKTPOJINTA U IPUMEHEHHS 0oJiee CKOPOCTHON AMArHOCTHKH.
HanpasneHnus manpHEHIUX paOoOT: CTaHIAPTU3AIMS YHEPTETHUCCKUX METPHK, KOJMYCCTBEHHAS JICKOMITO3UIUS UCTOY-
HUKOB M3ITyYCHHS U MACIITAOMPOBAHUEC METOTHKH.

KiaioueBble cioBa: CprﬁHLIﬁ QJICKTPONA, ATFOMHUHHUEBBIN aHon, ra3oBEIA paspsad, UMITYJIbCHBIC TOKH, SMUCCHUOHHAA
CIICKTPOCKOINIUA, JHNHUU BaﬂLMepa, KOHIICHTpAlUA JJICKTPOHOB, TCIJIOBU3MOHHAA JUArHOCTHUKA, MO,HI/I(l)I/IKaIII/ISI
TMOBEPXHOCTHU

BaaronapuocTu. KojuiekTiB aBTOPOB BhIpaXkaeT 0J1arolapHOCTh Kadeape Ja3epHbIX U U THBHBIX TEXHOJIOTHI MpU
dI'BOY BO «KHUTY-KAWN» 3a npenocTaBieHHOE JUATHOCTHYECKOE 000pYI0OBaHHE.
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2026;26(2):2245. https://doi.org/10.23947/2687-1653-2026-26-2-2245

Introduction. Gas-discharge plasma, formed in the interelectrode gap where one or both electrodes are liquid, is a
promising area of research in the fluid, gas, and plasma mechanics, as well as modern materials processing
technologies [1]. One popular configuration is a system with a jet electrolytic cathode and a metal anode, in which the
cathode function is performed by a flowing jet of electrolyte [2]. This design allows for the formation of a local cathode
region with gas-discharge plasma and provides flexible adjustment of process parameters [3]. Local energy deposition in
the cathode spot zone, effective heat removal through liquid electrodes, and rapid removal of reaction products provide
the high efficiency of this configuration for local surface treatment of small-sized metal products [4], cleaning [5], burr
removal, and the application of functional coatings [6].

The discharge mechanism with a jet electrolytic cathode is determined by complex interphase interactions in a three-
phase “gas — liquid — solid” unit [7]. The nature of combustion and the stability of the process are significantly affected
by electrical parameters (voltage, current, power, type of power supply — direct or high-frequency current) [8], jet
hydrodynamics (flow rate, flow velocity, nozzle diameter, turbulence level) [9], thermal and mass transfer phenomena
(evaporation, degassing) [10], chemical composition and specific electrical conductivity of the electrolyte [11], as well
as the pressure and composition of the surrounding gas environment [12]. Such systems are characterized by a change in
combustion modes, the occurrence of self-excited oscillations and breakdowns, as well as a pronounced nonlinearity of
the volt-ampere characteristics [13]. In comparison with the discharge on a solid cathode, the structure of the near-
electrode layer of a liquid cathode is specific: a key role is played by ion bombardment of the jet surface, secondary
electron emission at the interface between the media, micro-splashes and microdischarges on gas inclusions, as well as
electrodynamic stabilization or destabilization of the meniscus [14].

The practical significance of such discharges is due to the possibility of controlled modification of the microrelief and
condition of the near-surface layer of the metal anode without critical thermal impact on the component. This allows for
the formation of active functional groups, regulation of surface wettability, removal of oxide films and organic
contaminants, initiation of nucleation sites for subsequent coating deposition, and improvement of microhardness and
corrosion resistance. The localized nature of the impact is particularly relevant for small components with complex
geometries, where traditional mechanical and electrochemical methods are inapplicable. For industrial production, the
determination of optimal processing conditions that link discharge characteristics and electrolyte jet parameters is the
critical task.

However, this area of research remains understudied. The conditions for the transition between different discharge modes,
depending on electrodynamic and hydrodynamic factors, is not fully described. Mathematical models of the layer in the
liquid cathode region need to be developed, taking into account the processes of vapor-gas shell generation. Systematization
of the modes in the form of maps is required, where electrical characteristics (specific energy deposition per unit surface
area, voltampere curves) would be compared with the final functional properties of the material. From a diagnostic
perspective, the following are in demand: high-speed visualization of interelectrode processes; precision recording of
voltampere characteristics and current oscillations; optical emission spectroscopy for identifying plasma composition,
determination of the concentration and temperature of electrons, as well as the temperature of the heavy component.

The objective of this study is to establish the combustion modes of an electric discharge between a jet electrolytic
cathode and an aluminum anode, identify the regions of their stable existence, and comprehensively determine the
electrophysical, spectral, and thermal characteristics. The results obtained are aimed at developing scientifically sound
recommendations for the finishing and modification of aluminum and its alloy products.
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Materials and Methods. Ignition and stable combustion of a jet electric discharge with a liquid plasma-forming
medium under localized action on a metal anode were implemented using a laboratory setup in which a flowing electrolyte
jet served as the cathode and a metal plate — as the anode (Fig. 1 a). The jet — anode assembly was housed within an
electrolytic cell (Fig. 2 b), equipped with systems for supplying and removing the solution, temperature control, and
standard exhaust ventilation for the work area.

b)

Fig. 1. Experimental setup for igniting gas-discharge plasma:

a — photograph of the experimental setup; b — functional diagram of the gas-discharge chamber for maintaining a jet
discharge with a liquid cathode interacting with the surface of a metal anode, where: 1 — electrolytic cell; 2 — electrolyte;
3 — metal anode (aluminum plate); 4 — discharge combustion zone;

5 — jet feed/adjustment nozzle; 6 — electrolyte jet (cathode)

An aluminum plate from AMts-40 (ISO: AW-3003 or AIMn1Cu), secured in a cell, served as the anode. The cathode
was formed by a continuous jet of a 3% aqueous NaCl solution prepared with purified tap water. Before starting, a negative
potential was applied to the nozzle and the jet, and a positive potential — to the aluminum plate. The jet was generated
through a replaceable nozzle; the flow rate was set using a control valve monitored by a flow gage. To ensure the stability
of the solution properties, temperature control was provided: a refrigerated circulation cooler maintained the temperature
within specified limits, and electrolyte was renewed in a closed loop with a coarse filter to remove mechanical impurities.
Vapors and aerosols were removed from the work area by a stationary exhaust system. All current-carrying components
and housing were protected by grounding.

The discharge was powered by a high-voltage source up to 4 kV with a nominal current up to 10 A and stepless
control, including high-voltage and low-voltage channels. This allowed for flexible setting of voltage and current ranges,
as well as powering auxiliary sensors. Current values of U and / were displayed on panel indicators and duplicated on the
control PC for operational monitoring. In standard series of experiments, the parameters were: voltage U = 0.1-1.1 kV;
pressure p = 10° Pa (atmospheric); jet velocity v, = 0.5-0.7 m/s; jet diameter d = 2 mm; jet length / = 15 mm; v
6 = 0.10-0.12 Ohm*-cm™; temperature 7 = 12—-64 °C. The polarity of the electrodes was maintained in all modes:
jet — cathode, plate — anode.

The diagnostic complex included mutually complementary methods of visualization, thermal and electrical control,
as well as optical emission spectroscopy.

1. High-speed video recording of the torch and near-electrode structure dynamics was performed using a Casio EX-
F1 camera at 600 and 1200 fps. The camera was mounted on a tripod approximately 300 mm from the discharge zone.
Data transfer and initial processing were performed on a PC using HX Link and Movavi Video Editor 14 Plus software.
The recording made it possible to capture the shape and oscillations of the cathode jet, as well as the evolution of the
anode spot.

2. A FLIR A6500sc thermal imaging camera (640x512 pixels; 3.6-4.9 pm) calibrated with a multi-wavelength
pyrometer was used to map the temperature field on the anode surface and in the vicinity of the cathode jet. This
compensated for changes in effective emissivity associated with the formation and growth of an oxide film on the
aluminum. Thermogram analysis was performed using the ALTAIR v5.91.010 software package.
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3. Current and voltage pulsations were recorded using GDS-806S and GOS-6030 digital oscilloscopes. A photodiode
discharge radiation sensor connected to the oscilloscope was used to synchronize electrical signals with optical events.
This approach ensured that ignition timing, transitions between combustion modes, and surges were correlated with
visually observable changes in the flame.

4. Optical emission spectroscopy was performed on a PLASUS EC 150201 MC fiber-optic spectrometer in the range
of 195-1105 nm. The radiation was collected by a collimator brought to the combustion zone at a distance of 100-200
mm. The instrumental function was calibrated using a SIRSH 6-100 source; the instrumental width was Akg~ 1 nm. The
spectra were compared with the NIST database. The electron concentration (based on the broadening of H,,) was estimated
from the profiles of the Balmer series hydrogen lines.

A set of tools and modes provided representative, reproducible measurements and comparison of electrical, spectral,
thermal and visual characteristics of a jet discharge with a liquid cathode and local impact on the surface of a metal anode.

Research Results. The photographs (Fig. 2) show that with the polarity “jet electrolytic cathode —- aluminum anode”, the
discharge at U= 600 V, p = 10° Pa and jet velocity vx= 0.6 m/s, is localized in two characteristic areas: 1 — in the zone of direct
contact of the jet with the surface of the anode (Fig. 2 a), and 2 — in the region of jet breakdown (Fig. 2 b).

In the first case, a near-electrode light-emitting region is formed, tied to the “contact spot” and the “gas-liquid-solid” triple
cross-section line. In the second case, glow and microdischarge events occur at the necks and droplets of the disintegrating jet,
where the surface curvature and localized gas inclusions enhance the field and reduce the effective gap length.

5 mm

e

a) b)

Fig. 2. Jet electric discharge between a jet anode and an aluminum cathode
at U=600V,I=1.6 A, p=10°Pa, v« = 0.6 m/s: a — at the interface
between jet and metal surface; b — in the jet breakup zone

The characteristic yellow color of the torch in both cases is primarily due to the intense emission of the sodium
resonant doublet (= 589 nm), which arises from the evaporation/aerosol emission of Na-containing components from the
jet of 3% NaCl solution in the near-cathode zone and their subsequent dissociation-excitation in the discharge volume.
The contribution of continuous radiation from heated aerosol particles and local oxide inclusions can impart an orange-
yellow hue at moments of peak energy deposition, but remains secondary to the Na lines.

The current oscillograms (Fig. 3) at a fixed voltage of U = 600 V demonstrate the pulsed nature of the conductivity:
the current is realized in series of pulses with an amplitude of about 0.8—1.6 A. This intermittent structure corresponds to
the alternation of stages of amplification and attenuation of electron emission at the gas-liquid interface and the periodic
“switching” of the conductivity channel between two geometries — “a spot on the surface of the metal electrode” and “in
the jet breakup zone”.

Mechanics
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a) b)
Fig. 3. Oscillograms of discharge current and voltage oscillations between the jet cathode and aluminum anode:
a—atp=103Pa, AU-500 V,AI=2 A, At =25 ms;
b—atp=103Pa,AU-500 V,AI=2 A, At=5ms

Hydrogasdynamic processes, including the formation of gas bubbles, the emergence of convective currents, as well
as the specific flow characteristics and jet velocity — along with accompanying variations in the interelectrode distance
and cathode spot geometry — cause fluctuations in current density and electromagnetic field strength. These phenomena
are recorded on the oscillogram as characteristic pulsed regions (Fig. 3).

Electrical signals obtained using an oscilloscope are compared with optical recordings of the discharge glow. It is
found that current pulses correlate temporally with the occurrence of intense radiation in the combustion zone. This
indicates that rapid microevents in the near-cathode region are crucial in initiating the pulses, transforming the conditions
for the formation of the cathode layer and triggering microdischarges toward the anode.

In this electrode configuration, the following mechanisms of charged particle formation can act as sources of primary
electrons for avalanche ionization and subsequent ionization in the volume: (1) secondary electron emission from the
surface of the liquid cathode under the impact of bombardment by positive ions and fast neutral particles; (2) field
emission from highly curved areas where the field strength increases locally; (3) photoelectron emission from the surface
of the jet under the action of radiation from the discharge volume; (4) emission from gas bubbles adjacent to the cathode,
where the reduced effective work function and field concentration facilitate the injection of electrons; (5) detachment of
electrons from negative ions in the near-electrode layer.

Figure 4 shows the plasma emission spectrum of a discharge between a jet electrolytic cathode and an aluminum
anode, with identified bands and lines.

Bands OH (A—X), are recorded, as well as the atomic lines H I, Na I, N I and K I. The presence of an intense
resonance doublet Na I (= 589.0/589.6 nm) is consistent with the visually observed yellow color of the flame: sodium
enters the discharge zone from a 3% NaCl solution via evaporation from the near-cathode region, after which it is excited

in the plasma volume.
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Fig. 4. Emission spectrum of the discharge plasma between the jet cathode

and the aluminum anode with identified spectral lines
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The instrumental broadening was estimated using the optically thin line K I (769.9 nm); the minimum half-width of
the narrow lines was Alg = 1.0 nm and was then taken as the Gaussian component of the instrumental function. The
observed line profiles were approximated by a Voigt contour; the Voigt (A\r), Lorentzian (AX; and Gaussian (ALg) half-
widths were related using approximation [15]:

Mg ~0.5346- Ak, ++/0.2166- AL2 + AL

From it, AX; was found with known AAr and AAg, thereby eliminating the contribution of instrumental broadening.

For line H, (656.28 nm), the measured half-width of the Voigt profile was Al (H,) = 1.38 nm. Taking into account
the instrumental component, the Lorentz half-width was obtained as A\, (H,) = 0.64 nm. The electron concentration
ne = 6.4x10'% cm= was calculated using temperature-dependent coefficients.

This electron density is typical for atmospheric pressure, where the linear Stark broadening of hydrogen lines
dominates.

In this series, Hp(486.13 nm) was not detected due to the low signal-to-noise ratio in the channel and exposure
adjustment for the bright yellow lines Na I, which does not prevent z. from H..

Table 1
Summary Spectral Parameters for Estimating 7. from Line H,
Parameter Value Note
Ar(Hy) 1.38 nm Voigt contour half-width
AL(Hy) ~ 0.64 nm Lorentz component (without instrument broadening)
71e = 6.4%10'% cm™ Stark broadening estimation of Hy

The combination of observed bands and lines confirms the mixed nature of plasma formation (air + electrolyte
sputtering products). The yellow color of the flame is due to the dominance of Na I lines, and an estimate based on the
broadening of H, yields an electron concentration of approximately 10'® cm= under the conditions studied.

Thermographic analysis of the discharge zone. In the thermograms (Fig. 5), the origin of coordinates is the position
corresponding to the contact area of the jet electrolytic cathode with the aluminum anode (“gas-liquid-solid” line).

At this point, the maximum effective temperature is recorded at 7= 47°C. As the electrode moves toward the source
of the electrolyte jet, that is, along the jet, the temperature decreases within the first 7 mm, indicating a plasma region
elongated along the jet, approximately 7 mm in length and with an effective transverse dimension of 2 mm. Outside the
plasma region, the temperature profile declines exponentially to the ambient temperature. As the electrode moves toward
the aluminum anode, the temperature also drops sharply to 22°C. This profile asymmetry is explained by the high thermal
conductivity of aluminum and its effective heat dissipation into the component volume, as well as by intensive convective
cooling by the adjacent electrolyte. The temperature “spot” on the anode surface is compact and confined to the contact
zone. This corresponds to the pattern of directed energy deposition from the discharge elongated along the cathode jet.
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Fig. 5. Dynamics of temperature distribution of the jet electrolytic cathode
(thermograms, t=0-5s, At=1s):a—0s;b—1s;¢c—2s;d—3s;e—4s;f—5s
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Discussion. Based on the data obtained, it follows that plasma structures are localized in two areas of the system:
(1) — in the area of contact of the jet electrode with the surface of the workpiece, and (2) — in the zone of thinning and
disintegration of the jet electrode.

In the first case, the maximum energy deposition from the discharge is localized in the area of the cathode spot on the
surface of the metal anode. In the second case, it shifts toward the constriction and disintegration region of the jet
electrode, where the surface geometry and the vapor-gas gap enhance the electromagnetic field. This behavior of the jet
electrode explains the changes in conductivity and, consequently, current fluctuations in the range of 0.8—-1.6 A at a
voltage of approximately 600 V.

The pulsed nature of the discharge combustion is due to the interrelationship between the electrical parameters of the
discharge, the cathode layer, and the jet hydrodynamics. The dynamics of the jet flow, accompanied by the formation of
localized areas of constriction and jet breakup, causes a non-stationary change in the geometry of the cathode region and
a change in the electric field strength. Under these conditions, short-term microdischarges are formed in the vapor-gas
region between the anode and cathode which show themselves as successive current pulses that correlate with the
discharge plasma glow. The initiation of these pulses is determined by the combined contribution of various electron
emission mechanisms, including secondary emission under ion bombardment, field emission, and electron injection into
the plasma volume from the surface of the near-cathode layer.

Analysis of the emission spectra indicates the combined nature of the gas-discharge plasma, formed by both ambient
air components and elements dislocated from the electrolyte. Intense radiation is recorded at the Na I line in the region of
approximately 589 nm, which determines the predominance of the yellow color of the discharge combustion. The
detection of the bands OH (A—X) and line H, indicates the occurrence of gas-phase processes involving hydrogen and
hydroxyl radicals. The electron concentration, estimated from the Stark broadening of line H, (A\, = 0.64 nm), is
ne= 6.4x10'" cm,

Thermographic measurements show the formation of a localized heating zone on the surface of the metal anode with
a maximum temperature of approximately 47°C. The spatial asymmetry of the temperature field is due to the high thermal
conductivity of aluminum, which provides intense heat transfer into the bulk of the material and convective cooling from
the electrolyte. The recorded temperature values do not determine the mechanism of aluminum surface activation. The
change in the properties of the surface layer is realized due to the nonequilibrium effect of gas discharge plasma, including
a flow of charged particles, active chemical components, and local electric fields in the anode region, and not as a result
of thermal destruction of oxide film Al:Os.

From the point of view of practical implementation, the process is characterized by the presence of stable regime
regions determined by a set of electrical parameters (voltage, current), hydrodynamic characteristics of the jet (speed,
diameter, length of the gap) and the electrical conductivity of the solution.

Limitations of the study include the finite spectral resolution of the equipment used (~1 nm), which imposes
restrictions on the interpretation of narrow lines and makes line H, preferable for estimating electron concentration. An
additional factor is the fixed electrolyte composition (3% NaCl), while changes in ionic composition and pH can
significantly affect excitation kinetics and the thermal balance of the system. These circumstances determine the
directions of further research.

Inspection of the treated aluminum anode surface reveals the formation of a localized impact zone with no signs of
melting. This indicates the gentle nature of the plasma-liquid action, ensuring surface cleaning while maintaining the
component geometry. Quantitative assessment of changes in roughness, wettability, and micromechanical properties
requires further experimental analysis.

From an applied perspective, the established pulsed reactions and the presence of two stable electric discharge
combustion modes create the prerequisites for controlled changes in energy deposition through varying the jet parameters
and electrical characteristics. This enables a transition from gentle surface cleaning modes to controlled modification of
surface morphology without significant thermal impact on the material, which is important for the development of
compact technological solutions for the preparation of aluminum surfaces for coating deposition and ensuring adhesion.

Conclusion. An experimental study on an electric discharge in a jet electrolytic cathode—aluminum anode system at
atmospheric pressure was performed. Two plasma localization topologies were established: a contact zone on the triple
line and a jet breakup region. In both cases, the current was pulsed with an amplitude of approximately 0.8—1.6 A. Optical
emission spectroscopy confirmed the mixed nature of the plasma (air + electrolyte sputtering products), and the
dominance of the Na I doublet, while an estimate based on the broadening of H, yielded the electron concentration
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ne = 10' cm™. Thermal imaging data indicated a maximum effective temperature of approximately 47°C on the contact
side, and an energy deposition zone approximately 7 mm long, elongated along the jet. It was shown that the pulse
triggering mechanism was due to electromechanical feedback between the cathode layer and the jet hydrodynamics.
Possible sources of primary electrons included secondary, auto-, and photoemission, as well as emission from gas
microcavities. In practice, this allowed for targeted selection of modes (jet velocity/diameter, electrical conductivity,
voltage) for delicate activation, cleaning, and microtexturing of aluminum surfaces. Prospects for further research include
standardization of energy metrics, quantitative decomposition of the contributions of radiating components, and
expansion for constructing process maps.

The presented results form the physical basis for subsequent quantitative analysis of surface quality and construction
of operational maps for plasma-liquid processing of aluminum products.
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Abstract

Introduction. Thermal cracking is a significant challenge for massive monolithic structures. The primary approach to
mitigating this risk is to control the overall heat release during cement hydration. Published scientific papers address the
direct problem of assessing thermal stresses under given conditions, including the exothermic properties of concrete
mixtures. The objective of the study is to solve the inverse problem, that is, to create a reliable machine learning model
to predict the 28-day maximum allowable total heat release (QOmar). Implementation of the proposed approach will enable
monitoring the crack resistance of massive foundation slabs.

Materials and Methods. To build the machine learning model, a training dataset of 9375 samples was created using finite
element parametric modeling. The model takes into account six input parameters: foundation slab thickness, upper surface
heat transfer coefficient, ambient temperature, concrete compressive strength class, initial temperature, and concrete
hardening rate. To improve forecast accuracy, the CatBoost (categorical boosting) algorithm was used with
hyperparameters tuned by Bayesian optimization. Forecast quality was assessed using the mean absolute error, mean
absolute percentage error, mean square error, root mean square error, and the coefficient of determination. The value of
the parameters for forecasting was determined by a method based on the Shapley theory.

Results. The trained model demonstrated high accuracy. The mean absolute percentage error (MAPE) on the training set
was 0.52%. The coefficient of determination was 0.99 on the training dataset, and 0.98 — on the independent test dataset. This
indicated good agreement within the considered ranges of input parameters. Shap (Shapley additive explanations) analysis
identified two key factors for Q. heat transfer coefficient and slab thickness (with significance values of 0.57 and 0.48,
respectively). The parameters ranked by significance were as follows: surface heat transfer — 96%, slab thickness — 75%,
ambient temperature — 61%, hardening rate — 35%, concrete grade — 17%, and initial temperature of the mix — 14%.
Discussion. The feature correlation was dictated by both the physical processes involved and the modeling methodology.
The relatively high correlation between ambient temperature and initial mix temperature (p = 0.63) is explained by the
conditions under which the model was trained. During dataset construction, the maximum initial concrete temperature
was constrained by the ambient temperature. The weak positive correlation between concrete grade and Q. is explained
by the ability of high-strength concrete structures to withstand higher temperature gradients. Shap analysis allowed us to
clarify: fast hardening at high temperatures reduced Q..x, while slow hardening at low temperatures increased it.
Conclusion. The machine learning model developed in this study provides an auxiliary computational framework for
optimizing concrete composition selection during the design process. Bayesian optimization of hyperparameters provided
high quality of algorithm performance in terms of metrics: MAE = 0.67; MSE = 1.78; RMSE = 1.33; MAPE = 0.52%.
Three limitations of the model are unaccounted for fast-onset concrete creep, external deformation limitations, and cases
of using slabs for transfer structures.

Keywords: heat release of concrete, crack formation in concrete slabs, guaranteed prediction of crack resistance, crack
resistance criterion, selection of concrete composition in design
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OPMZMHCUleOe amnupudeckoe uccnedosatue

Moaenb MAIIMHHOTO 00y4YeHUs JIsl OTpee/ieHusl MpeaeJbHO JONMYCTHUMOIO TeMJIOBbIIeIeHUs
0eToHa K 28-M CYTKaM B MAaCCUBHBIX MOHOJ/IUTHBIX (l)yH}:[aMeHTHLIX IJIMTax
T.H. Kongpareesa' ™, B.C. Tiopuna =", A.C. UenypHenko

JIoHCKOM ToCcy1apCTBEHHBIN TEXHUYECKHI YHUBEPCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
>4 anton_chepurnenk@mail.ru

AHHOTALMA

Beeoenue. TemmneparypHoe TpelMHOOOpa30BaHUE MIPEACTABISAET COOON CEphe3HyI0 MPOoOIeMy i MAaCCUBHBIX MOHO-
JUTHBIX KOHCTPYKIMHA. [ TaBHBIA METOJT CHIYKEHHUS 3TOT0 PUCKAa — KOHTPOJIb OOIIIETro TEIUTOBBIACICHHS B IPOIIECCe THA-
paranmu neMeHnTa. OmmyOnnKoBaHHbIE Hay4HbIC paOOTHI OCBSIIICHBI PEIICHHUIO IPSIMOi 3a]Ja4y OLICHKH TEMIIEpaTypHBIX
HarpspKeHUH MPpH 331aHHbBIX YCIIOBUSX, BKIIIOYAs 9K30TEpMHIO OETOHHBIX cMmeceil. Llenp ncenenoBanus — penienne 00-
paTHOH 3a1a4y, T. €. CO3JaHue Ha/E)KHONH MOJIEJIM MAIIMHHOTO O0Y4eHHs, ClIOCOOHOM MPOTHO3UPOBATh MaKCUMAaIEHO
JIOITYCTHMOE o011ee TeIUIoBbIIeNieHne K Bo3pacty 28 nHel (Omax). Peannzanus npeuiokeHHOro o1X0/1a MO03BOJIUT KOH-
TPOJIMPOBATH TPEIIMHOCTOMKOCTh MACCUBHBIX (DYHAaMEHTHBIX TIIHT.

Mamepuanst u memoost. J{11s mocTpoeHUs MOICIIN MallIMHHOTO 00y4YeHus copMupoBanu odyyaronmii naracer u3 9375
00pa3IoB myTeM KOHEYHORJIEMEHTHOTO TIapaMeTPHYECKOT0 MOAETHPOBaHUA. MOENb YIUTHIBAET IECTh BXOAHBIX Mapa-
METPOB: TOJIINHY (HyHIaAMEHTHOU IIIUTHI, KOA(QPUIMEHT TETUIOOTIa4H BEpXHEH MOBEPXHOCTH, TEMIIEPATYPy OKPYKaro-
1Iei cpesibl, Kiacc OeTOHA 10 TMPOYHOCTH Ha CXKaTHE, HAYaJIbHYIO TEeMIIEpaTypy U TeMIl TBepjaeHHs: OeToHa. [[yisi moBbI-
IIEHHS TOYHOCTH TIPOTHO3MPOBAHHMS MCTIONB30BasIcs amroputM CatBoost! ¢ rumepnapamMerpaMu, HaCTPOESHHBIMHE TI0 Gaii-
€COBCKOW onTHMm3aIiyi. KauecTBo MporHo3upOBaHus OIIEHUBAIIH 110 CpeIHEH aOCOMOTHOH, cpenHeli abCcoMOTHOH Tpo-
LIEHTHOH, cpeTHEeKBaIpaTHYHON OIMOKe, KOPHIO M3 Hee M KOA(PUIMEHTY JeTepMUHAMH. LIeHHOCTh mapaMeTpoB Juist
IIPOTHO32 ONPEEIUIN METOI0M, OCHOBaHHBIM Ha Teopuu Llleru.

Peszynemamut uccnedosanusn. O6yueHHasi MOJEIb NPOJAEMOHCTPUPOBAIa BBICOKYIO TOYHOCTh. CpenHsist abcomroTHas
npouenTHas omubka (MAPE)? Ha obyuaromem nabope — 0,52 %. Koadpuuuent gerepmunannn — 0,99 Ha o6yuato-
meM Habope naHHbIX 1 0,98 — Ha HE3aBHCHMOM TECTOBOM. JTO YKa3bIBaeT Ha XOPOIIee COOTBETCTBHE B TIpeJiesiax pac-
CMOTPEHHBIX JUANa30HOB BXOJHBIX MAPaMeTpoB. AHanu3 Shap? BeIABUI 1Ba TIaBHBIX GAKTOPa OQyay: KOIPULKEHT TEN-
JIOOTAAYU W TOJIIMHA TINTHI (3Ha4uMOCTh 0,57 1 0,48 cooTBeTCTBEHHO). [10 3HAYMMOCTH MapaMeTphl PaCIPEICTHIUCh
TaK: TEIUIOOTAa4a MOBEpXHOCTH — 96 %, TommmHa wmTel — 75 %, Temmeparypa cpemasl — 61 %, Temm TBepae-
uHust — 35 %, xmace 6erona — 17 %, HaganpHast Temneparypa cmecu — 14 %.

Ooécyscoenue. Koppensiys Mpu3HAKOB 00yCIOBIEHA 0COOCHHOCTIMU (PU3HUYECKUX TPOIECCOB M MOJICIIUPOBAHMS. 3Ha-
YUMBIN TIOKa3aTeNb Ul TEMIIEPATyPhbl OKpY>KaroIe cpelpl U HauaiabHOU Temiiepatypsl cmecH (p = 0,63) oObsicHseTCS
ycnoBueM o0yueHust mosenu. [1pu popMupoBaHuy 1aTaceTa MaKCUMalbHasi HadaJIbHasl TeMIIepaTypa O€TOHa OTpaHuYH-
BaJIach TEMIIEpaTypoii OKpyskatolei cpespl. Crabast MoJoKuTeIbHAs CBA3b Kiacca 0eToHa € Oyar 00BSICHSIETCS CIIOCO0-
HOCTBIO KOHCTPYKIHH W3 BBICOKOIIPOYHOTO OETOHA BBIICPKUBATH Oo0Jiee BHICOKHE TeMIIEpaTypHbIE TI'PaJHUCHTHI.
Shap-ananu3 MO3BOJIMII YTOYHUTH: OBICTPOE TBEPJCHHE IIPH BHICOKOW TeMIIEpaType COKpaIaeT Qmay, 8 MEUICHHOE TIPH
HU3KOI TeMIepaType — yBeINIHBaeT.

3aknrouenue. PazpaboTanHas MOJIEIb MAITMHHOTO 00y4YEHHS KaK BCIIOMOTaTeNbHBIA BRIYHCIUTEIBHBI HHCTPYMEHT OII-
TUMHU3UPYET BBIOOP cocTaBa OE€TOHA NMpH MPOEKTHPOBAaHUH. baifecoBckas ONTUMH3aNKs THIEPIApaMeTpOB obecednna
BBICOKOE KadecTBO paboThl anropurma mo merpukam: MAE = 0,67; MSE = 1,78; RMSE = 1,33; MAPE = 0,52 %. Tpu
OTpaHUYCHUA MOACIN: HCYYTCHHBIC 6I)ICTpOHaTeKa}OHIaH IMOJI3y4€CTh 6CTOHa, BHCIIHUEC OTrpaHUYCHUA }qu)opMaHI/II/I )5
ClTy4yad MCIIOJIb30BaHMS TUIUT JUTS TPAaHC(HEPHBIX KOHCTPYKIIUH.

KnaioueBble cioBa: TeruioBblAeIeHNEe OETOHA, TpPEIIMHOOOpa3oBaHME B OETOHHBIX IUIMTAaX, TapaHTHPOBaHHOE
IIPOTHO3UPOBAHNE TPEIIUHOCTONKOCTH, KpUTEPHUIl TPEITMHOCTONKOCTH, BEIOOp COCTaBa OETOHA IPU MPOCKTHPOBAHUH

! Or anrm. categorical boosting — kaTeropuaabHoe NOBBILICHUE.
2 Or anri1. mean absolute percentage error — cpeaHsisi aGCOIIOTHAs IPOLIEHTHAs OLIMOKA.
3 Or anry1. Shapley additive explanations — agauTuBHOE 006BACHEHNE HA OCHOBE Teopuu urp Illemu.
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BaaronapHocTu. ABTOpPBI BBIPAXAIOT OJIar0IapHOCTh PEAAKIUH U PELICH3CHTaM 32 BHUMATEIIbHOE OTHOLICHHE K CTaThe
U 3aMEeYaHusl, KOTOPbIE O3BOJIIIHM TOBBICUTD €€ KA4eCTBO.

®unancupoBaHue. lccrnenoBaHne BBHINONHEHO 3a cueT TpaHta Poccuiickoro HayuHoro ¢onma Ne 25-19-00164,
https://rscf.ru/project/25-19-00164/

s muruposanus. KounpateeBa T.H., Tropuna B.C., Yenyprenko A.C. Mozens MammHHOTO OOydeHHS UTS OTPEeICIICHIS
TIPEJICNTBHO JIOMYCTAMOT'O TEIUIOBBIICIICHHS OETOHA K 28-M CYTKaM B MACCHBHBIX MOHOJIUTHBIX (DyHIAMEHTHBIX rumTaX. Advanced
Engineering Research (Rostov-on-Don). 2026;26(2):2285. https://doi.org/10.23947/2687-1653-2026-26-2-2285

Introduction. Crack resistance in massive monolithic reinforced concrete structures remains one of the most critical
challenges in modern construction. The solution to this problem directly affects the durability and operational reliability
of buildings and civil structures. Uneven temperature distribution and shrinkage deformations during concrete hardening
are the key factors contributing to crack formation in early-age concrete [1]. To prevent defects, timely risk assessment
is essential, and this issue is actively discussed in the literature. Thus, the algorithm from [2] allows concrete properties
to be linked to the temperature field variation during hardening. The authors [3] investigate the temperature gradient in a
massive monolithic slab based on field measurements, and demonstrate how the difference between the core and surface
structures generates internal tensile stresses. In [4], with an emphasis on finite element modeling (FEM), the temperature
gradients between the core and surface zones of the masses are analyzed. The results of three-dimensional calculations
make it possible to formulate requirements for the mechanical properties of concrete and the temperature difference
between the core and surface of a structure when modeling thermal stresses in the core — surface system [5]. In [6], a
modern numerical phase field method is considered, which allows modeling the process of temperature crack formation
and the dynamics of their development in massive concrete structures. The authors of this work introduce a criterion for
comparing the calculated stresses and tensile strength of concrete.

In [7], methods for calculating the temperature field are considered. They take into account changes in the properties
of concrete over time and such control measures as thermal insulation, modification of the mixture, and limitations of the
temperature regime of concrete during placement. The authors [8] introduce strength criteria under thermal stress. In [9],
the risk of early cracking is assessed based on temperature stresses.

The authors of the above publications address the direct problem of assessing the risk of early cracking in massive
monolithic structures during construction, using parameters such as structural geometry, concrete heat release, mechanical
properties, and heat transfer parameters. These approaches, based on FEM, allow for highly accurate assessment of
cracking risk, but require significant computational resources, time, and detailed model tuning. This makes them
unsuitable for rapid use during the preliminary selection of concrete mix design, when it is necessary to quickly evaluate
numerous cement and additive options.

One of the highly efficient approach to minimizing the risk of early cracking in massive monolithic elements involves
decreasing the specific heat release per 1 m* of concrete mix. This value is determined by the cement content in 1 m? of
concrete mix and its mineralogical composition. To prevent early cracking in massive structures, low-exothermic cements
are used, as well as additives that allow for a reduction in cement content while maintaining strength. A number of foreign
researchers are focusing specifically on optimizing the composition of concrete mixtures for massive structures, paying
particular attention to managing heat release during hydration through the use of supplementary cementitious materials
(SCM) such as granulated blast furnace slag (GBFS), fly ash (FA), microsilica, and metakaolin [10].

Although supplementary cementitious materials significantly affect heat generation, the recommendations available
in the literature on these processes remain primarily qualitative or only partially quantitative (for example, “replacing
cement with 30% slag reduces heat generation by 15-20%"). Based on such approaches, it is difficult to obtain a specific
numerical value for the maximum permissible heat generation Qy.x for given geometric and climatic conditions. This
difficulty is explained by the fact that the final permissible value depends on the complex interaction of a large number
of parameters (slab geometry, environmental conditions, heat generation kinetics, initial mixture temperature, concrete
strength class, etc.).

In [11], approaches to selecting the compositions of low-thermal mixtures with different proportions of GBFS and FA
are considered. In [12], it is shown how heat generation and hardening kinetics depend on the degree of cement
substitution. In [13], the effect of these factors on the development of thermal stresses is studied. The authors [14] offer
a generalized review of the effect of different types of SCM on the heat of hydration. In [15], their impact on the
microstructure of cement stone is considered. In [16], the formation of concrete strength at the early stages of hardening
using SCM is analyzed.
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Technical studies devoted to modeling the temperature field and stress development at an early age are discussed in
detail in [17]. In [18], numerical methods for assessing the thermomechanical behavior of massive concrete structures are
proposed. Study [19] develops this approach taking into account real heat generation parameters and mixture composition.
The authors [20] write about the development of stable low-thermal compositions, including modern systems such as
LC3 (Limestone Calcined Clay Cement), which demonstrate the potential for reducing the carbon footprint and hydration
temperature while maintaining performance characteristics.

Practical recommendations for optimizing component proportions, including the use of ternary mixtures and low-
carbon binder systems, are presented in [21]. Specific cement substitution ranges, laboratory testing methods, and
examples of formulations that provide an optimal balance between reducing heat generation and maintaining strength
characteristics are proposed in [22].

Despite the undeniable merits of these studies, they are typically focused on specific materials and conditions, and their
results are not summarized in a compact predictive model suitable for engineering practice. Thus, a gap remains between:

— composition selection task (it is required to quickly estimate the permissible heat release);

— existing tools (labor-intensive FEM or experimental mixture preparation).

Thus, published studies offer:

— direct modeling of thermal stresses for given concrete properties (which requires considerable time and specialized
software);

— prescription-based reduction of heat generation without reference to a specific permissible threshold determined by
the structure geometry and heat exchange conditions.

At the composition selection stage, there is no tool available that would immediately answer the question: “What is
the maximum allowable heat release by 28 days for a foundation slab with specified parameters to guarantee crack
resistance?” This study aims to fill this gap. The research objective is to develop a predictive model for determining the
acceptable heat release level that provides crack resistance for massive monolithic foundation slabs. Solving this problem
is crucial when selecting the concrete mix for concreting massive monolithic structures. The maximum stress level (ratio
of maximum tensile stress to tensile strength) is used as the crack resistance criterion. It should not exceed unity.

To achieve this goal, two sets of tasks were sequentially solved. The first was the development of an initial
physicomechanical design model. Its three components are presented below:

— a one-dimensional finite element formulation of the thermal conductivity problem was selected, taking into account
layer-by-layer concreting;

— the dependences of the thermophysical and mechanical properties of concrete on time and temperature (heat release
function, hardening kinetics, strength, instantaneous modulus of elastic deformation) were specified;

— an algorithm for finding the maximum permissible heat release Omax by the bisection method based on the criterion
of a tensile stress level less than unity was implemented.

The second group of tasks involved constructing and testing a machine learning model. It had four components:

— a dataset of 9375 samples was generated through parametric finite element modeling;

— the CatBoost algorithm was selected and trained with hyperparameter optimization;

— accuracy was assessed on the training and test sets;

— shap interpretation of the model was performed.

Materials and Methods. The following physical, technical, and process parameters were selected as input:

— foundation slab thickness, /4, m;

— heat transfer coefficient on the upper surface, a, W/(m?-°C);

— ambient temperature, Tamp, °C;

— initial temperature of the concrete mix, 7o, °C;

— concrete compressive strength class, B, MPa (GOST 18105-2018%);

— hardening rate, which can take three values (1 — fast-hardening, 2 — normal-hardening, and 3 — slow-hardening).

The output variable was the maximum allowable total heat release of concrete during active cement hydration for 28
days (Qmar, MJ/m?). The dataset size was 9375 samples obtained through numerical modeling and parametric analysis.

4 GOST 18105-2018 Concretes. Rules for control and assessment of strength. Garant. URL: https://base.garant.ru/72932108/ (accessed: 02.03.2026).
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When generating the training dataset, the thickness of the foundation slab ranged from 1 to 2 m in steps of 0.25 m.
The heat transfer coefficient ranged from 3 to 23 W/(m?-°C) with a step of 5 W/(m?-°C). The ambient temperature ranged
from 5 to 35°C with a step of 7.5°C. Concrete grades were B25, B30, B35, B40, B45. The heat release function was

determined by equation [23]:
28\
0(1)= 0 exp[/{l—(ﬁj D (1)

where 025 — heat release in MJ/m?® by the 28th day; r — time in days; k and x — parameters determining the heat release
rate; b =4 h — induction period.

The calculation of the thermal stress state was performed in a simplified formulation using the method given in [24].
It had previously been tested repeatedly using experimental data [25].

To calculate the temperature field, a one-dimensional heat transfer equation was used:

o°T oT
A——+W =pc—, 2
0z? pe ot &

where A — thermal conductivity coefficient; 7 — temperature; W= % — density of internal heat sources; p — density;
¢ — specific heat capacity; t — time.

When calculating the temperature fields, the interaction of the slab with the soil mass, whose thickness was assumed
to be constant and equal to 3 m, was taken into account. Thermophysical properties of concrete: p = 2400 kg/m?,
¢ = 1000 J/(kg-°C), A = 2.67 W/(m-°C). Thermophysical properties of the soil: p; = 1800 kg/m?, ¢, = 750 J/(kg-°C),
Ae=0.9 W/(m-°C).

Boundary conditions for convective heat transfer were assumed on the slab surface:

xaa_zm(r_ram,,) -0, 3)
where a — heat transfer coefficient; 7.z, — ambient temperature.

For simplicity, the temperature on the lower side of the soil mass was assumed to be equal to a constant value 7us:

Ty () =T “)

The initial temperature of the entire soil mass was also assumed to be 7., and for concrete — the initial temperature
of the concrete mix 7.

Equation (2) with boundary conditions (3) and (4) was solved by the finite element method. For this, a z- and
t-dimensional mesh was introduced (40 finite elements across the slab thickness, 40 finite elements across the soil
thickness, with 3000 time steps over the 28-day period). The duration and layering of the structure were taken into account
when calculating the temperature fields and stresses. The layer thickness was assumed to be 0.25 m, and the laying time
per layer was 2 hours. Before the layer's “birth”, it was assigned:

— abnormally high thermal conductivity value — A = 1000 W/(m-°C);

— zero heat capacity, which is physically equivalent to the absence of the layer.

After “birth”, the layer was assigned its actual characteristics.

Before and for 12 hours after concrete placement, the foundation slab surface was assumed to be open, with free heat
exchange with the environment and a heat transfer coefficient of 23 W/(m?-°C). After 12 hours, the heat transfer
coefficient was assumed to be equal to the model input variable a. Calculations were performed using a program
developed by the authors in the MATLAB environment.

When calculating the stress-strain state, the strength characteristics of concrete were represented as functions of its
equivalent age 7., determined from the formula [26]:

DM

tyy =——. 5
20 ©)
Here, DM — degree of maturity of concrete determined by the integral:
t
DM = J.T(t)dr, ©)
0

where ¢ — current moment in time, T — integration variable, 7(t) — temperature at the moment in time 7.

Mechanics
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The compressive strength of concrete R was determined by the formula [25]:

R =Ry exp[ [1— 28 B, (7
log—b

where Ros = B + 12 — compressive strength at 28 days; 7., — equivalent age in days; b =0.167 days =4 h — induction

period; s — coefficient depending on heat release kinetics.
Three concrete hardening rates were adopted: fast, normal, and slow. Table | presents the values of the coefficients &
and x in formula (1), as well as the coefficient s in formula (7) for the three hardening rates.

Table 1

Heat Release Rate and Kinetics Parameters versus Hardening Rate

Hardening Rate k X s
Fast (1) 0.14 0.40 0.20
Normal (2) 0.19 0.51 0.35
Slow (3) 0.24 0.62 0.50

Instantaneous modulus of elastic deformation of concrete E and its tensile strength R, were determined through the

compressive strength using the formulas [25]:

R 0.28
E =22265- (—j , ®)
10
R, =0.29R". ©)

Formula (8) was used to calculate the modulus of elasticity for an equivalent age of concrete of at least 12 hours. For
an equivalent age of less than 12 hours, value E was assumed to be zero (it was considered that concrete before the age
of 12 hours was not yet a solid body and there were no thermal stresses in it).

Stress increments Ac, = Ac, = Ac at each time step at all mesh nodes were calculated using the formula [24]:
E(zt
AG:M(AS—GTAT). (10)
1-v
Here v = 0.2 — Poisson's ratio of concrete; ar = 10~ 1/°C — coefficient of linear thermal expansion; AT — change
in temperature at the design node over time AT; Ae — increment in total deformation, determined by the formula:
h

or j * E(2,0)AT(z)dz

Ag = 2 . 1

For each data set [h o Tums B rate], the maximum permissible heat release value Qumae = Oz Was determined at various
initial concrete mix temperatures — from 5°C to T,ms. According to Code Specifications 70.13330.2012 (Load-Bearing and
Separating Constructions), a value of 5°C corresponds to the minimum concrete mix temperature at the start of curing. This
same regulatory document establishes the maximum concrete mix temperature. It should not exceed 30°C when concreting
structures with a surface modulus greater than 3. The limit for massive structures with a surface modulus less than 3 is 25°C.
However, in practice, the maximum temperature requirement is rarely met, thus, in the training dataset, the maximum value
of To was 35°C at the same ambient temperature. Specifying 7o higher than Tomp (€.g., 35°C at Tamp = 5°C) would be physically
unreasonable and would contradict regulatory requirements. In this study, we do not consider winter concreting with
preheated concrete mix, as evident from the minimum ambient temperature taken into account (5°C).

Using the bisection method, Qe = flh, o, Tams, To, B, rate) was determined for the given values of the input variables
from the training set. The search for value Q»g in the range from 20 to 520 MJ/m?, was performed under the condition
that the maximum tensile stress ratio 6/R; was equal to unity. The bisection method was applied with an allowable error
of 1% in finding Oumax


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2285. eISSN 2687-1653

The range from 20 to 520 MJ/m3 was selected for the following reasons. According to [27], the specific heat release
of Portland cement at the age of 28 days can take values from 120 to 513 kJ/kg. The cement content in concrete can vary
from 200 to 600 kg/m?* (SNiP 5.01.23-83%). As a result, for the lower limit of O, 120 kJ/kg - 200 kg/m? = 24 MJ/m> was
obtained. This value was rounded to 20 MJ/m?. The upper limit was 513 kJ/kg - 600 kg/m? = 308 MJ/m>. However, some
cements, such as prestressed cements, have higher heat release than Portland cement. The difference can be as much as
twofold. Therefore, the upper limit was adjusted upward.

Table 2 partially presents the resulting dataset for training the artificial intelligence model.

Table 2
Initial Data for Model Training
No. h, m a, W/(m?-°C) Tamp, °C To, °C B, MPa rate Oumax, MI/m?
1 1 3 5 5 25 1 302.2265625
2 1 3 5 5 25 2 325.6640625
3 1 3 5 5 25 3 298.3203125
4 1 3 5 5 30 1 310.0390625
5 1 3 5 5 30 2 335.4296875
6 1 3 5 5 30 3 310.0390625
7 1 3 5 5 35 1 317.8515625
8 1 3 5 5 35 2 343.2421875
9 1 3 5 5 35 3 321.7578125
10 1 3 5 5 40 1 323.7109375
11 1 3 5 5 40 2 351.0546875
12 1 3 5 5 40 3 333.4765625
13 1 3 5 5 45 1 327.6171875
2341 1.25 8 12.5 5 45 3 136.6992188
2342 1.25 8 12.5 6.875 25 1 168.9257813
2343 1.25 8 12.5 6.875 25 2 167.9492188
2344 1.25 8 12.5 6.875 25 3 120.0976563
2345 1.25 8 12.5 6.875 30 1 177.7148438
2346 1.25 8 12.5 6.875 30 2 175.7617188
2347 1.25 8 12.5 6.875 30 3 125.9570313
2348 1.25 8 12.5 6.875 35 1 185.5273438
2349 1.25 8 12.5 6.875 35 2 183.5742188
9366 2 23 35 35 30 3 64.67773438
9367 2 23 35 35 35 1 62.72460938
9368 2 23 35 35 35 2 78.34960938
9369 2 23 35 35 35 3 66.63085938
9370 2 23 35 35 40 1 64.67773438
9371 2 23 35 35 40 2 81.27929688
9372 2 23 35 35 40 3 69.07226563
9373 2 23 35 35 45 1 66.63085938
9374 2 23 35 35 45 2 83.72070313
9375 2 23 35 35 45 3 71.02539063

% SNiP 5.01.23-83. Standard rates of cement consumption for the preparation of precast and monolithic concrete, reinforced concrete products and
structures. Moscow: Stroiizdat, 1985. (In Russ.)
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As we can see, the resulting dataset consists of six input features and one target variable. To build and validate the
model, the entire dataset was divided into training and test sets. The ratio generation procedure was 80/20, with multiple
cross-validation performed using the Repeated k-Fold Cross-Validation system (k = 5) with a fixed initial random number
generator parameter (random_state = 42).

Before splitting, the values were checked for correctness and the consistency of the variable dimensions. The “rate”

feature was converted to an ordinal variable according to Table 1. Thus, with a total sample size of 9375 observations,
the quantitative component of the training sample was 7500 records for model training and 1875 records for its validation.
The test sample data was used only once to evaluate the generalization ability of the model.

The statistical characteristics of the original dataset are summarized in Table 3. The ranges of variation of the input
and output parameters are also presented. Key indicators include sample size, sample mean, dispersion, and extreme
values of variables. These indicators, taken together, help conduct statistical analysis of the variables, determine their
dispersion relative to the core, demonstrate distribution asymmetry, and derive distribution laws for the data of the

variation series.

Table 3
Original Dataset Statistical Characteristics
Parameter h, m a, W/(m?-°C) Tarmb, °C To, °C B, MPa rate Oumax, MI/m?
Average 1.50 13.00 20.00 12.50 35.00 2.00 129.00
Standard
L 0.35 7.07 10.61 8.39 7.07 0.82 51.36
deviation
Min 1.00 3.00 5.00 5.00 25.00 1.00 38.68
25 % 1.25 8.00 12.50 5.00 30.00 1.00 92.51
50 % 1.50 13.00 20.00 10.62 35.00 2.00 116.19
75 % 1.75 18.00 27.50 16.25 40.00 3.00 154.28
Max 2.00 23.00 35.00 35.00 45.00 3.00 35.87

Machine learning can be viewed as multidimensional interpolation. Hence, the model dependable operation is
guaranteed exclusively within the domain of the input parameters represented in the training dataset. The minimum and
maximum input parameter values listed in Table 3 cover the range of the most common characteristics of massive
monolithic foundation slabs.

To improve the quality of the models, correlations between variables were analyzed. Gradient Boosting and
CatBoostRegressor, implemented via the CatBoost library, were used to analyze data and build a model predicting the
maximum permissible concrete heat generation in massive monolithic foundation slab construction. Random search and
Bayesian optimization methods were used to optimize the model hyperparameters.

Gradient boosting model parameter values for regression (CatBoostRegressor):

— iterations (number of iterations) — 600—2000;

— depth (depth of learning) — 4-12;

— learning_rate (training speed) — 0.01-0.09;

— L2 reg lambda (variable regularization coefficient of the L2 loss function) — 0.001-0.009.

The forecast quality was assessed using the metrics MAE (mean absolute error), MSE (mean square error), MAPE
(mean absolute percentage error), RMSE (root mean square error), and coefficient of determination R?.

To interpret the impact of the parameters under consideration on the model predicted value, a visual feature influence
method (Shap summary plot), based on the Shapley theory, was used. This method allows evaluating not only the
significance of each parameter contribution to the final model prediction but also determining the direction of its
influence. Key properties were used in constructing the Shap summary plot: local accuracy, linearity, symmetry, and the
absence of a missing feature effect (the contribution of a missing feature is zero). This approach demonstrates how much
the prediction results change when changing the values of a specific parameter.
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Research Results. Figure 1 shows the correlation between the input and output parameters of the model. With the
exception of the initial concrete mix temperature and ambient temperature, there is no correlation between the remaining
input parameters, indicating their independence.
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Fig. 1. Correlation matrix

The initial concrete temperature parameter has a significant correlation with the ambient temperature (p = 0.63).
Weak to moderate correlation is observed between the maximum heat release of concrete and the model input parameters:
— foundation slab thickness (p,, /O~ 0.48);

— heat transfer coefficient on the upper surface (p, O~ 0.57).

The quantitative significance of the model parameters by degree of significance is clearly shown in Figure 2:
— surface heat transfer coefficient — 96%;

— foundation slab thickness — 75%;

— ambient temperature — 61%;

— hardening rate — 35%;

— concrete grade — 17%;

— initial temperature of the concrete mix — 14%.

o, W/(m?-°C)

h, m

Tamba °C

rate

To, °C

B, MPa

0 5 10 15 20 25 30
Significance

Fig. 2. Average absolute influence of features on the output variable
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The optimal values of the parameters obtained during the model training process are presented in Table 4.

Table 4
Optimal Values of Model Parameters
Model Parameter Value
Iterations (number of iterations) 1488
Depth (depth of learning) 8
tBoost
CatBoos Learning rate 0.06
L2 leaf reg (L2- regularization to prevent overfitting) 0.006
The performance metrics of the algorithm are given in Table 5.
Table 5
Model Quality Metrics
Metric/Model Value
MAE 0.67
MSE 1.53
RMSE 1.33
MAPE, % 0.52
Rtrain (training) 0.99
Rtest (testing) 0.98

Visualization of the predictions for the training and test sets is shown in Figures 3 and 4, respectively. The target
values T of the output parameter are plotted on the abscissa axis, and the predicted values P are plotted on the ordinate
axis. All points are located very close to the straight line P = T, indicating very high prediction quality.
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Fig. 4. Forecast error graph for the test sample
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Discussion. The significant correlation between ambient temperature and the initial concrete temperature (p = 0.63)
is explained by the fact that the upper limit of the initial concrete temperature was limited by the ambient temperature
when generating the training dataset. The presence of weak or moderate correlation between the input parameters and the
maximum heat release of concrete indicates a complex interaction between individual model parameters. The effect of
parameters on QOnq can be nonlinear or interdependent. For example, slab thickness interacts with the heat transfer
coefficient on the surface. With a large slab thickness, heat transfer from the surface is impeded, resulting in heat
accumulation within the structure. However, with a higher heat transfer coefficient, heat is dissipated more quickly,
reducing the risk of overheating.

All input parameters, with the exception of concrete grade, show a negative correlation with the output parameter
Omax. This is consistent with the physics of the process.

A reduction of the ambient temperature and the initial temperature of the concrete mix, while maintaining the heat
release, results in a decrease in the maximum stress level. A well-known technique is adding ice to the concrete mix when
working in hot climates [28]. Direct injection of liquid nitrogen into the tanks of concrete mixers is becoming an
increasingly popular cooling method [29]. Consequently, with the stress level remaining constant, a decrease in the values
Tumb and Tp will provide an increase in the permissible value QOpax.

The weak positive correlation between concrete grade and maximum permissible heat release arises because the use
of higher-grade concretes results in an increase in tensile strength alongside compressive strength, thereby enabling
structures to tolerate larger temperature gradients.

To better interpret the forecast results, an alternative approach to analyzing model features — Shap summary
plot — was also considered. This method clearly demonstrated the significance of features, the direction of their effect,
and the distribution of their contributions to the target variable values (Fig. 5).
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Shap value (impact on model output)
Fig. 5. Assessment of significance of model features

Analysis of the Shap-graph showed that the greatest effect on the maximum permissible total heat release was exerted
by the slab thickness and the heat transfer coefficient, which determined the intensity of heat removal and the distribution
of the temperature field between the core and surface zones. As the thickness of the structure of massive monolithic slabs
increased, the thermal gradient grew, and the stress in the surface layers increased, which resulted in a decrease in the
permissible heat release. The ambient temperature parameter demonstrated less significance. Its relationship with the rate
of concrete hardening is particularly significant:

— accelerated hardening at high ambient temperatures reduces the maximum allowable heat release of concrete;

— slow hardening at low ambient temperatures increases the maximum allowable heat release of concrete.

Overall, the trend in the effect of the attributes, determined by the analysis of Shap values, coincides with the results
of the correlation analysis.

Conclusion. Most input parameters in the tested model for predicting concrete maximum allowable heat release show
weak correlation, indicating that each factor independently contributes to thermal stress formation during construction of
massive monolithic foundation slabs. This suggests a complex, nonlinear interaction of variables, in which the risk of
early cracking in massive monolithic structures is determined not by a single dominant parameter, but by their
multifactorial impact.

Hyperparameter tuning via Bayesian search methods resulted in high algorithm quality as measured by the specified
metrics: MAE = 0.67; MSE = 1.78; RMSE = 1.33; MAPE = 0.52%.

Mechanics
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Shap analysis of the thermal stress state calculations for structures, considering both time-dependent and temperature-
dependent strength properties of concrete, enabled the contribution of each input parameter to the final predictions to be
determined. The most significant are the foundation slab thickness and the surface heat transfer coefficient. These
parameters have the greatest impact on whether heat generation will reach the permissible maximum.

A comprehensive approach to predicting the maximum allowable heat release of concrete during the construction of
massive monolithic foundation slabs has been developed, based on a combination of finite element modeling and machine
learning methods.

The proposed machine learning model can be used at the preliminary stage of concrete mix design to estimate the
maximum permissible cement consumption. However, further validation using experimental data is required for
widespread implementation in design practice.

The limitations of the present model must also be acknowledged.

1. When training the model, stress levels were determined without taking into account the fast-onset creep of concrete.
The true stress level, when creep is taken into account, will be lower than the calculated value, thus, the developed model
predicts the permissible heat release level with some margin. Further research could focus on incorporating creep into
predictive models.

2. The developed model is applicable to structures in which thermal stresses are caused solely by so-called internal
deformation constraints (cross-sections remain flat despite unequal thermal deformations along the cross-section height).
In addition to internal constraints, the structure may also experience external deformation constraints, such as when a slab
is erected on a bedrock foundation and is rigidly connected to it, limiting the total deformations. The proposed model is
not applicable to structures subject to external deformation constraints. In such structures, the risk of early crack formation
can only be assessed through a comprehensive 3D finite element analysis.

3. In addition to foundations, massive slabs are used as transfer structures, providing interaction between misaligned
columns in the above- and below-ground parts of a building. In this case, the boundary conditions are different (instead
of interaction with the soil mass on the lower surface, heat exchange with the environment occurs). The development of
predictive models for such structures can also be noted as a promising area for further research.
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Abstract

Introduction. The development of coatings capable of reproducing the structural and functional properties of dental
enamel is of considerable interest for dental materials science and biomimetic surface engineering. Despite the progress
achieved in biomimetic calcium-phosphate systems, the most common approaches still rely on multistep protocols that
are highly sensitive to interfacial-layer formation conditions and do not always ensure simultaneous reduction of
deposition time, control of coating morphology, and reproducible surface mechanical response. The objective of this
study was to experimentally evaluate the feasibility of one-step formation of a biomimetic hybrid nHAp/PDA coating in
an electric field using isolated electrodes, and to determine the effect of the deposition mode on surface morphology and
the surface microhardness of the “coating—substrate” system.

Materials and Methods. Segments of native human permanent tooth enamel were used as a model of a natural apatite-
containing substrate. Four surface conditions were compared: native enamel, an nHAp/AA layer formed after acid
conditioning, a PDA/nHAp coating obtained by sequential deposition, and a hybrid coating formed via simultaneous
electric-field-assisted mineralization and accelerated dopamine polymerization. Deposition was performed in a
potentiostatic cell with isolated copper electrodes. Surface morphology was evaluated using scanning electron microscopy
and atomic force microscopy (AFM). Surface mechanical response was assessed by Vickers microhardness testing at a
50 g load, AFM mapping of indentation imprints, and local nanoindentation.

Results. The one-step electric-field-assisted mode was found to produce the densest and most uniform surface layer,
approximately 1 pm thick, with a minimum roughness of about 20 nm. Sample D demonstrated the highest surface
microhardness values, reaching approximately 310 VHN, whereas native enamel showed values of approximately
280 VHN, sample B — about 120 VHN, and sample C — about 190 VHN. One-way ANOVA confirmed a statistically
significant effect of sample type on microhardness (p < 0.001). AFM mapping of the indentation imprints confirmed the
accuracy of optical diagonal measurements on the textured surface.

Discussion. The increased surface microhardness of the electric-field-assisted sample appears to be associated with more
organized interfacial interactions involving polydopamine and a denser packing of the mineral component of the coating.
At the same time, Vickers microhardness testing and AFM nanoindentation characterize different scale levels of the
mechanical response and should therefore be interpreted as complementary methods.

Conclusion. 1t is shown that one-step formation of a hybrid nHAp/PDA coating in an electric field using isolated
electrodes makes it possible to obtain a morphologically organized layer with a surface mechanical response comparable
to that of intact enamel. The proposed approach appears promising for the accelerated formation of functional
organomineral coatings on apatite-containing substrates.

Keywords: electric field, organomineral coating, native enamel, microhardness atomic force microscopy
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AHHOTaLMA

Bgeoenue. PazpaboTKka MOKPHITHI, CIIOCOOHBIX BOCHPOM3BOANTH CTPYKTYPHO-(YHKIMOHAIBHBIE CBOWCTBA 3yOHOW 3MalH,
MPENCTABIISICT 3HAYMTEIIBHBIN UHTEPEC I CTOMATOJIOTMYECKOr0 MAaTePHAJIOBEICHUS U OMOMUMETHYCCKON MHKCHEPUH TIO-
BepxHOCTel. HecMoTpst Ha pa3BuTHE OHOMHMETHIECKUX KaTbIA-PocdaTHBIX crcTeM, Hanbosee pacpoCTpaHEHHbIC TI0I-
XOJIBI TIO-TIPEKHEMY OCHOBAHBI HA MHOTOCTAJUHHBIX TIPOTOKOJIAX, 9yBCTBUTEIIFHBIX K YCIOBHSIM (DOPMUPOBAHMS MeXK(azHOTO
CIIOsI, ¥ He 0OCCTICUUBAIOT B ITOJTHOW Mepe OTHOBPEMCHHOTO COKPAIICHHS BPEMEHHU OCaXKICHHS, KOHTPOJIST MOP(OIIOTHH TI0-
KPBITHS ¥ BOCIIPOM3BOJMMOTO MEXaHIIECKOTO OTKJIMKA MOBepXHOCTH. L{enb maHHO# paboTHI COCTOSIIA B SKCIIEPUMEHTAIBHON
OIIEHKE BO3MOYXHOCTH OTHOCTATUIHOTO (hOPMHUPOBaHUS OHOMUMeTHYeCKOTo THOpraHOr0 nHApP/PDA-TIOKPBITHS B SJICKTPH-
YECKOM I0JIe ¢ MCIIONB30BaHUEM H30JIMPOBAHHBIX 3JICKTPOJIOB, 4 TAKXKE B YCTAHOBJICHUH BITUSIHHUS PEKUMa OCAXKICHUS Ha
MOP(}OTIOTHIO TOBEPXHOCTH U MHUKPOTBEPIOCTH CHCTEMBI «ITOKPBITHE—ITOIOKKAY.

Mamepuanvt u memoosl. B xauecTBe MOJIeTU PUPOJAHON aNlaTUTOBOM IMOJUIOKKH HCIIOIB30BAIM CETMEHThl HATUBHOM
SMaJIH MOCTOSHHBIX 3y00B UenoBeka. CpaBHUBAIN Y€THIPE COCTOSHUS IIOBEPXHOCTH: HATUBHYIO 3Mallb; ciioii nHAp/AA,
c(hOpMUPOBAHHBIN MOCIIE KUCIOTHOTO KOHIUIIMOHUPOBaHUs; TOKpeiTHE PDA/nHAp, morydeHHOE B OCIICA0BATEIFHOM
peXuMe; THOPUAHOE TIOKPHITHE, CPOPMHUPOBAHHOE MIPH OTHOBPEMEHHOH 3JIEKTPOIOJICBON MUHEpAIN3allii U YCKOPEH-
HOW monmuMepu3aiu nfodavuHa. OcaxIeHne BBHIIOIHAIN B MOTCHIIMOCTaTHUECKONW S4YeiiKe C M30JIMPOBAHHBIMU MEJ-
HBIMH JIEKTpoaMu. Mop(hOJIOTHIO TOBEPXHOCTH OIICHUBAIA METOJJAMH CKAHUPYIOUICH 3JICKTPOHHOW M aTOMHO-CHIIO-
BO#1 MuKpockonuu. [I0BepXHOCTHBIN MEXaHHYCCKHI OTKIIMK HCCIIEOBAIH 0 MUKPOTBEPAOCTH BHKKepca mpu Harpy3ke
50 r, AFM-kapTupOBaHHIO OTIIEYATKOB M JIOKAJILHOW HAHOWMHICHTAITUH.

Pezynoemamul uccnedosanusn. YCTaHOBIICHO, UYTO OJHOCTAIUIHBINA JICKTPOIIONEBON PexXHM obecrieunBaeT GOopMUPOBAHNE
HanOoJIee IUIOTHOTO W PABHOMEPHOTO OBEPXHOCTHOTO CJIOS TOJNIIMHOM Topsiaka 1 MKM ¢ MUHUMAIBHOM MIEPOXOBATOCTHIO
okoio 20 aM. Jlims oOpasma D 3apermcTpupoBaHbl HaUOOJBININE 3HAYCHUS MMOBEPXHOCTHOW MHUKPOTBEPIOCTH — OKOJIO
310 VHN; ans HatuBHOM dMaimm oHM coctaBuiu okosio 280 VHN, mis o6pasma B — oxomo 120 VHN, anst obpasma
C — oxkoio 190 VHN. OnHogakTOpHBIH TUCTICPCHOHHBIN aHAIN3 MTOTBEPANIT CTATUCTUYCCKH 3HAYMMOC BIIMSHUC TUIIA 00-
pastia Ha MUKpOTBEPAOCTH (p < 0,001). AFM-KkapTHpoBaHHE OTIIEYaTKOB MOATBEPIMIO KOPPEKTHOCTH ONTHYECKOM OIEHKH
JMaroHaje Ha TeKCTYPUPOBAHHOW TTOBEPXHOCTH.

Odbcyscoenue. T1oBbIIeHUE TOBEPXHOCTHON MUKPOTBEPIOCTH 00pa3ia, CHOPMHPOBAHHOTO B DJIEKTPOIIOIEBOM PEKUME,
CBSI3aHO, MMO-BUIMMOMY, C 0OJIee OPraHU30BaHHBIM MEXK(Da3HBIM B3aUMOJICHCTBUEM TP YIacTUU nonuaodhaMuHa u 60-
Jlee TUIOTHOM YIMAaKOBKOW MUHEpaJbHOM cocTaBistomed mokpeiTus. Ilpu 3toM MukpoTBEépAocth Bukkepca u
AFM-HaHOWHACHTAINS XapaKTePU3YIOT pa3IMdHbIe MacIITaOHBIE YPOBHH MEXaHWYECKOTO OTKJIMKA M JOJDKHBI HHTEP-

MPETUPOBATHCA KaK B3aUMOJOIOJHAOINC METOAbI.
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3aknrouenue. TlokazaHo, 4To omHOCTaAMIHOE popMupoBanue ruOpuaHOro NHAP/PDA-TIOKPHITHS B 3JIEKTPHYIECKOM TIOJIE C
HCTIOJIb30BAHUEM H30JIMPOBAHHBIX AJIEKTPOJIOB MO3BOJISIET MOIYYUTH MOP(OIOTHIECKH OPraHU30BaHHBIN CIIOH C TOBEPXHOCT-
HBIM MEXaHHYECKHM OTKJIMKOM, COTIOCTABUMBIM C HHTAKTHON 3Mabi0. [Ipe/ioxeHHbIi MOAXO0/ MPE/ICTABISET HHTEPEC /IS

YCKOPEHHOTO (hOPMHUPOBAHUS (PYHKINOHATHEHBIX OPraHOMUHEPATBHBIX MTOKPBITHIA HA allaTHTCOICP)KAIINX MOIIOKKAX.

KaioueBble cioBa: QJICKTPUYCCKOC II0JIC, OPraHOMUHEPAJIBbHOC MOKPBLITUC, NPUPOJAHASA 3SMaJlb, MPIKpOTBépL[OCTL,
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(LNLS)» Bpasunbckoro neHtpa uccienoBanuil B oonacti sHepretuku u marepuaioB (CNPEM) 3a npenocrasienHoe
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®unancupoBanue. Pabota BEIMONHEHAa TpH mojanepxke Poccuiickoro HaywHoro ¢onpma, mpoekT Ne26-15-20057,
https://rscf.ru/project/26-15-20057

Jdas  uurtupoBanusi. Cepemun [1.B., Tomnomramos J.JI., JlurtBunoBa T.A., [exuwu O.B., Hnmomwuros 0.A.
OnektpononeBoe (GOpPMHUPOBaHHE OHOMHMETHYECKOIO OPraHOMUHEPAJIHLHOTO ITOKPHITHA HA INPUPOAHOM 3Maju
YeJI0BEe4eCcKoro 3yba: Mop(oIorus 1 MoBEPXHOCTHBIE MEXaHUUeCKUe CBoicTBa. Advanced Engineering Research (Rostov-
on-Don). 2026;26(2):2679. https://doi.org/10.23947/2687-1653-2026-26-2-2679

Introduction. Enamel is a highly mineralized, hierarchically organized tissue, whose mechanical characteristics are
determined by the orientation of apatite crystallites, compositional gradient, and structural anisotropy [1]. The scientific
and applied significance of developing coatings capable of partially reproducing or restoring the specified characteristics
is associated not only with the tasks of local regeneration of hard dental tissues, but also with the creation of controlled
biomimetic systems in which the interphase organization and mechanical response are regulated by the composition and
mode of formation of the coating [2].

Modern approaches to remineralization and the production of enamel-like coatings include systems based on
functional inorganic materials, organic matrices, and polymer carriers [3]. A separate direction is represented by hydrogel
systems that make it possible to simulate a gel-like mineralization environment and control the local delivery of ions [4].
Hydroxyapatite (nHAp) is of significant interest as a functional material with high bioactivity and structural similarity to
the mineral phase of hard tissues [5]. Clinical and materials science reviews confirm the high potential of hydroxyapatite-
containing systems for the prevention of damage and restoration of enamel [6]. However, the use of predominantly
mineral systems does not always provide stable adhesion of the coating to the enamel surface and controlled interphase
organization at the coating — substrate interface, which limits the reproducibility of the morphology and mechanical
properties of the formed layer.

At the same time, polydopamine (PDA) is considered as one of the most universal interfacial components due to its
pronounced adhesive properties and the ability to initiate the binding of the inorganic phase to the substrate [7]. Modern
reviews devoted to the chemistry of polydopamine show that such films not only stabilize the surface, but also form a
functional interphase capable of directing mineral formation [8]. Although accelerated deposition schemes involving the
CuS0O4/H,0> system can significantly reduce the time to obtain a more uniform layer [9], the problem of reproducible
control of the morphology and interphase organization of hybrid coatings remains challenging. For dental applications, it
is important that PDA is able to initiate mineral formation on demineralized enamel [10] and enhance the remineralization
effect in one-step coatings combining polydopamine and fluoride ion [11]. It is also shown that polydopamine coatings
affect the nature of nucleation of the calcium phosphate phase on the surface of mineralized substrates [12].

At the same time, alternative biomimetic matrices, including amelogenin-like systems, are capable of directing the
oriented formation of an enamel-like mineral structure, but, as a rule, require more complex multistage protocols [13].
Electrokinetic approaches, on the contrary, improve the transport of ions into the thickness of the enamel, but by
themselves do not solve the problem of controlled interfacial organization of a hybrid coating [14]. Previous work by the
authors shows the possibility of rapid deposition of hybrid hydroxyapatite-polydopamine layers on natural enamel [15].
However, the question of whether one-step coating formation in an electric field with isolated electrodes can
simultaneously ensure reduced deposition time, controlled morphology, and a reproducible surface mechanical response,
remains insufficiently studied. The possibility of more localized control of deposition processes and interphase interaction
under conditions of spatial separation of electrode processes, which potentially makes it possible to increase the
homogeneity and structural organization of the formed hybrid layer, is of particular interest.
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The objective of this work is to experimentally evaluate the possibility of one-step formation of a hybrid nHAp/PDA
coating in an electric field using isolated electrodes, as well as to establish the effect of the deposition mode on the surface
morphology and surface microhardness of the coating — substrate system.

This study answers the following questions.

1. Does a one-step electric-field-assisted mode provide a more uniform and structurally organized coating compared
to sequential deposition schemes?

2. Are morphological changes in the surface accompanied by an increase in surface microhardness?

3. Are the results of Vickers microhardness and local AFM nanoindentation consistent in assessing the mechanical
response of the formed hybrid layer?

Materials and Methods. The study included the following main phases.

Phase 1: Preparation of dental enamel samples. Enamel segments from permanent human teeth without visible carious
lesions, cracks, or restorations were used as substrates. The enamel samples were prepared, processed, and the test series
were formed according to a protocol previously described in detail for a related deposition system [15]. At the selection
phase, the teeth were subjected to a cursory clinical examination to confirm the absence of carious lesions, defects,
including erosions and wedge-shaped lesions, as well as visually detectable changes in the enamel structure.

Dental enamel segments measuring 5x5 mm? and approximately 2 mm thick were obtained using a low-speed
diamond saw with water cooling. After segmentation, the sections were placed in sealed containers with constant
humidity, where they were stored until the start of experimental studies.

Phase 2: Formation of series A and B. Sample A represented native enamel and served as a control group. To obtain
Sample B, the native enamel surface was conditioned with 37% phosphoric acid for 30 seconds, followed by deposition
of an nHAp/AA layer.

Phase 3: Formation of series C. After surface conditioning with 37% orthophosphoric acid for 30 s and subsequent
alkaline activation, a hybrid layer was sequentially formed: first, dopamine was polymerized for 2 h, then nHAp was
deposited. This resulted in a PDA/nHAp coating, which allowed evaluating the contribution of polydopamine to the
sequential organization of the interfacial layer and mineral phase.

Phase 4: Formation of series D. Sample D was obtained in one step by combined electric field mineralization and
dopamine polymerization. The coating was formed in a potentiostatic cell with insulated copper electrodes that were not
in contact with the working solution. The basic one-step deposition mode included a TRIS buffer with pH = 8.5, dopamine
hydrochloride — 2 mg/ml, 5 mM CuSO4 6H>0, 20 mmol H>O,, suspension with a mean particle size of 20-30 nm and a
final concentration of 1 mg/ml. Aspartic acid was used as the amino acid component at a concentration of 0.1 mg/ml. The
voltage was approximately 45 V, the distance between the electrodes was approximately 4 mm, and the process duration
was 4 h. The use of the Cu?"/H.0: system was consistent with published data on the accelerated deposition of more
homogeneous PDA films [8]. This design allowed for a sequential evaluation of the contributions of pretreatment, mineral
phase, polydopamine, and the electric field. A separate control series without an electric field or without an accelerating
system was not included in this study, which was taken into account when interpreting the results obtained.

Phase 5: Morphological analysis of the samples obtained. The surface morphology was examined using scanning
electron microscopy (SEM) on a JEOL JSM-6700F instrument (JEOL, Japan) and atomic force microscopy using the
IMBUIA-nano ultramicroscopy setup at the Brazilian Synchrotron Radiation Laboratory (LNLS), which combined
scanning near-field optical microscopy (s-SNOM) with infrared radiation from the synchrotron. SEM was used to assess
layer continuity, substrate overlap, and determine coating thickness on transverse cleavages. IMBUIA-nano equipment
was applied to analyze nanorelief, surface profiles, and indentation geometry. Roughness was quantified using parameter
Raon 10 x 10 um scans. The selection of these techniques and their application parameters followed the previously used
protocol for studying hybrid coatings on enamel [15, 16].

Phase 6: Assessment of mechanical properties and statistical processing. Surface mechanical properties were assessed
by Vickers microhardness using an HVS-1000 device (TIME Group Inc., China) at a load of 50 g and a holding time of
15 s; 10 measurements were performed for each sample. Since the thickness of the coating was finite, the measured value
was interpreted as the surface microhardness of the composite coating-enamel system, and not as the intrinsic hardness
of the isolated layer [16]. For sample D, AFM mapping of Vickers fingerprints and local analysis of DvZ/DFL curves
were additionally performed.

This sequence of phases made it possible to compare the effect of pretreatment, the method of forming the hybrid
layer, and the deposition mode on the morphological and mechanical characteristics of the coating-enamel system.
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Statistical processing of the results was performed using one-way ANOVA analysis of variance followed by multiple
pairwise comparison of groups using the Tukey test; differences were considered statistically significant at p < 0.05.

Research Results. In accordance with the objective of the work, the morphology of coatings formed in different
modes was first analyzed, and then their surface mechanical response was assessed. A comparison of the coating
formation modes showed that the type of interphase interaction affects significantly the final surface morphology
(Table 1). For sample B, in which an nHAp/AA layer was deposited after pretreatment, a developed, but thin and poorly
integrated layer with a thickness of about 0.4 um was formed. According to morphometric analysis, the surface roughness
in this series reached 47.8 + 5.6 nm, while for native enamel, it was 22.1+3.4 nm. With the sequential introduction of
polydopamine in sample C, the coating thickness increased to approximately 0.9 um, and parameter Ra decreased to
25.4 £3.2 nm. The most pronounced effect was recorded for sample D: the one-step electric-field-assisted mode provided
a more uniform substrate coverage and the formation of a dense layer 1.0-1.2 um thick with a minimum roughness
of 18.3 = 2.6 nm, which may indicate a higher degree of morphological ordering of the coating.

According to AFM data, sample D is characterized by the presence of ordered nanoaggregates of approximately
50-80 nm in size, forming a distinct relief and denser surface packing. The presence of denser packing and ordered
nanoaggregates is consistent with the assumption of a more organized interfacial structure of the coating [13, 18].

Table 1
Vickers Surface Microhardness at a Load of 50 g

Indicator A, native enamel B, nHAp/AA C, PDA/nHAp D, (electric-field-assisted)

VHN, M£SD 280+20 120£10 190+13 310+22

Microhardness measurements showed that the minimum value was found for sample B — approximately 120 VHN.
For sample C, an increase in hardness to approximately 190 VHN was recorded. The maximum values were obtained for
sample D — approximately 310 VHN, which is slightly higher than the average value for native enamel — approximately
280 VHN. One-way analysis of variance showed a statistically significant effect of sample type on microhardness
(p <0.001). According to post-hoc analysis using Tukey test, significant differences were found between all pairs of
samples, with the exception of pair A-D, which indicated the absence of statistically significant differences between
sample D and intact enamel under the conditions of the experiment.

To verify the mechanical properties of sample D, optical images of the Vickers indenter marks on native enamel and
in the electric field series were first analyzed (Fig. 1 a, b). To more accurately determine the geometry of the marks on
the textured surface, they were then further examined using AFM mapping (Fig. 1 ¢, d). According to this analysis, for
sample D, values of about 320 VHN were obtained at a load of 50 g and about 290 VHN at a load of 10 g. The obtained
values are consistent with the results of the optical microhardness tester and confirm that the high level of surface
microhardness is not an artifact of measuring the diagonals of the indentation on the textured surface (Fig. 1 a—d).

0 2 4 6 8 10 12 pm 0 2 4 6 8

10 12 pm

pm um
2 2
4 1.2 4 16
6 6 1.2
0.8
8 8 0.8
10 0.4 10 o
12 12 :
pm 0.0 0.0

o d)

Mechanics



https://vestnik-donstu.ru

Seredin PV, et al. Electric-Field-Assisted Formation of a Biomimetic Organomineral Coating ...

DFL, nA
800
600
0.5
400
200
0
0.0

—600 —400 -200 0 Zi, nm
e /)

Fig. 1. Mechanical characterization of native enamel and sample D: a, b — optical images of Vickers indenter prints;
¢, d — AFM topography of prints; e — typical force curve of local AFM nanoindentation;
f— AFM image of the surface area where the force response was recorded

To further evaluate the local mechanical response of the near-surface layer, AFM nanoindentation was performed.

During local AFM nanoindentation at depths less than 50 nm, the response of the near-surface PDA-rich shell with a
Young's modulus of approximately 1 GPa was recorded. A typical force curve is shown in Figure 1 d, and the surface
region where the force response was recorded is shown in Figure 1 f.

Discussion. The results obtained show that the higher surface microhardness of sample D is associated not only with
the presence of the mineral component, but also with the nature of the interfacial organization of the hybrid layer. This is
consistent with existing data indicating that polydopamine can act as an adhesive interphase and simultaneously affect
the early stages of mineral formation [8, 10, 12].

Compared to sample B, which formed a thin and poorly integrated layer after acid conditioning, and sample C, where
the morphology improvement was achieved mainly due to the sequential introduction of PDA, the electric-field-assisted
mode provided a denser coating packing and a more uniform substrate overlap. Probably, a more organized interphase
structure and reduced localized coating heterogeneity contributed to a stable distribution of mechanical load under
indentation. However, the presented data do not allow us to definitively link the increase in hardness solely to the effect
of the electric field, as chemical acceleration of polymerization could also have made a significant contribution.

Crucially, the recorded microhardness characterizes not the isolated coating, but the composite coating — substrate
system. Comparison of the layer thickness of approximately 1.0-1.2 um with the strain scale under a 50 g load shows
that the substrate contribution to the measured mechanical response remains significant. Therefore, the obtained values
are more accurately interpreted as the surface microhardness of the system as a whole. In this sense, Vickers indentation
and AFM nanoindentation data are complementary: the former reflects the integrated response of the hybrid layer and the
substrate, while the latter characterizes the local properties of the near-surface PDA-rich shell [16].

The obtained data confirm that the combination of an organic interphase and a mineral component can play an
important role in the formation of mechanically stable enamel-like coatings. The results are consistent with modern
approaches, according to which the most promising biomimetic materials for hard tissues combine a controlled organic
interphase and a mineral component [2, 17, 18]. In this context, a one-step scheme with isolated electrodes is of interest
not only as a remineralization option, but also as an engineering strategy for the accelerated formation of an organized
surface layer. A limitation of the study remains the lack of a dedicated control series that would allow for a complete
separation of the contributions of the electric field and chemical polymerization accelerator. This makes it impossible to
fully separate the contributions of the electric field and chemical accelerator to the observed changes in the morphology
and mechanical properties of the coating. Further research should include dedicated control modes and an assessment of
the long-term stability of the resulting coatings, including the use of a combination of machine learning methods and
algorithms [19].

Conclusion. A method has been developed for the one-step formation of a hybrid nHAp/PDA coating in an electric
field using insulated electrodes.

It is shown that the electric field mode provides the formation of a denser and morphologically organized layer
compared to sequential deposition schemes and is accompanied by the highest values of surface microhardness — up to
310 VHN at a load of 50 g.
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The results of AFM analysis of the indentations and local nanomechanical testing confirm the consistency of the
mechanical response assessment at different scale levels.

The data obtained allow us to consider the proposed approach as a promising method for accelerating the formation
of functional organomineral coatings on apatite-containing substrates. Further research should be focused on varying the
electric field parameters, controlling the layer thickness, and assessing the long-term stability of the coating under
combined chemical-mechanical effects.
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Introduction. Ensuring and improving the availability of web resources on the Internet is a crucial task for developers of
information systems. A critical role in the page accessibility via the Hypertext Transfer Protocol (HTTP) is played by the
protocol version and its transport-level implementation. The QUIC (Quick User Datagram Protocol Internet Connections)
protocol, developed by Google, provides an increase in resource loading speed through the use of User Datagram Protocol
(UDP) in HTTP/3. However, QUIC has an experimental status, and existing research primarily focuses on theoretical
aspects or general performance metrics in the global network. At the same time, the following aspects remain
insufficiently studied: simultaneous comparison of three protocol versions under unified controlled conditions, practical
complexities of configuration and the effect of congestion control algorithms on application-level metrics, labor costs for
implementation and configuration, tuning efforts, and quantifying gains under controlled condition.

These gaps create a disconnect between theoretical expectations and practical implementation. Therefore, the objective
of this study is to experimentally evaluate the applied performance of HTTP/3 (QUIC) under controlled conditions on a
unified testbed, including a comparison of HTTP/1.1, HTTP/2, and HTTP/3, an analysis of the impact of the CUBIC and
BBR congestion control algorithms, and documentation of the HTTP/3 server configuration procedure.

Materials and Methods. A testbed was deployed based on a virtual server running the Linux operating system (OS) and
the nginx web server supporting HTTP/1.1, HTTP/3 (QUIC), and congestion control algorithms CUBIC and Bottleneck
Bandwidth and Round-trip propagation time (BBR). The Google Chrome browser over a 4G network was used as the
client. Performance was evaluated using the Time to First Byte (TTFB) metric, file download speed, and total web page
load time. Measurements were performed multiple times using Chrome DevTools and client-side scripts. The paper
provides a detailed description of the server configuration process for enabling HTTP/3.

Results. The experiments showed that using HTTP/3 (QUIC) reduced the time to first byte by 23.06% and accelerated
full page load by 9.5% compared to HTTP/1.1. The theoretical model predicted a TTFB reduction of 71.43% due to the
combined QUIC and TLS 1.3 handshake. The observed discrepancy was attributed to the specifics of UDP traffic
processing by internet service providers, the experimental status of the implementation, and mobile channel instability.
When downloading large files, the CUBIC and BBR algorithms provided comparable average speeds (=13.12 MB/s and
12.75 MBY/s, respectively). However, BBR transmitted 18.2% more data within the first three seconds, demonstrating
faster ramp-up to operational speed and a more stable transfer profile.

Discussion. Practical results partially differed from theoretical estimates: the observed latency reduction was lower than
expected due to Transport Layer Security (TLS) implementation features, UDP traffic processing by Internet providers,
and hardware characteristics. It is shown that the advantages of QUIC/HTTP/3 are most noticeable under conditions of
multiple short requests and high latency. The advantage of BBR over CUBIC is realized not in long-duration transfers,
but when loading numerous small page resources — a typical web interaction scenario. To improve the reliability of
performance evaluation, further experiments are planned under various network conditions, protocol implementations,
and geographically distributed clients.

Conclusion. The study confirmed the advantages of HTTP/3 (QUIC): TTFB decreased by 23.06%, and page load time
by 9.5%. However, the theoretical model predicted a greater reduction, indicating the influence of implementation and
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network environment factors. The comparison of CUBIC and BBR revealed the advantage of BBR when transferring
small-sized files. Despite the complexity of HTTP/3 configuration, the transition is justified for services with a significant
number of resources. The experimental limitations indicate the need for further studies under different network scenarios.
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(P PeKTUBHOCTH U MEPCINEKTUBBI IKCIEPUMEHTAIBbHOI0 MpoTokoja Quick User Datagram
Protocol Internet Connections
J. Paxmanm = <, C.II. CyxapeB '~ <

MoCKOBCKHiT TEXHUYECKUIT YHUBEPCUTET CBsI3H U nH(opMaTHky, I. MockBa, Poccuiickas denepanus
X4 s.p.subharev@mtuci.ru

AHHOTALINA

Beeoenue. OGecrieueHne 1 MOBHIICHUE JOCTYITHOCTH BeO-peCypcoB B ceTH MIHTepHET NpeCcTaBiIsIeT co00i akTyalbHyTO
3ajady Uil pa3pabOTUYMKOB MH(POPMAIMOHHBIX CHCTeM. KpUTHYeCKyro poiib B JOCTYIIHOCTH CTPAHHMI[ IO NPOTOKOIY
Hypertext Transfer Protocol (HTTP) urpaet Bepcus MpoTOKOJIa U €r0 peaTn3alysi Ha TPAaHCTIOPTHOM ypoBHE. [TpoTokon
Quick User Datagram Protocol Internet Connections (QUIC), pa3paboTtannslit kommanueir Google, mo3BosieT JOOUTHCS
MIPUPOCTa CKOPOCTH 3arpy3KH pecypcoB 3a cuéT nmpuMmeHeHus nporokoia User Datagram Protocol (UDP) 8 HTTP/3. On-
Hako QUIC uMeer cTaTyc SKCIIEPUMEHTAIBLHOTO, & B CYIIECTBYIOIIMX MCCIEAOBAHUAX OCHOBHOE BHUMAHHUE YAEISETCS
TEOPETHYECKUM acCIieKTaM WIJIM OOIIMM IMOKa3aTelisiM B ro0aibHOM cetu. [Ipu 3TOM ocTaroTcsi HEAOCTAaTOUHO M3Y4eH-
HBIMH: OJTHOBPEMEHHOE COIOCTABJIEHHE TPEX BEPCH IPOTOKOJIA B €JMHBIX KOHTPOJIUPYEMBIX YCIOBHSX, IPAKTHUECKHE
CJIO’KHOCTH KOH(UTypUPOBaHUS M BIIMSIHHE AITOPUTMOB KOHTPOJISI IEPETPY30K HA MPUKIIAHBIE METPUKH; TPYA03aTPAThI
Ha BHEJPCHHE U HACTPOUKY; YCHIIHS 110 HACTPOHKE M KOJIMYECTBEHHAs! OLICHKA BEIMTPHIIIA B KOHTPOINPYEMBIX YCIOBHSX.
VYka3zaHHbIE ITPOOEIBI OPMUPYIOT Pa3pbiB MEKIY TEOPETHUSCKUMH OXHIAHUSAMH M IpaKTHIeCcKOW peanusanueit. [lo-
3TOMY HENbI0 JAHHOTO HCCIIEJOBAHMS SBWJIACH SKCIEPHUMEHTaNbHasl OleHKa npuknagHoi s¢dexrusHoctn HTTP/3
(QUIC) B KOHTPOJIUPYEMBIX YCIOBHUSIX HAa €IHHOM TECTOBOM CTEHIIE, BKItoUaromas conocrasienue HTTP/1.1, HTTP/2,
HTTP/3, ananu3 BiausiHus anroputMoB KoHTpods neperpy3zok CUBIC u BBR u nokymeHTHpoBaHue npoueaypbl KOHPH-
rypuposanust HTTP/3-cepsepa.

Mamepuanvi u memoowt. J1ns1 viccienoBaHust ObUT Pa3BEPHYT TECTOBBIM CTEH] HA OCHOBE BHPTYAIBHOTO CepBepa IMoJ
ynpasnenueM omnepaionHoi cucremsl (OC) Linux u BeG-cepBepa nginx ¢ nognepxxkoit HTTP/1.1, HTTP/3 (QUIC), a
Takke anroputMoB kKoHTpours neperpy3ok CUBIC u Bottleneck Bandwidth and Round-trip propagation time (BBR). B
KavecTBe KIMEeHTa ucnonb3oBaics Opaysep Google Chrome B cetr 4G. [Ipon3BoANTEIBHOCTH OLIEHUBANIACH 110 METPHUKE
Time to First Byte (TTFB), ckopocTtu 3arpy3ku ¢aiiioB 1 BpeMeHH OTHOH 3arpy3Ku BeO-CTpaHUIEL. 3aMephl BHITIOTHS-
JIMCh MHOTOKPATHO ¢ Hcrnionb3oBanneM Chrome DevTools 1 KineHTCKUX CKpHIITOB. B cTaTthe moapoOHO omrcaH mporece
HACTpOUKHU cepBepa ans padote ¢ HTTP/3.

Pe3ynromamut uccnedosanuii. JkcriepuMeHTh okaszanu, yto npuMmenenrne HTTP/3 (QUIC) cokpaiaeT Bpems 10 mep-
Boro Oaiita Ha 23,06 % M YCKOPSET MOIHYIO 3arpy3Ky cTpaHullpl Ha 9,5 % mo cpaBuenuto ¢ HTTP/1.1. Teopetnueckas
MoJienb mporuosuposaina camwkenne TTFB na 71,43 % 3a cuét oobeaunénnoro pykomnoxarus QUIC u TLS 1.3. Bsiss-
JICHHOE PacxXoJieHHe 00yCIIOBIeHO ocobeHHOCcTs MU 00paboTki UDP-Tpaduka oneparopaMu, SKClIepUMEHTAIbHBIM CTa-
TYCOM peaJIU3aliy U HeCTaOMIBHOCTBIO MOOMIbHOTO KaHaa. [Tpu ckaunBanuu kpynHbIX ¢aiinos anroputmbl CUBIC n
BBR obecneunim conocTaBUMYI0 cpenHioio ckopocTs (=13,12 u 12,75 MbB/c cootBetcTBeHHO). OntHako BBR 3a epBrie
TpHY CeKyH[bI Tepenan Ha 18,2 % Ooplie JaHHBIX, IEMOHCTPUPYS OoJiee OBICTPHIN BBIXOA Ha pabodyI0 CKOPOCTh U CTa-
OMITBHBIH IPO(UITH TIepeaayn.

Oécyacoenue. TIpakTuueckue pe3yabTaThl YACTUIHO PACXOIATCS ¢ TEOPETHIECKUMH OLICHKAMH: CHIDKCHUE 3aJEPIKKH
0Ka3aJIOCh MEHbIIE NPOTHO3UPYEMOro u3-3a ocobeHHocTel peanmsammu Transport Layer Security (TLS), o6pabotku
UDP-tpaduka npoBaiiiepamu u XapakTepucTuk obopynoBanus. [lokazano, uto npeumymecta QUIC/HTTP/3 naubo-

Jiee 3aMETHBI IIPH MHOXKECTBEHHBIX KOPOTKHX 3alpocax M BHICOKHX 3amepikkax. [IpemmymectBo BBR mepen CUBIC
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peanu3yercs He Ha JUTUTENbHBIX Tlepeadax, a Mpu 3arpy3ke MHOXKECTBa HeOOIIbIINX PECYPCOB CTPAHULIBI — THITUYHOT'O
CleHapHsl BeO-B3auMoIeicTBU. J{7Is1 IOBBIICHNS JOCTOBEPHOCTH OIICHKH MPOU3BOJAUTEIIEHOCTH TUIAHUPYETCS PACIIIH-
PEHHUE DKCIIEPUMEHTOB C Pa3IMYHBIMU CETEBBIMHU YCIOBUSIMH, peaM3allisIMU MMPOTOKOIA U reorpaduuecKku pacrpee-
NEHHBIMH KJIMECHTAMH.

3akarouenue. Viccnenoranue noarsepmmio npeumytmectso HTTP/3 (QUIC): TTFB cuusmiics Ha 23,06 %, BpeMs 3a-
rpy3ku cTpaHunbl — Ha 9,5 %. [Ipu 3TOM TeopeTHdeckass MOJICTb MPOTHO3UPOBANIa 00JIee CYIICCTBEHHOE COKpAIICHUE,
YTO yKa3bIBaeT Ha BIUSHUE ocoOeHHOCTel peanu3anuu u ceteBoit cpenpl. Cpapaenne CUBIC u BBR BeisiBUIIO TpenmMy-
mectBo BBR npu nepenade aiinoB manoro oopéma. HecmoTpst Ha ciokHOCTh KoHpUrypuposanus HTTP/3, mepexon
OTIpaBJIaH [UIs CEPBUCOB CO 3HAYUTEIBHBIM KOJIMYECTBOM pecypcoB. OrpaHIUYCHHS 3KCIIEPUMEHTA TPEOYIOT PacIIHpCHHS

HUCCIIEIOBAaHUM B Pa3JINYHBIX CETCBBIX CHCHAPUAX.

KiroueBbie cioBa: QUIC, HTTP/3, mpoToKoIbI TPaHCHOPTHOTO YPOBHS, alrOPUTMBI KOHTPOJS Teperpy3ok, BBR,
CUBIC, TTFB, npou3BOIUTEIHHOCTD BEO-TIPHIOKCHHIN

BaarogapHocTH. ABTOpHI  BBIPOKAIOT HWCKPCHHIOK IPHU3HATEIBHOCTH COTpyAHUKaM Kadenpel «CereBbie
nHPOPMALMOHHBIE TEXHOJIOTHH M CEPBHCHD MOCKOBCKOTO TEXHHYECKOTO YHHUBEPCHUTETA CBA3M W MHPOPMATHKU 32
MOJIICPKKY B MpoBeaeHun uccienoBanusa. Ocobast 6aromapHOCTh BBIpaKaeTcsl peAaKIMOHHOW KOMaHJIE JKypHaia 3a
BHUMATEIBHOC OTHOIICHUE K PYKOIWCH, OICPATHBHOE COMPOBOXKICHHE MOATOTOBKH MYOJNHKAIIMA M OpPTaHHU3ALUI0

npoliecca pereH3nPOBaHHsL.

Jasi mutupoBanus. Paxmanu JI., Cyxapes C.I1. DpdekTHBHOCTh W NEPCIIEKTHBBI AKCIIEPUMEHTAIHLHOTO MPOTOKOJIA
Quick User Datagram Protocol Internet Connections. Advanced Engineering Research (Rostov-on-Don).
2026;26(2):2228. https://doi.org/10.23947/2687-1653-2026-26-2-2228

Introduction. Today, available web resources constitute a valuable knowledge base and are an integral part of the
operations of organizations across different sectors. The development of the online advertising market is a key factor in the
growth of the entire advertising industry in the Russian Federation [1]. Providing comfortable interaction of the end user
with information systems on the Internet is a priority task for companies of any scale. The research shows that even a slight
increase in web page performance can have a significant positive impact on the financial performance of a business [2, 3].

Data is transmitted to the World Wide Web (WWW) via the HTTP protocol, which has three main versions [4]. Web
server support for modern protocols can favorably affect the user experience when browsing websites [5]. HTTP/3 is
based on the Quick User Datagram Protocol Internet Connections (QUIC) protocol [6], which was developed as an
alternative to the Transmission Control Protocol (TCP) used in previous versions of HTTP [7], in order to increase the
speed and security of Internet connections.

Analysis of the current literature identifies both the progress made and major discrepancies within the findings. In [8],
the results of the large-scale deployment of QUIC in the Google infrastructure are presented: the delay in search service
responses decreased by 8.0% for desktop platforms and 3.6% for mobile users, the frequency of video playback
interruptions decreased by 18.0% and 15.3 %, respectively. The authors note that the gain grows with an increase in the
Round-Trip Time (RTT) metric and packet loss, but it turns out to be lower than theoretically expected, including due to
implementation limitations and the specifics of operators' network equipment. This means that transferring conclusions
to moderate-scale deployments requires independent experimental verification.

The authors [9] compared QUIC and TCP in a laboratory environment with a locally installed server and found
minimal differences between HTTP/2 and HTTP/3 in multithreaded transmission. In another article, [10], on the contrary,
in a similar scenario with a loss rate of 12%, a five-fold advantage of HTTP/3 over HTTP/2 was recorded. This
contradiction is due to the difference in network conditions. It remains unresolved in relation to regular deployment
without simulated network disruptions. At the same time, the works do not include HTTP/1.1 as a starting point for
comparisons and do not contain data on the TTFB metric.

In [11], client-server protocols were investigated from the standpoint of fault tolerance and security under real network
conditions. It was found that when switching to QUIC, the actual performance gain varied depending on the configuration
of the intermediate network equipment. This conclusion is consistent with the observation of the authors [8] about the

discrepancy between the theoretically expected and practically achieved gains from the protocol.
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Review paper on the prospects of HTTP/3 and QUIC [12] shows that the combined QUIC handshake and built-in
TLS 1.3 encryption form the theoretical basis for significantly reducing latency. However, the researchers point to
difficulties in practical deployment due to the immaturity of protocol support in server software. Moreover, the paper
does not provide a specific configuration procedure.

Paper [13] has documented that 19.38% of requests in a large mobile web service fall into the slow-start phase, where
the statically set initial congestion window size does not correspond to the actual bandwidth. This study thus confirms
that the slow start mechanism of the CUBIC algorithm creates measurable delays when transferring small files, which are
typically used to make up web pages, which serves as a basis for studying BBR as an alternative solution.

Paper [14] substantiated a BBR algorithm that used channel capacity and propagation delay estimation instead of
packet loss as a congestion signal. Deployment of BBR in Google B4 backbone network resulted in throughput increases
of 2-25 times compared to CUBIC. However, the paper analyzed aggregated throughput metrics, while the dynamics of
the transmission rate over time (the sawtooth profile characteristic of CUBIC compared to the more stable BBR profile)
were not experimentally visualized.

Study [15] documented that in QUIC implementations, the CUBIC algorithm remained the default, while BBR was
provided as an option. Experiments conducted by the authors in the ns-3 simulator showed that BBR provided higher
throughput compared to CUBIC at high channel delays, but at low bandwidth it was inferior to it in terms of the number
of lost packets. However, the paper does not analyze the dynamics of the transmission rate over time, which leaves open
the question of the stability of the speed profile of each of the algorithms.

This review highlights three interrelated gaps. Existing papers do not compare HTTP/1.1, HTTP/2, and HTTP/3
simultaneously under consistent, controlled conditions: most studies are limited to comparing HTTP/2 and HTTP/3.
Protocol performance data varies significantly depending on testing conditions, and benchmarking under normal
conditions without proxy servers or artificially introduced packet loss in an emulated network environment is
underrepresented. Furthermore, the practical procedure for configuring a standard web server for HTTP/3 is not
documented in the scientific literature. Thus, the research gap lies in the lack of studies that, within a unified
methodological framework, simultaneously: compare HTTP/1.1, HTTP/2, and HTTP/3 under controlled conditions;
document the procedure for configuring a standard web server to support HTTP/3; evaluate the impact of the CUBIC and
BBR congestion control algorithms on applied web access metrics. Addressing this gap determines the objective and tasks
of this study.

The research objective was to experimentally evaluate the application performance of HTTP/3 (QUIC) under
controlled conditions on a single testbed through comparing HTTP/1.1, HTTP/2 and HTTP/3, analyze the impact of the
CUBIC and BBR congestion control algorithms, and document the HTTP/3 server configuration procedure.

To achieve this objective, the following tasks were completed:

— deploy a testbed supporting HTTP/1.1, HTTP/2, and HTTP/3;

— document the web server configuration sequence for HTTP/3;

— measure and compare TTFB and full page load time for different HTTP versions;

— compare the behavior of the CUBIC and BBR algorithms when transferring a large file;

— interpret the results obtained taking into account theoretical expectations and published research.

Materials and Methods

Equipment. To conduct the experiments, a testbed was prepared consisting of a virtual machine rented from the
[Xcellerate data center in Moscow. The following specifications were used: one 2.4 GHz Virtual Central Processing Unit
(vCPU), 2 GB of RAM, and a personal workstation running Ubuntu 22.04.5 Long-Term Support (LTS). Both devices
had internet access. The virtual machine had a static Internet Protocol (IP) address with the domain name serafimdev.com.

Research Plan. Three experiments were planned for this study: comparison of connection establishment speed using
HTTP/1.1, HTTP/2, and HTTP/3; comparison of test page loading speed using HTTP/1.1, HTTP/2, and HTTP/3; and
comparison of data transfer speed using the CUBIC and BBR congestion control protocols.

The experiments were performed in the following sequence. On a virtual machine, a web server (nginx) was installed
and configured with three subdomains, each responsible for serving traffic over one protocol version: HTTP/1.1, HTTP/2,
and HTTP/3. To assess connection speed, the TTFB metric was measured on each subdomain. A web page template

consisting of 32 files was then uploaded to the server, and the time it took to fully load was measured. For an experiment
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comparing congestion control algorithms, a 3 GB file was uploaded to the server. Downloads were performed sequentially
with the CUBIC algorithm active (default configuration) and after switching to BBR, in both cases recording the transfer
rate profile. Subsequent analysis of the research findings included a comparison of the experimental data with theoretical
values obtained from the model presented below.

When using HTTP/1.1 with TLS 1.2 encryption, the total time to send the first byte of data consisted of several
connection initialization stages (Table 1), each of which took a certain number of round trips between network nodes.
Thus, the expected initialization time for a secure connection via HTTP/1.1 was obtained using formula (1).

Table 1
HTTP/1.1 Connection Initialization Steps
Contributi
Step Assignment . .(?n r 1 u 1on.
to initialization time
1 Three-way Handshake of TCP protocol 1.5 RTT
) ClientHello/ServerHello message exchange with protocol cipher | RTT
negotiation TLS [16]
3 Transferring certificate and session keys for TLS protocol [16] I RTT
Trep =1L.SRTT +1RTT +1RTT =3.5RTT. e

The QUIC protocol combined the transport and cryptographic handshake based on TLS 1.3, reducing the total cost to
1 RTT. From formula (2), we obtained the theoretical gain in terms of the TTFB metric.

:M.loo%zwzﬂ.%%. 2)
Tror 3.5RTT

Tooling. All measurements were performed using a 4G mobile internet connection. Nginx version 1.27.4 was installed
on the virtual machine, as support for HTTP/3 connections was added to the Nginx web server starting with
version 1.25.0".

For the experiments, three subdomains were configured: httpl.serafimdev.com, http2.serafimdev.com, and
http3.serafimdev.com, with Let's Encrypt certificates for the HTTP/1.1, HTTP/2, and HTTP/3 protocols, respectively.
Certbot, a software tool for automating certificate management, was used for the configuration.

The server settings were verified using Google Chrome developer tools. When exchanging data over HTTP/3, the
protocol column should display h3 values (Fig. 1). These tools also provided information for assessing web page
performance and component loading speeds. They were used to measure full page load times.

Resource Status  Protocol

© images.html 200 h3

= | ipg 200 h3
= ipg 200 h3
== 3ipg 200 h3
“ 4jpg 200 h3
=50 200  h3

Fig. 1. HTTP/3 protocol in developer tools

The TTFB metric was obtained using a JavaScript script that performed server requests and recorded the metric values.
A similar approach was applied to collect the data needed to visualize graphs of resource utilization rates by various
overload control algorithms. When making measurements, it was important to disable query caching in the developer’s
tools to eliminate the impact of the local cache on the results. The collected data was processed using the numpy and
matplotlib libraries for Python. To integrate the non-standard BBR overload control algorithm into the operating system
kernel — Ubuntu 22.04.5 LTS was used in this study — it was necessary to download the corresponding module — sudo
modprobe tcp_bbr and change the value of the variable — sudo sysctl -w net.ipv4.tcp_congestion _control=bbr.

! Mukhin S. How to Enable HTTP/3 in NGINX. SergeyMukhin.com. URL: https://sergeymukhin.com/blog/kak-vklyuchit-http3-v-nginx (accessed:
11.10.2025). (In Russ.)
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Procedures. The Internet connection is often unstable; therefore, a statistical analysis of the results was applied to
avoid the impact of outliers on the results of the study. In experiments to measure the connection initialization time and
page loading speed, measurements for each protocol were performed 20 times. Then, the interquartile range method was
applied to identify outliers, and the arithmetic mean — to aggregate the remaining measurements into the final result. The
upper and lower limits of emissions were determined from formulas (3) and (4).

Lower limit = Q1-1.5x IQR; 3)
Lower limit = 03+1.5x IQOR, 4)
where Q1 — 25th percentile, O3 — 75th percentile, IOR = Q3 — O1.

When analyzing the transfer rate, the JavaScript XMLHttpRequest module was used for measurements, which
provided the number of bytes downloaded every unequal number of milliseconds. Due to the small gap between
measurements and the instability of the network, the raw data contained a large number of outliers. To obtain more visual
graphs, the results were smoothed using a moving mean with a window of 31 dimensions.

Research Results

HTTP/3 Server Setup Procedure. Documentation of the testbed configuration process was an independent research
task. To organize access to web content via HTTP/3, a server with an operating system and access to it was required. The
study used a server with the Ubuntu 22.04.5 LTS operating system with remote SSH access. During the setup process, a
key difficulty was identified when organizing an HTTP/3 web server — the need to use the nginx mainline repository
instead of the standard one.

The default Ubuntu 22.04.5 LTS repository contains nginx version 1.18, while HTTP/3 support has been available
since version 1.25.0. To install the latest version, it was necessary to add the main repository with the latest software

versions to the system using the commands shown in Figure 2.

curl https://nginx.org/keys/nginx_signing.key | gpg --dearmor \
| sudo tee /usr/share/keyrings/nginx-archive-keyring.gpg >/dev/null

echo "deb [signed-by=/usi/share/keyrings/nginx-archive-keyring.gpg] \
http://nginx.org/packages/mainline/ubuntu "lsb_release -cs’' nginx" \
| sudo tee /etc/apt/sources.list.d/nginx.list

Fig. 2. Adding the nginx mainline repository to the operating system's package sources list

These instructions write the key used to sign packages from the new repository to the system's trusted keystore:
/usr/share/keyrings and add the address of the nginx mainline repository to the package sources list /etc/apt/sources.list.d,
specifying the path to the package signing location. After completing these steps, installing nginx via the apt package
manager will use the repository that contains all the latest versions of the service.

Since encryption is built into the QUIC protocol, a certificate and domain name are mandatory requirements when
using HTTP/3. In previous versions of the HTTP protocol, TLS encryption is a separate layer, which adds latency when
establishing a connection but allows for unsecured data exchange. Unencrypted HTTP is suitable for networks where
encryption is already provided via a Virtual Private Network (VPN). Therefore, using HTTP/3 in such networks
necessitates the configuration of certificates. The testbed used issued certificates from Let's Encrypt using certbot, a
certificate automation software.

Additionally, changes must be made to the site configuration file (Fig. 3). The key lines in the configuration are lines
3,10, 12, and 16. Line 12 contains an instruction enabling the use of the HTTP/3 protocol. Line 16 specifies the Alt-Svc
header. If this header is present in the server's response, the client switches to using HTTP/3 (if supported). Therefore,
lines 2 and 3 specify support for standard TCP connections and UDP over QUIC. Subsequently, the header value is
cached, and no header exchange occurs over TCP. Since QUIC operates on TLS version 1.3, this version is explicitly

specified on line 10.
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server {
listen 443 ssl;
listen 443 quic reuseport;

server_name http3.serafimdev.com;

ssl_certificate /etc/letsencrypt/live/http3.serafimdev.com/fullchain.pem;
ssl_certificate_key /etc/letsencrypt/live/http3.serafimdev.com/privkey.pem;

ssl_protocols TLSv1.3;
http3 on;

quic_gso on;
quic_retry on;

add_header Alt-Svc "h3=":443"; ma=864080";

root /var/www/http3.serafimdev.com;
index index.html;

location / {
try_files $uri $uri/ =404;

}
}
server {
listen 80;
server_name http3.serafimdev.com;
return 3e1 https://$host$request_uri;
}

Fig. 3. Nginx configuration file for HTTP/3 site

TTFB. TTFB is a metric that shows how long it takes from sending a request to the start of resource transfer. A
JavaScript script was used to conduct the measurements. The resulting values are presented in Table 2.

Table 2
TTFB Measurements for Different HTTP Protocol Versions
HTTP/1,1, ms HTTP/2, ms HTTP/3, ms
20.5 80.3 69.4
28.3 28.4 26.8
38.3 24.4 29.1
27.0 30.4 16.3
41.3 29.1 21.1
24.8 25.7 17.5
30.1 332 18.4
26.7 30.4 23.2
30.9 46.0 22.4
24.7 15.6 23.1
29.2 26.0 24.1
333 23.6 19.7
259 26.1 24.3
34.7 26.3 23.7
333 25.1 23.5
333 32.5 25.4
259 26.5 26.4
29.4 19.7 22.6
25.0 26.9 24.5
22.7 28.6 15.8

The following values w

ere obtained:

— HTTP/1.1: no outliers, mean 29.27 ms;
— HTTP/2: three outliers, mean 27.23 ms;
— HTTP/3: one outlier, mean 22.52 ms.
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~29.27-22.52
o 2927
According to calculations from formula (5), the experiment showed that the transition from HTTP/1.1 to HTTP/3 with
the QUIC protocol provided a reduction in time to first byte (TTFB) by 23.06%.
Page Load Time. To study the impact of using the QUIC protocol on the loading speed of a typical web page, a page

100% =~ 23.06%. (5

template consisting of 32 files, totaling 728 kilobytes, was found in open sources. The values obtained are presented in
Table 3.

Table 3
Page Load Time for Different Versions of HTTP Protocol
HTTP/1,1, ms HTTP/2, ms HTTP/3, ms
1140 1060 781
826 794 699
1160 953 630
726 851 733
731 940 622
757 814 652
746 846 669
815 908 978
791 747 764
834 832 917
709 1060 725
830 868 601
951 744 890
1020 785 643
677 725 906
806 711 739
1100 695 647
743 922 687
775 750 652
739 658 678
The following values were obtained:
— HTTP/1.1: 3 outliers, mean 792.7 ms;
— HTTP/2: no outliers, mean 833.15 ms;
— HTTP/3: 1 outlier, mean 717.63 ms.
:792.7—717.63.100%z9'5%' 6)
792.7

Calculation from formula (6) shows a reduction in page load time of 9.5% when using HTTP/3 and QUIC compared
to HTTP/1.1 and TCP.

Transfer Speed. A 3 GB file was used for the experiment, transmitted via the HTTP/2 protocol. The choice of HTTP/2
for this experiment was driven by methodological considerations: the comparison aimed to isolate the effect of the
congestion control algorithm on the throughput profile, without additional effects from the transport protocol. The
HTTP/3 (QUIC) protocol implements its own congestion control stack on top of UDP, while HTTP/2 uses the standard
TCP stack of the operating system kernel, in which switching between CUBIC and BBR algorithms was performed
directly through Linux kernel parameters without changing the application-layer protocol logic. A file was downloaded
using the CUBIC and BBR congestion control algorithms. Figures 4 and 5 show the initial fragments of the download
speed graphs using CUBIC and BBR, respectively.
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Fig. 4. Download speed when using CUBIC
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Fig. 5. Download speed when using BBR

When using the BBR algorithm, speed remained constant most of the time. Average download speed was 13.12 MB/s
for CUBIC, and 12.75 MB/s for BBR.
The area under the graph curve reflects the amount of information transmitted. It was calculated from formula (7). In

the first 3 seconds of transmission, 23.1568 MB of data were transmitted using CUBIC, and 27.3622 MB using BBR.
3000

3000
S=J. v(0)dr= Y N ). 7
0 Py 2

Discussion. The results obtained show that the practical gain from the implementation of HTTP/3 (QUIC) is
confirmed experimentally, but its value turns out to be significantly lower than theoretically expected. This requires
interpretation taking into account the characteristics of the network environment, software implementation, and
measurement methodology.

Configuration Complexities and Operational Risks. The described configuration procedure presents a number of
practical challenges that must be considered when planning a production HTTP/3 deployment.

The first challenge is the inability to use standard virtual machine and container images for automated deployment.
Most official Ubuntu images and popular Nginx container images based on Alpine Linux or Debian include a version of
Nginx from the distribution repository that does not support HTTP/3. When using such images in orchestration systems
(Kubernetes, Docker Compose), each node requires either manually adding the mainline repository and reinstalling nginx,
or building a custom image with the required version. This complicates automation and increases operational costs for
infrastructure maintenance [17].
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The second complication stems from the protocol negotiation mechanism via the Alt-Svc header. The first connection
between the client and the server is always established over TCP (HTTP/1.1 or HTTP/2), and only after receiving the Alt-
Svc header in the response does the browser switch to QUIC for subsequent requests. If there is an intermediary node
between the client and the server — a load balancer, reverse proxy, or CDN node — that does not support QUIC or blocks
UDP traffic on port 443, the Alt-Svc header either does not reach the client, or the client is unable to establish a UDP
connection. This behavior complicates diagnostics and creates the risk of a hidden lack of effect from protocol
implementation. According to the QUIC core specification [18], if UDP transport is unavailable, the client should fall
back to a TCP connection without explicitly signaling an error. That makes the absence of HTTP/3 in real traffic difficult
to diagnose without explicit instrumental verification. To verify the use of HTTP/3, explicit verification via browser
developer tools or server logs with protocol version information are required.

A prerequisite for establishing an HTTP/3 connection on the client side is a browser with QUIC support enabled. In
Google Chrome, support for the protocol has been enabled by default since version 87, but in corporate environments, it
can be disabled via group policies. With QUIC disabled, the browser will not establish HTTP/3 connections, regardless
of the correct server configuration and the presence of the Alt-Svc header.

Interpretation of TTFB Results. The combined QUIC and TLS 1.3 handshake, specified in RFC 9001 [19] and
based on the TLS 1.3 specification [20], theoretically reduces initialization to 1 RTT, but the practical efficiency of this
mechanism is sensitive to the implementation details of the cryptographic stack on specific hardware and in a specific
software version. A 23.06% reduction in TTFB when switching from HTTP/1.1 to HTTP/3 experimentally confirms the
advantage of the unified QUIC handshake, which eliminates the additional RTT, typical of separate TCP and TLS
initialization. However, the measured gain is significantly lower than the theoretically expected value of 71.43%, which
is explained by a combination of factors.

Processing of UDP packets on the provider's intermediate network equipment is often less optimized compared to
TCP traffic: routers and firewalls are traditionally configured for the TCP load profile, and some operators apply
additional inspection or throttling of UDP flows [8, 11]. QUIC implementations in nginx and Google Chrome remained
experimental at the time of the experiment, which manifested itself in suboptimal stack parameter values and additional
overhead at the application level. The 4G mobile channel introduces an unstable variable component of latency, which
offsets some of the gain from the reduced RTT during connection establishment. A similar discrepancy between theory
and practice was recorded in Google large-scale deployment of QUIC, where the actual search latency reduction
was 8.0% for desktop users and 3.6% for mobile users, instead of the theoretically expected values [8], and was also
confirmed in domestic studies of real-world network conditions [11]. This finding also aligns with the data from
ITSumma?, which observed a 12.4% decrease in TTFB. Collectively, this points to a systemic discrepancy between the
theoretical and practical performance of the protocol at its current stage of evolution.

Page Load Time Interpretation. The 9.5% speedup in full test page load time using HTTP/3 compared to HTTP/1.1
is primarily due to multiplexing requests within a single QUIC connection and eliminating Head-of-Line blocking at the
transport layer. When loading a test page consisting of 32 files, HTTP/3 processes all requests in parallel without
deadlocking, whereas HTTP/1.1 is limited by the number of parallel TCP connections.

A notable anomaly in the HTTP/2 results is its average load time (833.15 ms) exceeding that of HTTP/1.1 (792.7 ms).
This effect is an artifact of the statistical methodology used, rather than an indicator of any actual protocol inefficiency.
In the HTTP/1.1 sample, the interquartile range method excluded three values exceeding the upper bound, significantly
lowering the resulting mean. The average load times for HTTP/1.1 and HTTP/2 across all twenty measurements without
removing outliers are 843.8 ms and 833.15 ms, respectively. This confirms HTTP/2's superior load performance compared
to HTTP/1.1. The HTTP/2 data had no upper-bound outliers, indicating that the protocol achieved a more even distribution
of response times by multiplexing requests and prioritizing streams within a single TCP connection. Thus, the comparison
of cleaned means does not correctly reflect the real relationship between protocols: HTTP/2 shows higher stability and
less variability, while the final mean value after removing outliers turned out to be statistically lower for HTTP/1.1.

2 ITsumma. HTTP/3 and QUIC: Future of Fast Internet. Habr. URL: https:/habr.com/ruw/companies/itsumma/articles/497520 (accessed: 11.03.2026). (In Russ.)
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Interpretation of CUBIC and BBR. Average transfer rates for a 3 GB file using CUBIC (13.12 MB/s) and BBR
(12.75 MB/s) are comparable: the 3% difference is within the measurement error for an unstable mobile channel. This
result is predictable for long-term transfers of a single file: over hundreds of seconds, both algorithms reach a steady-state
channel load, and differences in initialization strategies no longer determine the final average speed.

The fundamental difference between the algorithms is evident in the transmission profile. CUBIC exhibits a
characteristic sawtooth speed profile (Fig. 4): it increases monotonically from starting values of less than 10 MB/s to the
operating level in approximately four seconds. After that, it cyclically decreases during periods of packet loss. BBR,
which uses Bandwidth-Delay Product (BDP) throughput estimation, maintains a stable speed from the first seconds.

When working with the Web, most requested files are small. Assume that the size of a single resource file for a web
page is 63 KB, the initial slow-start window size is 10 kilobytes (the default setting on Linux systems), and the maximum
window size is 64 KB. With slow-start, the CUBIC algorithm uses an exponential function to increase the congestion

cwnd 64
A=|log,—= |=|log,— |=3. 8
|: 5p) cwnd, } [ 82 10} (3)

window [21].

The calculation result obtained from formula (8) shows that transferring the file requires tripling the congestion
window size, which takes 3 RTT. Had the transmission started with a congestion window of 64, the transfer could have
been accomplished in just 1 RTT.

It is this initial period that determines the practical significance of BBR for web services. A typical page resource —
a script, stylesheet, font — is transferred in one or two RTT and fits within CUBIC slow-start phase, during which the
algorithm has not yet reached its congestion window. In this scenario, BBR ensures immediate access to optimal speed,
which ultimately reduces the time it takes to download multiple small resources in parallel. Thus, BBR advantage over
CUBIC is realized not during long transfers, but during page resource downloads, accompanied by multiple short requests
immediately after establishing a connection.

Quantitative confirmation of the advantage of BBR in the initial phase of transmission is provided by a comparison
of the areas under the curves of the speed graphs calculated from formula (7) by the trapezoidal method. In the first three
seconds of transmission, the CUBIC algorithm ensured the transfer of 23.16 MB of data, while BBR provided the transfer
of 27.36 MB, which is 18.2% more. This result is consistent with the experimental results in [15], where higher BBR
throughput was recorded at high RTT values, which are typical for intercontinental connections.

A promising direction for further research is to experimentally test the benefits of BBR directly in a web scenario:
measuring the full page load time of a page consisting of multiple small resources using the CUBIC and BBR algorithms
in combination with each version of the HTTP protocol. Such an experiment will allow us to quantify the extent to which
the accelerated speed of BBR translates into reduced page load time in a real web scenario, as well as determine which
combinations of protocol version and congestion management algorithm produce the most pronounced practical effect.

Study Limitations and Practical Recommendations. While the results obtained are practically valuable for
evaluating the gains of switching to HTTP/3, several limitations of the experimental testbed restrict the applicability of
the conclusions.

The setup included a single virtual machine with one vCPU and a single client connected via a 4G mobile network.
The mobile network introduces unstable, variable latency and inconsistent bandwidth, increasing measurement variability
and making it difficult to isolate protocol effects from channel effects. Transport protocol performance is significantly
dependent on network topology, RTT wvalues, packet loss rates, and intermediate equipment policies; therefore,
transferring the results to other network scenarios requires independent experimental verification [22, 23].

The limited sample size (20 measurements per protocol) provides sufficient accuracy for an initial assessment, but is
insufficient for constructing statistically robust confidence intervals. The lack of geographically distributed clients precludes
assessing the impact of high RTT — the conditions under which QUIC advantage is theoretically most pronounced.

Based on the data obtained, the following practical recommendations can be formulated. Switching to HTTP/3 is
primarily advisable for services with a large number of small resources per page, high-latency audiences (mobile users,
remote regions), and requirements for minimizing TTFB. For services that predominantly transfer large files over stable
wired connections, the practical gain from switching will be minimal. BBR is recommended for use alongside HTTP/3:
although it achieves a comparable average throughput on long-lived transfers, it offers a stable rate profile and shortens
the time to reach full operating speed — a critical advantage precisely in the web scenario of numerous short requests.
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To improve the reliability of performance assessment in subsequent studies, a comparison of alternative QUIC server
implementations (in addition to nginx) is justified, as well as an analysis of the impact of proxy servers on performance
metrics when using QUIC [10].

Conclusion. The study has confirmed that implementing the QUIC protocol provides practical gain in terms of web
interaction speed. This resulted in a 23.06% reduction in TTFB and a 9.5% reduction in test web page load time. The
model presented in the article predicts a 71.43% reduction in TTFB, not 23.06%. This discrepancy reveals the significant
impact of the protocol's experimental status on its availability on network infrastructure, as well as the critical role of
other factors discussed in the article for the protocol full-scale implementation.

The paper compares the CUBIC (standard) and BBR (most common in HTTP/3) congestion control algorithms, and
presents a theoretical justification for the advantage of BBR when transferring small files, due to its higher initial speed
and the absence of a slow-start mechanism. Similar advantages of BBR were documented in foreign studies. In particular,
article [15] noted the efficiency of this algorithm in channels with high RTT (intercontinental connections) due to the
modeling of the communication channel throughput.

The QUIC protocol in combination with HTTP/3 at the current stage of development is associated with certain
implementation difficulties, but it has significant potential for building high-performance information systems, which is
confirmed by the results of other studies [24], including in relation to systems with requirements for reliable delivery of
real-time traffic [25].

Setting up an HTTP/3 server requires loading additional modules into the operating system kernel. This negatively
impacts the adoption of the protocol, but if an organization has sufficient qualified personnel to support such an
infrastructure, switching to HTTP/3 can provide significant gains. The improved TTFB and the elimination of Head-of-
Line blocking can theoretically significantly speed up page resource loading. The performance gains can be particularly
noticeable on pages containing numerous small resources.

In addition to performance issues, the transition to QUIC and HTTP/3 poses specific challenges for the information
security infrastructure: built-in encryption complicates deep packet inspection (DPI) and the functioning of intrusion
detection systems, which is discussed in detail in [26] and requires separate consideration when planning production
implementation.

Limitations of the study include a simplified testbed configuration (one virtual machine and a 4G mobile channel) and a
small sample size. The results obtained have practical value for assessing the feasibility of switching to HTTP/3, but require
confirmation across a wider range of scenarios, as the performance of transport protocols is significantly dependent on network
topology, latency, and loss. The subject of congestion control algorithms can be addressed in more depth in subsequent
publications, in particular, it seems appropriate to compare various algorithms in combination with different versions of the
HTTP protocol. In modern information systems, proxy servers are widely used for traffic management. A promising direction
is to study the impact of such intermediate nodes on performance metrics when using QUIC [10].
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Abstract

Introduction. Shell-and-tube heat exchangers are widely used in oil treatment and refining plants, as well as in heating
systems, where their reliable operation is largely determined by the intensity of thermal fouling on the tube surface.
Therefore, it is crucial to promptly determine when heat exchange equipment requires maintenance, as deposit
accumulation can result in the reduced heat transfer efficiency and increased operating costs. A review of the literature
shows that the problem of predicting heat exchanger fouling is being actively researched. However, existing approaches,
which focus on process parameters and the physicochemical properties of heat transfer fluids, are not always applicable
to the specific conditions of oil refining, where feedstock composition, operating conditions, and deposit nature differ
significantly from typical industrial processes. Thus, there remains a gap in scientific knowledge associated with the
insufficient development of models that allow for the reliable description of changes in the thermal resistance of
contaminants, and the heat transfer coefficient specifically for shell-and-tube heat exchangers of oil refineries. The
objective of this study is to determine the dependence of the coefficients of thermal resistance of contaminants and heat
transfer on operating parameters, in particular, on the output temperatures of coolants and oil density. For this, it is planned
to use machine learning methods to build more adequate predictive models and thereby increase the validity of decisions
on the maintenance of heat exchange equipment.

Materials and Methods. A shell-and-tube heat exchanger in a small refinery unit was investigated. Here, circulating diesel
reflux (210-235 °C) was the hot medium on the shell side, and oil was the cold medium in the tube bundle. For the
calculation, the cross-sectional areas of the tube and annular spaces, linear flow rates, Reynolds, Prandtl, and Nusselt criteria,
as well as the heat transfer coefficients of the hot and cold coolants were determined. The heat transfer coefficient was
calculated taking into account the thermal resistance of the wall and contaminants, while heat transfer was calculated from
heat balance and heat transfer equations. Machine learning and symbolic regression methods, including PySR, SISSO,
FROLS, and CatBoostRegressor, were used to estimate the thermal resistance of contaminants and the heat transfer
coefficient, based on oil density and coolant temperature data. The verification calculation of the heat exchanger was
performed by the method of successive approximations with the solution to a system of nonlinear equations in Matlab.
Results. A verification calculation of a shell-and-tube heat exchanger for oil from three fields showed that with an increase
in the thermal resistance of contaminants from 0 to 0.002 (m?-°C)/W, the heat transfer coefficient decreased from
approximately 93-95 to 81-83 W/(m?-°C). It was established that changes in the outlet temperatures of the coolants was an
information basis for identifying contaminants. Using the SISSO and PySR symbolic regression methods, analytical
dependences of thermal resistance on oil density and outlet temperatures were obtained with RMSE 1.25:1078
and 2.34:10%(m?-°C)/W, respectively. To predict the dynamics of heat transfer, NARX models based on FROLS and
CatBoostRegressor were built, validated on industrial data. Ex-post forecast error for the algorithm CatBoostRegressor
RMSE = 0.03573 W/(m?-°C), for the algorithm FROLS RMSE = 0.01296 W/(m?-°C).
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Discussion. A 13% reduction in heat transfer coefficient with an increase in contaminant thermal resistance
to 0.002 (m?-°C)/W was consistent with theoretical models and experimental data from other researchers. The use of
SISSO and PySR methods provided significantly higher accuracy compared to neural network approaches with small
training sets. The FROLS algorithm outperformed CatBoostRegressor in the accuracy of ex-post forecast of heat transfer
coefficient dynamics, which is explained by the compactness of the polynomial model and the smooth nature of the
process under study. The established threshold for reducing the heat transfer coefficient by 25% complies with industry
standards and provides the transition to equipment maintenance based on actual condition.

Conclusions. A method for determining the thermal resistance of heat exchanger fouling based on the outlet temperature
of the coolant and the oil density was developed. Analytical relationships with RMSE 1.25:107% (m?-°C)/W
and 2.34-107® (m2-°C)/W were obtained using the SISSO and PySR symbolic regression methods. NARX models for
predicting heat transfer coefficients (RMSE 0.01296 and 0.03573 W/(m?-°C) were built and validated using industrial
data. A 25.2% reduction in heat transfer coefficient was adopted as the criterion for the need for cleaning the unit, which
provided a transition to condition-based maintenance and increased energy efficiency in oil refining.

Keywords: shell-and-tube heat exchanger, thermal resistance, heat transfer coefficient, symbolic regression
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AHHOTALUSA

Beeoenue. KoxyxorpyOuaTble TEINIOOOMEHHUKH LIIMPOKO NPHMEHSIOTCS Ha YCTAHOBKAaxX HMOATOTOBKU M IIEPEepadOTKH
HedTH, a TaKXKe B CHCTEMax TEIUIOCHA0XKEHUs, TJe MX HaJeKHas paboTa BO MHOTOM OMNPEAENSETCS MHTCHCUBHOCTBIO
TEPMHUUYECKOTO 3arpsi3HEHHS TTOBEPXHOCTH TPYO. B CBsI3M ¢ 3TMM akTyanbHOH 3aa4yei sIBISETCS] CBOEBPEMEHHOE OTIpe/ie-
JICHHE MOMEHTA, KOT/[a TEINI00OMEHHOMY 000pyTOBaHHUIO TpeOyeTcsl TeXHUIEeCKoe 00CTy )KHUBaHHUE, TIOCKOJIBKY HaKOTIIJIe-
HHE OTJIOKEHUH MPUBOIUT K CHIDKCHUIO 3()(hEeKTHBHOCTH TEIUIONEpeiaun U POCTY IKCILTyaTallHOHHBIX 3aTpaT. AHaIU3
JUTEPATYPHBIX HCTOYHUKOB MTOKA3bIBAET, YTO MPOOIEMa MPOTHO3UPOBAHKS 3arPA3HEHNS TETNIOOOMEHHBIX alapaToB 10-
CTaTOYHO aKTUBHO Hcciexyercs. OMHAKO CYIIECTBYIONUE OAX0 b, OPUCHTUPOBAHHbIE HA YUET PEKUMHBIX TapaMETPOB
1 (PU3UKO-XUMHUYECKUX CBOWCTB TEIUIOHOCHTEIECH, HE BCEr/la NPUMEHUMBI K CIIEHU(HUIECKUM YCIOBHAM Hedremnepepa-
OOTKH, IJIe COCTaB ChIPbS, PEXKUMBI IKCIUTyaTalluy U XapakTep OTJIOKEHUH CYIIECTBEHHO OTIMYAIOTCS! OT THUIIOBBIX HPO-
MBIIIIEHHBIX TporeccoB. TakuM 00pa3zoM, coxpaHseTcs IpoOes B HayYHbIX 3HAHUSX, CBA3aHHBIN C HEIOCTATOYHOM pa3-
paboTaHHOCTHIO MOJETICH, ITO3BOJIAIOIINX HAJEKHO OMUCHIBATh N3MEHEHHUE TEPMHUUYECKOT'O COIIPOTHUBIICHHUS 3arpsI3HEHUH
1 K03 PHUIHECHTA TETIONEepeIadi IMEHHO VI KOXKYXOTPYOUaThIX TEINIOOOMEHHUKOB HedTenepepadaTeBalOINX ycTa-
HOBOK. L[eJ1bI0 HaCTOSIIEero UCCIIeIOBAHUSI SIBISIETCS OTIPEIeNICHHE 3aBUCUMOCTH KO ((HUIIUEHTOB TEPMHUUYECKOTO COIPO-
THUBJICHHS 3arPSA3HEHNH U TeIJIONepeadl OT PEXHUMHBIX IapaMETPOB — B YACTHOCTH, OT BBIXO/IHBIX TEMIIEPATYP TEILIO-
HocHTenel U IioTHOCTH HeTH. J{Js JOCTHIKEHHS OCTABICHHOM LIeNN TPe/IIoaraeTcs IpUMEHEHHUE METOIOB MalllH-
HOTO 00y4YeHHs, MO3BOJISIOIINX ITIOCTPOUTH OOJIee aeKBaTHbIE IPOTHOCTHYECKHE MOJICIIN M TEM CaMbIM IIOBBICHTB 000C-
HOBAHHOCTH PEIICHUH 110 TEXHUYECKOMY OOCITy>KUBAHHIO TEINIOOOMEHHOT'0 000PY/J0BaHUS.

Mamepuanst u memoost. B xauecTBe 00bEKTa HCCIEIOBAaHNS PACCMOTPEH KOXKYXOTpyOUaThIil TEIJIOOOMEHHHK ycTa-
HOBKM TIepepaboTKu He(TH Majoil MOIIHOCTH, B KOTOPOM IHMPKYJIALMOHHOE OpOILICHHUE AM3EIbHOTO TOILUIMBA
(210- 235 °C) BbICTynaeT ropsiuMM TETFIOHOCHTENIEM B MEXTPYOHOM IPOCTPAHCTBE, & HEPTH — XOJIOHBIM TEIUIOHOCH-
TeneM B TpyOHOM myuke. [t pacdera ompeaesiiuch IUIOMAAN CEYCHUH TPYOHOTO U MEXKTPYOHOTO MIPOCTPAHCTB, JIH-
HeWHBIE CKOPOCTH TIOTOKOB, Kpurepuu PeitHonbaca, [Ipanamis n Hyccenbra, a Takoke K03 GHUIMEHTH! TEIUIOOTIaul CO
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CTOPOHBI TOPSYET0 U XOJOAHOTO TeroHocuTeneil. KoaddummenT temmonepenadn pacCYUTHIBAICS C yIETOM TEpMUYIe-
CKOTO COIIPOTHBIIEHHS CTEHKH M 3arps3HEHHH, TEIUIO0OMEH — 110 YPaBHEHMSIM TEIIOBOTO OajlaHca M TeIUIoNepeIaun.
JIs OLIleHKH TEPMIYECKOTO COTPOTHBIICHHS 3arps3HEHUH M KO3 QHUINEHTa TeIUIonepeaadn HCIIOIb30BAIUCH METO B
MAaIIMHHOTO 00y4eHHsI M CUMBOJIBHOH perpeccun, B ToM unciie PySR, SISSO, FROLS u CatBoostRegressor, Ha ocHOBe
JAHHBIX O IDIOTHOCTH HEPTH U TeMIIEpaType TeIUIOHOCHTeNeH. [IoBepOdHbIi pacyeT TeTT00OMEHHIKA BBHITIOJIHEH METO-
JIOM TI0CJIEJOBATEIbHBIX MPUOJIMKEHUH C peIlICeHUEM CHCTEMBI HEJIMHEHHBIX ypaBHeHUH B Matlab.

Pe3ynomamut ucciedosanus. [1oBepodnslii pacy€éT KOKyXOTpyOUaTOTO TETNIOOOMEHHHKA ISt HE(PTH TPEX MECTOPOK-
NEHUH MOKAa3aJl, 4TO MPH POCTE TEPMHYECKOTO CONPOTHBIEHHS 3arpsasueruii ot 0 mo 0,002 (M?-°C)/BT ko3¢ durment
TemIonepeadu CHIKACTCA IPUMEPHO ¢ 93-95 1o 81-83 B1/(M2-°C). YcTaHOBIICHO, YTO N3MEHEHUE BBIXOJHBIX TEMIIE-
paTyp TETUIOHOCUTENICH CITy>KUT HH()OPMAIIMOHHOW OCHOBO JIJIsl HASHTU(PUKAIIMH 3arps3HeHU. MeTogaMu CUMBOJILHOM
perpeccuu SISSO u PySR nonmydeHsl aHATMTHYIECKHE 3aBUCHMOCTH TEPMHUYECKOTO COMPOTHBIICHUS OT INIOTHOCTH HEPTH
U BBIXOAHEIX TemmepaTyp ¢ RMSE 1,25:107% u 2,34-1078 (m?-°C)/BT cooTBeTCTBEHHO. JIJI MPOrHO3UPOBAHUS TUHAMUKH
terutonepenaun nocrpoersl NARX-monenn Ha 6aze FROLS u CatBoostRegressor, BamanpoBanHble Ha IPOMBIIILICH-
HBIX JaHHBIX. OmuOKka nmocTnporyosa A anropurma CatBoostRegressor RMSE = 0,03573 Br/(m?-°C), ams anropurma
FROLS RMSE = 0,01296 Bt/(m>-°C).

Oécyacoenue. Camxenne koddduruenra remonepenaun Ha 13 % mpu pocTe TEPMUYECKOTO CONPOTHBIICHUS 3arpsi3He-
Huit 10 0,002 (M2-°C)/BT cornacyeTcs ¢ TeOpeTHIECKUMU MOJEISAMH M SKCIIEPUMEHTAIBHBIMU JAHHBIMU JPYTUX HCCIIE-
nosateneit. [Ipumenenne metomoB SISSO u PySR obecnieunsio cymecTBeHHO 00iee BRICOKYIO TOYHOCTh TI0 CPAaBHEHHUIO
C HEHpOCETEeBBIMH MOAXOAAaMH PH MajbIX oOydatomux Bbibopkax. AnroputM FROLS npessomén CatBoostRegressor
10 TOYHOCTH HOCTIIPOTHO32 AMHAMUKHN KO03((PHUIHEHTa TEIUIONEPEAadH, YTO OOBICHACTCS KOMIITAKTHOCTBIO TIOJIMHOMH-
TBHOW MOJIENH W TTAJKUM XapaKTepOM HCCIEAYeMOro Iporecca. Y CTAaHOBIEHHBIH HMOPOT CHIDKEHUS Kod(dduimenTta
TeruIonepenadd Ha 25 % COOTBETCTBYET OTPACIEBBIM HOPMaM M 0OECIIeurBacT Mepexo]] K 00CIyKMBaHHIO 000pyI0Ba-
HUSI IO ()aKTUIECKOMY COCTOSIHHIO.

3akntouenue. PazpaboTana METOIMKA OTPEACICHUS TEPMUUECKOTO COIPOTUBIICHNUS 3arpsi3HEHUH TEIIO0OMEHHHKA I10
BBIXOJHOW TEMTIEpaType TEIJIOHOCUTENEH U TIoTHOCTH HeTH. MeTomamu cuMBosbHOHK perpeccun SISSO u PySR mo-
TydeHbl aHanuTHIeckne 3apiucuMocti ¢ RMSE 1,25-1078 (m2-°C)/Bt 1 2,34-1078 (M?-°C)/Br. Iloctpoenst NARX-moxenn
nporxosuposanus koddunuenta temonepenadn (RMSE 0,01296 u 0,03573 Br/(M?-°C), BanmuaupoBaHHEIE HA IIPO-
MBIIIUIEHHBIX JaHHBIX. CHIDKEeHHE Kod(¢HUIMeHTa Teronepenayn Ha 25,2 % MpHUHATO KPUTEPHEM HEOOXOAWMOCTH
OYHCTKM amrapara, YTo oOecreunBaeT rnepexol K 00CIyKMBaHHIO 110 (PaKTHIECKOMY COCTOSHMIO M TTOBBIILICHHUE YHEP-
roaddexrrBHOCTH HeTenepepabOTKH.

KiioueBble ¢JI0Ba: KOXKYXOTPYOUaThIi TEIIO0OMEHHUK, TEPMUIECKOE COTPOTHBIICHUE, KO PUIMEHT Teruionepeaaymn,
CHUMBOJIbHASI PETPECCHS

BJIaI‘OlIﬂpHOCTI/I. ABTOpLI BbIpAXKAIOT 6J'Ial"0[[apHOCTL peaakiuuu MU PCUCH3CHTaM 3a YACJICHHOC BpEMSA U LCHHBIC
KOMMCHTapHu.

s murupoBanus. Tyramosa JLI., 3aronckmii A.B. Crioco0 OLEHKH COCTOSIHHS KOXKYXOTPYOYaThIX TEIIOOOMEHHHKOB C
MPHMEHEHUEM MAIIIMHHOTO 00YYCHHS [T MOBBIIICHHs 3HeprodddexrusaocT. Advanced Engineering Research (Rostov-on-Don).
2026;26(2):2237. https://doi.org/10.23947/2687-1653-2026-26-2-2237

Introduction. Improvement of the energy efficiency of oil processing and pretreatment is a pressing practical
challenge, particularly given tighter energy regulations, rising cost pressures, and recent export restrictions on oil and
petroleum products. Oil producers have no influence over these restrictions, but they can improve internal processes at
their facilities to reduce production costs. Specific opportunities include reducing heat loss, thermal energy consumption,
and increasing the efficiency of installations. This can be accomplished through controlled process temperatures and
equipment diagnostics aimed at reducing unscheduled downtime. These approaches are closely related to heat exchange
processes, which are crucial in the petrochemical industry. A 1+3 mm layer of contaminant deposits on tube surfaces can
significantly reduce heat transfer efficiency. Heat losses are estimated at 2040 %. To compensate for the decrease in
heat transfer and maintain the required process parameters, the coolant flow rate must be raised, which in turn increases
fuel and electricity consumption. According to experts, a 1 mm fouling of the heat exchanger can result in a 10-15%
increase in fuel consumption.

Assessing the condition of shell-and-tube heat exchangers for petroleum products is difficult because of their operating
temperatures and the impossibility of directly inspecting internal fouling, corrosion, or deformation. Therefore, the key
parameters for monitoring tube wall fouling are the heat transfer coefficient, pressure drop, and outlet coolant temperature.

The cause of deposits on the surfaces of the walls of apparatus is the presence of asphalt-resinous substances, paraffins,
water, and salts in the raw materials. To get rid of deposits and scale in the cavities of oil pipelines and heat exchangers,
mechanical, thermal and chemical cleaning methods are used. The heat exchanger is cleaned by washing it with a paraffin
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solvent. Ultrasonic cleaning of paraffin deposits is used at oil preparation and refining facilities.

Deposits on tube walls impair heat transfer and reduce the heat transfer coefficient. Various methods exist for
diagnosing and assessing the fouling layer on the surface of heat exchanger tubes. For example, the characteristics of a
clean and fouled heat exchanger can be determined experimentally using monitoring systems. Another approach involves
constructing mathematical models. An example is the Ebert-Panchal model and its improved versions.

Article [1] provides an overview of models and examples of quantitative assessment of scale deposit thickness in plate
heat exchangers of heating systems. The authors [2] performed an analytical accounting of the impact of fouling on the
technical and economic indicators of industrial oil treatment units. In the work, the coefficients of heat transfer, heat
emission, and thermal resistance of deposits in heat exchangers were obtained by an experimental method. In [1, 2], the
proposed models concern specific types of heat exchangers and deposits; they do not predict the dynamics of fouling.

Software tools, particularly process modeling programs, are widely used to solve heat exchange equipment diagnostic
problems. For example, in [3], the authors examine the problem of fouling heat exchangers in diesel fuel hydrotreating
units. The problem is solved using the Hysys modeling program. In [4], a numerical solution is obtained by constructing
a thermal model based on the finite element method in the Ansys program. In [5], the authors propose simplified formulas
for calculating the effective thermal conductivity of porous structures by Mathcad and Ansys. Currently, the use of the
above programs is not possible within the framework of import substitution.

The authors [6] use the software package “MiR PiA” to model the quality indicators of oil preparation for
transportation. A license is required for use.

A number of studies are aimed at improving the design parameters of equipment used in the industry. Improved design
and aerodynamics of tube bundles should provide enhanced heat transfer with high reliability. In [7], this is linked to
pressure drops in the heat exchanger, which can cause equipment malfunctions. The implementation of algorithms for
automatic adjustment of operating modes is also proposed. The authors [8] propose a neural network model for predicting
the thermal-hydraulic efficiency of surface heat exchange intensifiers. Neural network models require large volumes of
training data on heat exchanger fouling, which is difficult to collect. Furthermore, such solutions, which require changes
to the device design, may not be applicable to the equipment in operation.

The authors [9] use simulation methods to obtain a model of a shell-and-tube heat exchanger and propose techniques
for improving the control system of the heat exchanger. The mathematical model of the shell-and-tube evaporator is
presented as an object with lumped parameters. A heat balance is compiled in differential form taking into account
transport delays.

In [10], a mathematical model of a shell-and-tube heat exchanger is presented in the form of an ARMAX model for
participation in a control system. These models do not take into account nonlinearities.

In the operation of heat exchange equipment, the colloidal state of raw materials and products, specifically heavy
fractions and residues, plays a major role in increasing the efficiency of heat and mass transfer [11]. This solution is
relevant for heavy fractions and also requires the installation of additional equipment.

The literature review shows that predicting thermal fouling and heat transfer coefficients based on feedstock
properties, as well as applying small-data methods that handle nonlinearities, remains insufficiently investigated. For
approximation and forecasting, a combination of approaches appears to be an interesting approach, such as combining
physicochemical (balance) methods with machine learning.

The objective of this research is to create a methodology for calculating the fouling thermal resistance and heat transfer
coefficient of a heat exchanger in relation to the outlet temperatures of crude oil and diesel fuel and the density of the oil,
as well as to enable prediction of the heat transfer coefficient.

To achieve this goal, the following tasks must be completed:

— perform a verification thermal calculation of a shell-and-tube heat exchanger for a small-capacity oil refining unit,
that is, obtain a mathematical model of the heat exchanger in balance form;

— using the shell-and-tube heat exchanger model obtained above, study the effect of the physicochemical properties
of the heat transfer fluids and the thermal fouling coefficient on the heat transfer coefficient and output parameters (using
oil samples from various fields as an example);

— obtain the dependence of the coefficient of thermal resistance of contaminants and the heat transfer coefficient on
the output temperatures of oil and diesel fuel in heat exchangers, as well as on the density of oil, that is, construct
approximating dependences through symbolic regression;

— build a nonlinear dynamic model suitable for predicting the heat transfer coefficient using the obtained
approximating dependences, experimental data of the operating installation, as well as a description of the object in the
form of previously derived ordinary differential equations.
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Materials and Methods. To determine the thermal resistance coefficient of fouling and the heat transfer coefficient
in shell-and-tube heat exchangers, it is proposed to apply machine learning methods using small sample sizes, such as
symbolic regression, since it is difficult to obtain large volumes of information on heat exchanger fouling under real plant
operating conditions. A NARX model is proposed for predicting the heat transfer coefficient.

The object of this study is a shell-and-tube heat exchanger for a low-capacity processing unit. The initial design
parameters of the heat exchanger were used for the shell-and-tube heat exchanger calculation: heat transfer surface
area — 68 m?, heat exchanger body length — 7.2 m, and tube length — 6 m.

The total thermal contamination of the tube surface was taken in the range from 0 (clean heat exchanger)
to 0.002 (m2-°C)/W (contaminated heat exchanger).

For such units, the circulation reflux (CR) is organized as follows. Diesel fuel from the main column outlet is divided
into two streams: product and circulating. The CR, passing through a shell-and-tube heat exchanger, returns to the main
column. The CR temperature is 210-235 °C. Diesel fuel (annular space) is the hot coolant, while oil (tube bundle) is the
cold coolant.

The first calculation step is to obtain the cross-sectional areas of the tubular and annular space. The second step is to
find the linear velocities of the oil and diesel streams.

The flow modes of the coolant and the heat transfer rates are determined by the Reynolds, Prandtl, and Nusselt criteria.
The next step is to calculate the heat transfer coefficient from the hot flow (diesel fuel) to the tube wall a; and the heat
transfer coefficient from the tube surface to the heated feedstock (oil) a.. The heat exchanger calculation is performed by
standard methods. Therefore, well-known formulas and heat exchanger calculation details are not provided.

The heat transfer coefficient is determined by the formula:

K= ()
1,6 1
o A, 0y
where 8;— heat exchange tube wall thickness, m; A; — thermal conductivity coefficient, W/(m-°C); o1, o, — heat transfer
coefficients, W/(m?-°C).

The heat transfer coefficient depends on the heat transfer coefficients in the heat exchange tubes and the thermal
resistance and thermal conductivity of the tube wall.

If there is contamination inside and outside the heat exchange tubes, the heat transfer coefficient is determined by the
following formula:

K, = 2
=1 8, Z 1° 2)
—+t+ Dy r+—
ap A, ®r
where Zr — total thermal resistance of the contamination layer, (m?-°C)/W.
The heat transfer equation is as follows:
O=K -F-AT, 3)
where K — heat transfer coefficient, W/(m?-°C); F — heat exchange surface, m?; AT — mean temperature difference, °C.
Heat balance equation for a shell-and-tube heat exchanger:

GLC‘CLC'(TB_TLC):Gn‘Cn'(Tnz_Tnl)» 4)
where c.c — heat capacity of CR diesel fuel, kJ/(kg -°C); ¢, — heat capacity of oil, kJ/(kg -°C); Grc — consumption of
CR diesel fuel; G, — oil consumption rate, kg/s; 713 — temperature on tray #13 of the diesel fuel outlet, °C; Trc — CR
return temperature, °C; 7,; — oil temperature at the inlet to the heat exchanger, °C; T,,> — oil temperature at the outlet of
the heat exchanger, °C.

Using the initial design data, a verification calculation of the shell-and-tube heat exchanger was performed. The heat
transfer coefficients and heat transfer coefficient were determined, and the system of equations (3) and (4) was solved.
Figure 1 shows a flowchart of the algorithm for solving equations (3) and (4) for the shell-and-tube heat exchanger.

Information Technology, Computer Science and Management



https://vestnik-donstu.ru

Tugashova LG, et al. Machine Learning-Based Condition Assessment Method ...

Setting input parameters of heat
carriers, PCP, design parameters

!

Initial approximation of oil | |
outlet temperature

V:
Computation of heat capacity
based on fractional composition| ,

'

Determination of diesel fuel
outlet temperature 3

'

Calculation of heat transfer
coefficient 4

'

Determination of design heat
transfer surface area F), 5

No

Yes

Oil outlet temperature

'

End

Fig. 1. Flowchart of the heat exchanger equation system solution algorithm

The diesel fuel and oil outlet temperatures are calculated using a method of successive approximations. After entering
the initial data in block 1, the first approximation of the hot fluid outlet temperature (diesel fuel) is selected.

Block 2 calculates the heat capacity of oil and diesel fuel, taking into account the fractional composition of the oil. Block 3
calculates the outlet temperature of the diesel fuel through solving the heat balance equation for heat exchanger (4). Block 4
calculates the following parameters: mean temperature difference, heat transfer coefficient of clean heat exchanger (1), and heat
transfer coefficient taking into account the thermal resistance coefficient of contaminant layer (2).

In the next block, block 5, the calculated heat transfer area is determined from heat transfer equation (3). In block 6,
the obtained calculated area value is verified. A significant discrepancy between the obtained and specified values
indicates an incorrect selection of oil and diesel fuel temperature. The iterative calculation continues until the discrepancy
between the calculated and specified heat transfer areas is no more than 5%. The solution to the system of nonlinear
equations (3) and (4) is implemented by numerical methods in the Matlab environment.

The calculation results are determined for given values of oil and diesel fuel inlet temperatures and oil and diesel fuel
flow rates. The oil properties (density, viscosity), its fractional composition at true boiling temperature (TBT), heat
exchanger design parameters, thermal load, and thermal resistance of the contaminant layer on the pipe surface are
specified.

The efficiency of the heat exchange process is affected by the thermal resistance of the tube surface fouling.
Furthermore, the composition and physicochemical properties (PCP) of the feedstock also influence the output
parameters, particularly the outlet temperature of the coolant. This study used the PCP of oil from three fields (Table 1).
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Table 1
Physicochemical Properties of Oil from Three Fields [12]
Output of
Oil field Density p, kg/m? fractionsup to | Viscosity n, mPa's | Asphaltene content, %

350 °C, %

Arlanskiy 891 42.8 35.37 5.80

Tuimazinskiy 856 53.4 10.18 3.40

Kuleshovskiy 819 63.6 3.29 0.70

Table 1 lists the physicochemical properties of crude oil from various fields. Density and viscosity are related to
asphaltene content. Density and viscosity increase with increasing molecular weight and fraction boiling point. Lower-
density oils yield higher light fractions at temperatures up to 350°C. The density and viscosity of oil, based on the PCP
listed in Table 1, can be measured in the field and in the laboratory. The data in Table 1 are also used to establish the
relationship between the thermal coefficient of contaminant resistance, the heat transfer coefficient, and the density and
viscosity of oil.

The following method is proposed for determining the thermal resistance of contaminants. Using the mathematical
model of a heat exchanger given in [13] and formulas (1-4), the input and output parameters of the object are determined.
These formulas form a training sample. To identify the thermal resistance of contaminants and the heat transfer coefficient
in shell-and-tube heat exchangers, it is proposed to use artificial neural networks [14] and machine learning methods
associated with symbolic regression and system identification. Examples of symbolic regression methods include
SISSO [15], TorchSISSO [16], PySR [17], SYMANTIC, and RGP. To obtain relationships between heat exchanger
parameters, the PySR (High-Performance Symbolic Regression) and SISSO (Sure Independence Screening and
Sparsifying Operator) methods are selected. They allow finding mathematical expressions that relate the original data.
These methods are selected because they are suitable for working with small data sets. Key hyperparameters of the PySR
method: binary operators — list of binary operators [+, -, "*', /', ""'], unary operators — list of unary operators ['sin’,
'cos', 'exp, 'log', 'sqrt!, etc.], maxsize — maximum expression size, niterations — number of iterations, loss_function —
loss function, population_size — size of population. Key hyperparameters of the SISSO method: n_expansion — number
of feature expansions, n_term — number of terms in the final formula, k — number of features for LO-regularization,
initial screening — initial feature selection, operators — a set of mathematical operations for generating features.

For identification and forecasting tasks over a given period, the NARX (Nonlinear Autoregressive with Exogenous
Inputs) model is selected. FROLS (Forward Regression Orthogonal Least Squares) and CatBoostRegressor algorithms
are used to determine its structure.

In the presented work, the oil density and the outlet temperature of the hot and cold coolants are used as factors. The
output parameter of the relationship is the thermal resistance of the contaminants, or the heat transfer coefficient. The
target parameter is calculated from the mathematical expression obtained by the PySR or SISSO, CatBoostRegressor or
FROLS methods and measured process parameter values. It allows for determining the heat transfer coefficient and
maintenance intervals for heat exchangers.

Research Results. Table 2 presents the values of heat transfer coefficients for different values of thermal fouling,
density and viscosity of oil from different sources (data from Table 1).

Table 2
Heat Transfer Coefficient Values

Thermal resistance, (m™°C)/W Heat transfer coefficient of clean and contaminated heat exchangers, W/(m? °C)
Arlanskiy oil field Tuymazinskiy oil field Kuleshovskiy oil field

0.00000 95.27486 94.24999 93.19691

0.00018 93.97257 92.97539 91.95044

0.00036 92.70541 91.73479 90.73687

0.00055 91.47196 90.52687 89.55492

0.00073 90.27091 89.35035 88.40336

0.00091 89.10098 88.20401 87.28104
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0.00109 87.96099 87.08672 86.18686
0.00127 86.84981 85.99737 85.11978
0.00145 85.76635 84.93495 84.07879
0.00164 84.70959 83.89845 83.06296
0.00182 83.67855 82.88695 82.07138
0.00200 82.67231 81.89954 81.1032

In the next step, the output temperatures of the coolants (oil and diesel fuel) are calculated depending on the thermal
resistance of the contaminant layer and the physicochemical properties of the oil (density and viscosity). Figures 2 and 3
show the results obtained.
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The graphs in Figures 2 and 3 show that thermal fouling of the tube surface reduces heat transfer efficiency. The outlet
temperature of the heated oil does not reach the required value, which corresponds to a clean heat exchanger. To maintain
the heat flow at the specified level, it is required to increase the flow rate or temperature of the hot coolant.

It can be seen that as the thermal fouling coefficient increases, the difference and ratio between the outlet temperatures
of oil and diesel fuel increase. This pattern is taken into account when deriving the thermal fouling coefficient by the
SISSO method. The ratio of the outlet temperatures of the fouled heat exchanger to those of the clean heat exchanger also
changes. This pattern is taken into account when applying the PySR method.

For training, PySR and SISSO are fed with the oil density and temperature at the outlet, and the diesel fuel temperature
at the outlet. The target parameter is the thermal resistance of the contaminants. The Python software package is selected
as the implementation tool.

Examples of mathematical relationships for determining the thermal resistance of contaminants obtained using SISSO:

y=k -((xz-x3)—(x2 /xl))_kz‘ ln(XI) +k;

Xy — X3 Xy — X3

X5 / X3

+ky, (6))

where x; — oil density, kg/m®; x, — diesel fuel outlet temperature, °C; x3 — oil outlet temperature, °C; y — thermal
resistance, (m?°C)/W; k1—ks — coefficients.

Using PySR, a mathematical relationship is obtained for determining the thermal resistance of contaminants:

)’ZXOXZOg(xl‘Fkl)’kz_ﬁa (6)
X3
where xo — oil density, kg/m?; x; — ratio of the outlet temperature of diesel fuel in the contaminated heat exchanger to
the outlet temperature of diesel fuel in the clean heat exchanger; x, — ratio of the outlet temperature of oil in the
contaminated heat exchanger to the outlet temperature of oil in the clean heat exchanger; y — thermal resistance,
(m?2-°C)/W; ki—k; — coefficients.

To compare the accuracy of the dependences obtained, the root mean square error (RMSE) is used, which determines
the average difference between the predicted and original data. The RMSE for expression (5) is 1.250371-¢™% (m?-°C)/W.
For expression (6), RMSE = 2.336612-¢"% (m?-°C)/W.

Mathematical expressions (5, 6) are used to find the thermal resistance values of contaminants based on the measured
parameters of the operating unit.

For practical applications, it is also necessary to know the values of the contaminant thermal resistance and heat
transfer coefficient, determined not only at a given moment but also over a certain period. To obtain a consistent set of
contaminant thermal resistance and heat transfer coefficient values, historical data is required.

The training and test samples are formed using the dynamic model of the heat exchanger given in [18], with
dependences (5) or (6) added to the model. After training and testing the models, it is possible to predict the target
parameter.

The Python SysldentPy library is used to model and forecast multiple target parameter values over a given period.
The NARX model is suitable for modeling dynamic systems that use both current and previous input and output values.

The FROLS and CatBoostRegressor algorithms are used to select the model structure. Lags of input (xlag) and
output (ylag) variables are selected. Lag values are determined by search method.

The parameters selected for the FROLS algorithm are:

method for estimating model parameters — LeastSquares and TotalLeastSquares;

— order_selection=True — automatic selection of the model order (number of significant terms);

—n_terms=12 — maximum number of terms in the final model;

—model type="NARMAX" — type of model;

— xlag=[1,1,1] — lags for input variables;

— ylag=12 — lags for the target variable;

— Polynomial — base class for generating polynomial functions with a selection of polynomial degree (degree=2);

— information criterion — AIC (Akaike Information Criterion).

For the CatBoostRegressor algorithm (a gradient boosting regressor), the following hyperparameters are defined:

— iterations=500 — number of trees in the ensemble;

— learning_rate=0.1 — learning rate (gradient descent step);

— depth=6 — maximum tree depth;

— xlag=[1,1,1];
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— ylag=12.

In this case, a parameter prediction problem is solved, producing results that have not been previously reported. Thus,
the ex-post forecast method is the most appropriate. The data are split 80/20 for model building and ex-post forecast.

After training the model, its quality is assessed using ex-post forecast. The post- prediction error for the
CatBoostRegressor algorithm is RMSE = 0.03573 W/(m?-°C), for the FROLS algorithm, RMSE = 0.01296 W/(m?-°C).
When forming the training and test samples, the range of variation of the thermal resistance of contaminants from 0
to 0.0022 (m?-°C)/W, and the oil density — from 810 to 910 kg/m3 are used. The results obtained for an oil density
of 900 kg/m® are shown in Figure 4.

Industrial data for 12 readings is used to validate the models. Time series of measured oil and diesel fuel temperatures
are processed by a median filter. Expert assessments by process engineers (regarding the dates of scheduled heat
exchanger cleanings) are taken as additional information.
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Fig. 4. Actual and predicted values of heat transfer coefficient

For a clean heat exchanger, the heat transfer coefficient is 95 W/(m?-°C), and after 12 readings, it is 77 W/(m?-°C).
During this time, the heat transfer coefficient has decreased by 18.61%. After 18 readings (not shown in Fig. 4), the heat
transfer coefficient has decreased by 25.2%, indicating the need for equipment cleaning to maintain operating efficiency.
In this way, the target parameter can be predicted in the event of a change in oil density.

A comparative analysis of the heat transfer coefficient for a clean versus a fouled heat exchanger over a specified time
interval indicates a loss of thermal efficiency. If the parameter falls by 25-30%, this serves as a signal that cleaning of
the heat exchange unit is required.

Discussion. The results of a calibration thermal calculation of a shell-and-tube heat exchanger for a low-power oil
refinery confirm the correctness of the constructed mathematical model. When the total thermal resistance of
contaminants increases from 0 to 0.002 (m?-°C)/W, the heat transfer coefficient decreases by approximately 13 — 14% for
all three studies of oil from different sources.

A relationship between heat transfer efficiency and the physicochemical properties of oil is established. As density
increases, the heat transfer coefficient increases slightly due to higher heat capacity and thermal conductivity. However,
heavier oils contain more asphaltenes, which accelerate the buildup of contaminants. Thus, the effect of density is twofold
and requires further study.

The PySR and SISSO symbolic regression methods demonstrated high accuracy in reconstructing analytical
relationships: RMSE were 1.25:107% and 2.34-107% (m?-°C)/W, respectively. The expression obtained by the SISSO
method appeared to be more practically applicable, since it did not require reference values for the clean heat exchanger
temperatures.
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In the forecasting task, the FROLS algorithm as part of the NARX model outperformed CatBoostRegressor in
accuracy (RMSE = 0.013 versus 0.036 W/(m?-°C), which is explained by the better adaptability of orthogonal regression
to small samples with smooth dynamic dependences. The established cleaning criterion (a reduction in the heat transfer
coefficient by 25-30%) allows for a transition from a reactive to a proactive maintenance strategy.

Conclusion. This paper presents a method for determining the thermal resistance coefficient of fouling and the heat
transfer coefficient of a shell-and-tube heat exchanger for a small-capacity oil refinery by machine learning methods. In
the course of the study, a verification thermal calculation of the shell-and-tube heat exchanger was performed using an
iterative algorithm for solving a system of heat transfer and heat balance equations. It was shown that as the thermal
fouling coefficient of the tube surface increased, the heat transfer coefficient decreased, and the outlet temperatures of the
coolants deviated from the values corresponding to a clean unit. The effect of the physical and chemical properties of
oil — density and viscosity — on the output parameters of the heat exchanger was also established.

Using the PySR and SISSO symbolic regression methods, analytical dependences of the thermal resistance coefficient
of contaminants on the outlet temperatures of oil and diesel fuel, as well as on the oil density, were obtained. The root-
mean-square error of the obtained expressions did not exceed 1.25-10% and 2.34-10® (m2-°C)/W, respectively,
demonstrating their high accuracy.

To predict the heat transfer coefficient over time, the FROLS and CatBoostRegressor algorithms were used within the
NARX model. According to the ex-post forecast results, the error for the FROLS algorithm was
RMSE = 0.013 W/(m?-°C), and for CatBoostRegressor — RMSE = 0.036 W/(m?-°C). Based on the dynamics of the
predicted heat transfer coefficient, it was shown that a decrease in this parameter by 25-30% relative to the value of a
clean heat exchanger was a justified criterion for scheduling maintenance.

Validation of the developed models was performed using industrial data and expert assessments of technologists,
which confirmed the applicability of the proposed methodology under real operating conditions.

The practical significance of this work is that the developed method uses readily available operational data (outlet
temperatures and oil density) to evaluate heat exchanger fouling and predict cleaning schedules, thereby improving energy
efficiency and reducing unplanned downtime in oil refining.

In the future, it is expected that the application of the method will be expanded to other types of heat exchange

equipment, as well as its integration into automated process control systems.
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Abstract

Introduction. The automation of high-temperature processes (for example, laser welding) requires fault-tolerant real-time
control systems. Traditional microprocessors exhibit critical software latencies, while promising in-memory computing
platforms (MRAM, RRAM) are subject to thermal instability and state drift in hot zones. There is a significant scientific
gap in the development of controllers capable of utilizing heat transfer physics as a computational medium, thereby
converting thermal interference into a useful logic signal. This study is aimed at the computer modeling of heat flows in
thermal memory elements (TME) to justify the hardware implementation of fuzzy logic inference. The research addresses
the tasks of the topological formation of AND/OR logic gates and the analysis of the impact of dielectric insulation on
the weight parameter adjustment.

Materials and Methods. The investigation of thermal processes in memory cells (a 2-5 pm aluminum film on a silicon
substrate) was conducted by the finite element method in the Transient Thermal module of ANSYS Workbench. The cells were
fabricated via vacuum electron-beam evaporation: aluminum tracks 75 pm wide and 4 mm long were formed on the silicon
substrate. The structures were subjected to rectangular current pulses with a current density amplitude
of (2-2.5) - 10'° A/m? and a duration of 1-2 ms; the local heating of the structures reached up to 30°C. To implement AND and
OR logic gates, the interelement distances were topologically varied to 0.1 mm and 0.5 mm, respectively. Furthermore, SiO-
dielectric pockets with a depth of 30 um were introduced into the design for directional heat flow control.

Results. Based on the developed computer models in ANSYS Workbench, a comprehensive study of non-stationary
thermal fields in TME structures was conducted. It is proven that the integration of SiO: dielectric insulation effectively
controls the direction and power of the heat flow, eliminating parasitic energy dissipation. The modeling physically
substantiates the feasibility of hardware formation of a fuzzy inference rule base directly within the crystal topology. It is
established that varying the interelement distances is the key factor in logic setting: a distance of 0.1 mm between the
input and output elements provides the realization of the OR logic operation, whereas a 0.5 mm distance corresponds to
the AND operation.

Discussion. The data obtained confirm that thermal field superposition enables delay-free fuzzy logic operations. The
logic gate models developed exhibit response times (1-2 ms) that are an order of magnitude lower than those of standard
PLC (20-50 ms). In contrast to phase-change memory (PCM), the proposed method demonstrates robustness against
external temperature noise through the algorithmic correction of logic thresholds. The primary limitation of this study is
the thermal inertia of the silicon substrate, which accounts for a 5-7% discrepancy between the ANSY'S simulation results
and in-situ experiments.

Conclusion. The findings validate the feasibility of hardware-based topological design for a fuzzy inference rule base
and the practical implementation of in-memory computing. This opens up promising prospects for integrating peripheral
artificial intelligence (Edge Al) directly into the hot zones of industrial equipment.
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AnnapaTHasi peaju3auus HeYeTKOM JIOTHKH HA 0a3e 3JIeMEHTOB TeIJIOBO MaMATH
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Beseoenue. ABTOMaTH3a1Ms BRICOKOTEMIIEPATYPHBIX IPOLIECCOB (HAIPUMeEP, JTa3epHOI CBApKH) TpeOyeT 0TKa30yCTOHIH-
BBIX CHCTEM YTIPABIICHHS B peaTbHOM BpeMeHH. TpaauinOHHBIE MUKPOIIPOLIECCOPHI IMEIOT KPUTHUYECKIE IPOTPaMMHBIE
3aJIepPKKH, a MIePCIeKTUBHBIEC TIaTGOopMbl Beranciennii B mamsata (MRAM, RRAM) nmoaBepsxeHbl TepMUIECKON HeCTa-
OWIBHOCTH U Jpeiiy cOCTOSHUIA B TOpsIHNX 30HaX. CymIecTByeT HayYHBIH poOel B 3HAHUAX O pa3paboTke KOHTpOJILTe-
POB, HCIOJIB3YIONINX (PU3NKY TEIJIONEepeHOca B KaUeCTBE BEIYMCINTEIBHOM Cpe/ibl, MpeBpalias TeIUIOBYIO IIOMEXY B JIO-
rudeckuii curnai. Llens gaHHol padoThl — KOMIBIOTEPHOE MOJICTMPOBAHKE TEIUIOBBIX TOTOKOB B 2JIEMEHTAX TEIJIOBON
namsat (OTII) s o6ocHOBaHuUS anmapaTHOW peaM3alliy HEYEeTKOTo BhIBOJA. B HMccnenoBaHuy pemaTcs 3aJaqu To-
nosiornueckoro gopmuposanus BenTrieir AND/OR n ananu3za BAMsSHUS AUAIIEKTPUUESCKOM N30JSIIMU HA HACTPOMKY Be-
COBBIX MTAPaMETPOB.

Mamepuanst u memoosl. ViccnenoBaHue TEIUIOBBIX MPOIECCOB B sUEHKaX MaMsTH (aIFOMIUHHAEBAs IIEHKA, 2—5 MKM, Ha
KPEMHHEBOH TMOJJIOKKE) OBUIH TIPOBEACHBI METOIOM KOHEUYHBIX JIEMEHTOB B Moxyie Transient Thermal mratdopmsr
ANSYS Workbench. S4etikn H3roToBICHB METOAOM BaKyyMHOT'O 3JIEKTPOHHO-ITyYeBOTO HCIIAPEHH: aTFOMUHHIEBEIE J10-
POKKH IMUPHUHON 75 MKM H [uHON 4 MM (hOPMHIPOBAIIIICH HA TOIOKKE KpeMHHs. Bo3neiicTBre 0CymecTBISIIOCH Mpsi-
MOYTOIBHBEIMH TOKOBBIMA MMITYJIBCAMH C aMILTMTY 0N Toka (2-2,5) - 101 A/M? n mmTensHoCThI0 1-2 MC, TOKAIBHBIH
HarpeB cTpykTyp goxommi 1o 30 °C. [ns peammzanun jgorudecknx BeHTIIIEH AND u OR MEHSIIHCh MEX3IIEeMEHTHBIC
paccrosianst — 0,1 1 0,5 MM COOTBETCTBEHHO — TOTIOJIOTHYECKUM crtocoOoM. [[iist HarpaBiIeHHOTo ynpaBlieHHs TEeIUIo-
BBIMH [TOTOKaMH B KOHCTPYKLIMIO OBbUIN BBEJECHBI AMAIIEKTpHUeCcKHe KapMaHbl 13 SiO2 riryouHoit 30 MKM.

Pesynemamut uccnedosanus. Ha ocHOBe pa3paboTaHHBIX KOMIBIOTEpHBIX Mojeneid B cpene ANSYS Workbench mpo-
BE/ICHO KOMIUIEKCHOE MCCIIE/IOBAaHNE HECTAI[OHAPHBIX TEIUIOBBIX nojed B ctpykrypax OTII. [lokazaHo, 4To BHeIpeHHE
JUAJICKTpUIECKOr n30uu n3 Si0, mo3BoisieT 3G (HEKTHBHO YIIPABIATh HANPABICHHEM M MOITHOCTHIO TEILIOBOTO TI0-
TOKa, UCKJIF0Yas Mapa3suTHOE paccenBaHMe YHEpTrud. B xome MonenpoBanus GU3NIecKd 000CHOBaHA BO3MOYKHOCTD all-
mapaTHOTro (OpMHUPOBaHMS Oa3BI MPABWII HEYETKOTO BBIBO/IA HEIIOCPEACTBEHHO B TOTIOJIOTHH KPHCTAIIa. Y CTAHOBIICHO,
YTO BaphUPOBAHHE MEXKDIEMEHTHBIX PACCTOSHUH SBISIETCS KIIOYEBBIM (DaKTOpPOM HACTPOWKH JIOTHKU: AWCTAHIUS B
0,1 MM MeXITy BXOIHBIMH H BBIXO/IHBIM dJIEMEHTaMH 00eCIIeYnBaeT pean3aliio Jorudaeckoil onepammu OR, a nucras-
uus 0,5 mm — onepauuu AND.

Obcyscoenue. TlonyueHHbIE JaHHBIE TOATBEPIKIAIOT, YTO HCIOJIB30BAHUE MPOCTPAHCTBEHHOTO HAJIOXKEHUSI TETUIOBBIX T10-
JIel TTO3BOJISIET peain30BaTh HEYETKUE onepanny 6e3 NporpaMMHBIX 3a/iepikek. Bpemst peakunu pa3zpaboTaHHBIX Mojiener
JIOrMuecKuX BeHTuer (1-2 Mc) Ha TOpSIOK MPEBOCXOANT MOKa3aTe N CTaHAaPTHBIX MPOrPaMMHUPYEMBIX JIOTHYECKHX KOH-
tposmtepoB (IIJIK) — 20-50 mc. B orimame ot mamsatu Ha (a30BBIX Mepexoaax MPeAsioKEeHHBIH METOA IEMOHCTPHPYET
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YCTOHYMBOCTD K BHELITHUM TEMIIEPATYPHBIM IIOMEXaM 3a CUET aITOPUTMHIECKOI KOPPEKIMHN JTOTHIECKUX TOPOroB. OCHOB-
HBIM OIpaHHYEHUEM PaOOTHI SBIISIETCS TEIUIOBasi MHEPIMOHHOCTh KPEMHHEBOH MOJIOKKH, KOTOpas 00yciaBIMBaeT pac-
XOXKJEHUE MEeXAY pe3ynbTaramu MoaenupoBaHus B ANSY'S 1 HaTypHBIMU 3KCIIEpUMEHTaMU Ha ypoBHE 5—7 %.

3axntouenue. TloydeHHbIE pe3yIbTaThl IIOATBEPXKIAIOT BO3MOXKHOCTD aIllapaTHOTO 33/1aHHS TOIIOJIOTUHU 0a3bl MPaBUII
HEYEeTKOro BBIBOJIA U pealM3allfi0 BBEIYMCIICHUH B mamsTH (in-memory computing). 9To OTKPbIBAET MEPCIIEKTHUBHI IS
BHenpeHus nepudepuitnoro nckyccrseHuoro unreiviekra (Edge Al) HemocpeacTBEHHO B Topsiuve 30HBI MIPOMBIIUICH-

HOTO 000pYyIOBAHUS.

KiroueBble cJioBa: TEIUIOBas naMATh, HCUCTKas JIOTHKa, aHHapaTHBIﬁ JIOTHYIECKUHA BBIBO/I, (_’pazanmxaum, BBIYHCIICHUSA

B ITAMATH, KPEMHUEBBIE CTPYKTYPBI

BaaronapHocTu. ABTOPHI BBIPAXAOT IPHU3HATENBHOCTh JIOKTOPY (H3MKO-MAaTEeMaTH4YECKHX HayK, mpodeccopy
KanenkoBy C.I'. 1 TOKTOpY TeXHHYECKHX Hayk, mpodeccopy beckombuibHOMy A.H. 3a cTuMmynupyronme AUCKYCCHH.
Taroke OnarojapuM peJakLIMOHHYIO KOMaHIy J>ypHajla M pEleH3eHTa 3a KOMIIETEHTHYIO JKCIEepPTHU3y M LCHHBIC

PEKOMEHJALUY 110 YIy4ILIEHUIO CTaThH.
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Introduction. The current stage of development of global mechanical engineering, which is characterized by the
transition to the concepts of Industry 4.0 and 5.0, places high demands on the reliability of automation systems [1].
Technological processes, such as high-precision casting, laser and electron beam welding, as well as multistage heat
treatment, operate under the impact of extreme factors: high-intensity electromagnetic fields, vibration loads, and ultra-
high temperature gradients. Under extreme temperature conditions and electromagnetic interference, traditional von
Neumann microprocessor architecture exhibits a critical reduction in efficiency [2,3]. Up to 80% of the PLC
computational time and energy is consumed by data transmission over vulnerable buses, causing response delays of
20-50 ms. Standard microprocessors require cumbersome protection and shielding systems against electromagnetic
interference. Moreover, the implementation of intelligent control algorithms, in particular fuzzy logic, in software is
associated with critical delays that arise due to the multiple conversion of signals in the “analog-to-digital converter
(ADC) — processor — digital-to-analog converter (DAC)” chain and the sequential execution of the microcontroller
software code. High-speed production system control algorithms must operate without latency [4], necessitating the use
of parallel hardware processors where logical inference is independent of the CPU clock rate. The transition to alternative
in-memory computing (IMC) platforms will enable signal processing directly in the physical environment (in situ).

One of the possible directions for implementing the IMC algorithm is the creation of multi-valued logic circuits [5],
which provides the implementation of fuzzy logic in circuit design through changing the physical properties of the
material, such as resistance or thermal conductivity. The most studied thermal method for implementing IMC is phase-
transition memory (pulse code modulation, PCM) [6], whose operating algorithm is based on encoding information
through a change in the aggregate state of chalcogenide glass as a result of an increase in temperature under heating. But
it must be taken into account that the use of PCM in hot shops (for example, in the laser welding zone) faces the problem
of spontaneous phase switching due to the high external thermal background, which makes them unsuitable for emergency
protection systems.

Memristor structures (RRAM) [7], which are characterized by similar problems, are also considered as basic elements
of hardware fuzzy logic of the second type. Memristor crossbars are subject to thermal drift of resistive states, which
results in the accumulation of errors in the weight coefficients of fuzzy inference. A logical continuation of this approach
is the field of thermotronics [8] (phononics [9]). Experiments have been conducted that demonstrate the operation of
nanoscale thermal logic gates (NOT, AND, OR) with power consumption on the order of femtojoule [10]. The study of
wave-based thermoplastic logic gates built using thermally tunable metamaterials has led to the conclusion that it is
possible to create highly complex, combinable circuits embedded directly into the structural material [11]. However, these
solutions are purely laboratory-scale: they operate at the nanoscale and require high-quality insulation from macroscopic
thermal noise.
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Thus, there is a clear gap in current scientific knowledge: existing solid-state solutions (PCM, RRAM) are sensitive
to external thermal interference, and nanophononic devices are not scalable for industrial environments. A solution to this
problem could be the development of macroscopic thermal memory elements (MTME) that utilize the superposition of
thermal fluxes for computation, converting harmful equipment overheating into a useful signal.

Unlike classical electronics, thermal memory uses the dynamic heating range [12] as an analog value. The dynamic
change in TME temperature directly reflects the membership functions of fuzzy sets. Thus, the thermal memory element
does not simply become a storage device, but turns into an active computing environment that implements fuzzy logic
algorithms of the second type.

Unlike classical algorithms, Type-2 Fuzzy Logic operates on membership functions that are themselves fuzzy sets.
The degree of membership here is not a specific number, but a range (interval). Fuzzy logic algorithms can directly
process linguistic variables and perform an intuitive decision-making process similar to that of humans [13], which allows
them to be used in fault-tolerant control systems (FTCS) [14].

The objective of this work is to develop a method for hardware implementation of fuzzy inference based on thermal
memory structures. The proposed method will combine the advantages of thermal stability, system noise immunity, and
intelligent data processing to solve the problem of creating next-generation fault-tolerant control systems for modern
mechanical engineering.

Materials and Methods. The thermal memory elements discussed in this paper are metal film-on-silicon substrate
structures. Unlike standard digital memory cells, these elements store information in a thermal state. As an active
computing medium, they integrate storage, processing, and fuzzy logic in a single cell, exhibiting strong sensitivity to
input energy. Current pulses serve as input signals: heat distribution from local heating implements AND/OR operations.
This enables the creation of transistor-free neuromorphic networks for response recognition with energy efficiency of up
to 107'5 J/operation.

For this reason, the authors used structures consisting of metallization tracks deposited on a silicon wafer through
electron beam evaporation (Fig. 1) as the thermal memory cell. A 450-pum-thick silicon wafer with a resistivity of 30 Q-cm
served as the substrate. Aluminum films with a thickness of # = 3—5 pum served as the conductive layer. The metallization
track width was b =75 um, and its length was /=4 mm. Probes (1-12) were used to record oscillograms during the
passage of current pulses [12]. Single current pulses were generated using an original setup. The duration of a rectangular
current pulse did not exceed t = 1 ms, and the amplitude j = 8-10'° A/m?. The ohmic resistance of the structure was in the
range R =0.3-0.5 Q.

Preliminary studies have shown that this system operates well up to a temperature of 7= 550 °C. Further increases in
thermal loads lead to the onset of degradation processes. These processes are associated with contact melting
at the Al-Si interface (7. = 577 °C) and electrodiffusion processes, resulting in irreversible changes in the structure of the
metal track [15].

a)

Fig. 1. Hardware implementation of a thermal memory cell:

a — schematic representation; b — experimental electrophysical setup

To conduct a computational experiment and evaluate the spatial distribution of thermal fields, the finite element
method in the Transient Thermal module of the ANSYS Workbench platform was used. The numerical solution through
constructing a thermal model based on the finite element method in the ANSYS engineering analysis system has proven
to be an effective approach for calculating the temperature fields of various mechanical engineering objects [16].

The three-dimensional geometric model (Fig. 2) included a 2 mm thick single-crystal silicon substrate with conductive
aluminum tracks (4 mm long, 75 um wide, 3 pum thick) located on its surface, serving as TME. To specifically control the
heat flow and eliminate mutual influence of the input elements, dielectric heat-insulating pockets made of silicon
dioxide (SiO;) 30 um deep and 1 pm thick were integrated into the structure.
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Fig. 2. Logic gate structure geometry: 1 — silicon wafer;
2 — insulating dielectric layers; 3 — metal tracks

When setting up the solver, the following thermodynamic properties of materials were specified:

1. Silicon (Si): density — 2330 kg/m?, thermal conductivity — 148 W/(m-°C), specific heat — 712 J/(kg-°C).

2. Silicon dioxide (SiO3): density — 2220 kg/m’, thermal conductivity — 1.5 W/m-°C), specific heat — 745 J/(kg-°C).

3. Aluminum (Al): density — 2689 kg/m?, thermal conductivity — 237.5 W/m-°C), specific heat — 951 J/(kg-°C).
The computational unstructured mesh was generated in the built-in ANSYS Meshing module (Fig. 3).

Fig. 3. Image of the constructed mesh on a model of a silicon wafer with a thermal memory element
in a 100 pm wide dielectric pocket

Convective heat exchange with the environment was specified as the boundary conditions on the free surfaces of the
silicon wafer, with a heat transfer coefficient of 5 W/(m?-°C). Thermal exposure was modeled by specifying the heat
dissipation power distributed over the volume of the aluminum tracks. The logic of the gate operation was verified through
evaluating the temperature at the output TME with varying thermal clearance distances (from 0.1 to 0.5 mm).

To use this physical structure as a fuzzy logic calculator, a direct connection must be established between the
thermophysical processes and the mathematical apparatus of fuzzy sets. To establish a hardware correspondence between
a specific numerical value of the input variable (signal from the temperature sensor) and the value of the membership
function of the corresponding term of the input linguistic variable (terms “logic 07, “logic 17, “critical overheating”), a
procedure for finding the values of the membership functions of fuzzy sets (terms) based on clear initial data was carried
out — the fuzzification process.

Fuzzification and Input Weight Generation. In the developed TME architecture, input electrical pulses from sensors
are converted into local thermal fields directly within the aluminum track — silicon substrate structure. The key parameter
at this stage is the input signal weight. While in classical software algorithms, the weight is defined by an abstract
numerical coefficient, in the proposed hardware implementation, it has a specific physical meaning, characterizing the
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intermediate state of the system between logical 0 and 1. The weight is determined by the amount of thermal energy
released (heat flow power), which depends on the amplitude of the current pulse (2 - 10'°< 1, < 2.5-10!° A/m?) and its
duration (1-2 ms). The higher the values of these electrical parameters, the more intense the local Joule heating of the
element. A physical increase in the temperature of the TME is equivalent to a mathematical increase in the degree of
membership of the input variable to the fuzzy term “logic 1. Thus, the temperature dynamics T(t) of the TME acts as an
analog carrier of information about membership in a fuzzy set.

Thus, once the membership degrees of several inputs are established, the system must perform fuzzy inference to generate
the hardware output according to a rule base. Unlike microprocessors, where logical inference requires resource-intensive
mathematical calculations, in the TME matrix, this procedure is implemented at the hardware level by adding heat fluxes in the
volume of the silicon substrate. To level out the uncontrolled mutual influence of thermal memory elements and to set strict
inference rules (formation of the rule base topology), dielectric pockets made of silicon oxide (SiO,) are used (Fig. 2).

Dielectric pockets act as thermal barriers, strictly directing heat flows to the weight (output) element of the matrix for
performing intersection or union operations.

Hardware Implementation of AND Intersection and OR Union Operations. To create fault-tolerant control systems
implementing hardware fuzzy logic directly within the structure of a memory device, the authors investigated mechanisms for
controlling the spatial distribution of thermal fields. Using SolidWorks software, 3D models were constructed demonstrating
the topological hardware implementation of AND and OR logic operations based on thermal memory elements (TME).

OR Operation (MAX / Union). This is implemented with a minimum distance between elements (0.1 mm) (Figs. 4, 5). The
thermal power of even one heated input under conditions of localized heat flow pockets is sufficient to switch the output element
to the “logic 17 state (heating by =~ 2 °C), which corresponds to the recording of a critical event on any of the channels.

Fig. 4. OR gate hardware implementation (input—output distance: 0.1 mm): 1 — Si wafer;
2 — metal tracks; 3 — dielectric insulation; 4 — heat flow direction

Fig. 5. Simulation model of OR logic gate: temperature field at a distance of 0.1 mm between input and output
TME (heating of one input element)

AND (MIN / Intersection) Operation. This is implemented through increasing the distance to 0.5 mm (Figs. 6, 7).
In this case, the output element reaches the response threshold only when both inputs are heated simultaneously, which
physically emulates the intersection of conditions (e.g., “high temperature” and “long exposure time”).
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AND

Fig. 6. Hardware implementation of AND operation, distance between input and output elements is 0.5 mm: 1 — silicon wafer;
2 — metal tracks; 3 — insulating dielectric layers; 4 — heat flow direction

Simulation modeling of the operation of logic gates was performed on the ANSYS Workbench platform (Figs. 5, 7)
using the Transient Thermal module for non-stationary thermal calculations.

Fig. 7. Simulation model of AND logic gate: temperature field
at a distance of 0.5 mm between input and output TME
(simultaneous heating of two input elements)

The simulation results (Figs. 5, 7) fully confirmed the efficiency of using thermal insulation (SiO,) and the selected
geometric distances for adjusting the weight parameters of the hardware fuzzy inference.

Research Results. In the course of the study, the concept of hardware implementation of fuzzy logical inference based
on thermal memory elements (TME) was theoretically substantiated. It has been established that the use of a planar
metallization system on a silicon substrate allows bypassing the hardware limitations of the classical von Neumann
architecture through transferring the fuzzification and defuzzification processes directly into the physical environment of
the semiconductor.

Computer simulation results in ANSYS Workbench have confirmed that the proposed spatial organization of thermal
field superposition within the material enables successful implementation of basic fuzzy logic operations. It is found that
the ability to define the fuzzy rule base topology enables precise spatial arrangement of the TME matrix and the use of
insulating dielectric pockets made of silicon oxide (SiO,). Optimal linear dimensions between the input TME and the
output weight TME are specified: a distance of 0.1 mm between elements guarantees the execution of the combination
operation (logic OR), and an increase in the thermal gap to 0.5 mm establishes rules for the intersection operation (logic
AND), switching the output element only under combined thermal effect.

The simulation results prove that the hardware implementation of fuzzy logic based on the electronic control platform
allows overcoming the limitations of standard microprocessor systems in the tasks of automating fast-moving processes.

Information Technology, Computer Science and Management
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The response time of the developed logic gate models is 1-2 ms, compared to the typical 20-50 ms processing cycle
for fuzzy algorithms in standard PLC. The use of macroscopic heat transfer as a useful signal distinguishes the proposed
TME from PCM (phase-change memory) technologies, which are subject to spontaneous switching under external
thermal conditions. Unlike memristor structures (RRAM), TME are more resistant to temperature drift in hot zones due
to the use of a unique floating-zero algorithm.

Discussion. The results of the study have practical significance in the fault-tolerant process control (PC) for automated
laser (or electron beam) welding of thin-walled structures. This PC is characterized by high-speed thermophysical
reactions (millisecond range) and the presence of electromagnetic interference from power inverters, making the use of
conventional microprocessors for fuzzy control impossible without special protection techniques.

A severe violation of this PC is the formation of weld defects (burn-through, evaporation of alloying elements, or critical
thermal stresses). To prevent defects, it is required to simultaneously monitor two parameters: the temperature of the welding
pool (determined by a non-contact pyrometer) and the time it is maintained at this temperature (or laser pump current).

Fault-tolerant control of this PC can be built on the basis of a hardware implementation of a logic AND gate, which
is a three-element structure of thermal memory: two input TME (input A is the temperature factor, input B is the time or
power factor) and one output (weight) element that generates a command for correction or emergency shutdown of the

process (Fig. 8).

Non-contact
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Fig. 8. Schematic diagram for integrating fault-tolerant computer based on TME into laser welding process

The high response rate is due to the fact that logical inference takes place directly in the physical medium, without
intermediate analog-to-digital conversion. The implemented AND gate (based on a three-element structure) physically
sums the laser power and welding pool temperature factors, allowing the system thermal state to be interpreted as a

linguistic variable.
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Integrating an active computing environment into a laser welding PC solve the following problems:

— prevent irreversible process failures (weld microstructure degradation, thermal drift, or burn-through);

— adjust energy supply within 1-2 ms;

— TME matrix enables the implementation of an Edge Computing paradigm directly in the hot zone of the process.
This relieves the load on industrial data networks and eliminates latency in critical decision-making.

Hardware implementation of fuzzy logic on TME solves the problems of high-temperature diagnostics in hot
workshops (for example, foundries), where standard semiconductor controllers inevitably fail or are forcibly turned off
by built-in overheating protection systems [17].

The basic limitation of the TME operation is the thermal inertia of the silicon substrate, which causes a discrepancy
between the results of ANSYS simulations and field experiments at a level of 5-7%. It should also be noted that the
proposed method is focused on high-speed threshold logic (protection against defects) and does not replace high-precision
numerical control systems.

Conclusion. A hardware implementation method for fuzzy inference using thermal memory elements (TME) in
industrial automation systems is proposed and validated in the study.

1. A method for organizing information storage and a floating-zero algorithm have been developed, providing adaptive
correction of logic thresholds. This allows for the stabilization of logic cell operation under non-stationary temperature
conditions typical of industrial environments.

2. The feasibility of topological formation of a fuzzy inference rule base was validated through simulation. It was
found that varying the interelement distance in a silicon structure (0.1 mm for the OR operation, and 0.5 mm for the AND
operation) allowed logical operations to be emulated directly through the distribution of thermal fields.

3. The efficiency of using TME as peripheral computing links in extreme impact zones is substantiated. It is shown
that the use of the proposed structures reduces the system response time to a thermal event to 1-2 ms, which is sufficient
to prevent burn-throughs and defects during laser welding.

Prospects for further research suggest the following. Based on the successful hardware implementation of basic logic
gates (AND/OR), further research should be pursued in the following areas.

1. Scaling the computing architecture: moving from single logic gates to topological synthesis of multidimensional
TME matrices. This will enable hardware implementation of complex fuzzy inference rule bases operating with three or
more input linguistic variables for multicriteria process control. According to modern research, multicriteria optimization,
taking into account conflicting criteria (for example, finding the optimal temperature), is in demand for improving product
quality and the efficiency of complex chemical reactions. Hardware implementation will allow such multicriteria
calculations to be transferred directly to the physical environment of the equipment.

2. Optimizing system performance: since simulations have revealed a 5—7% error due to the thermal inertia of the silicon
substrate, a promising area is exploring alternative dielectric materials and topologies (for example, localized substrate
thinning). This will minimize parasitic heat dissipation and reduce controller response time to the submillisecond range.

3. Hardware-in-the-Loop (HIL) simulation: testing in which a physical prototype of a fault-tolerant computer based
on an electronic process platform will be integrated into the control loop of a digital twin of real process equipment. This
will enable the robustness of the proposed architecture (Edge Al) to be assessed under conditions of real-world high-
frequency electromagnetic interference generated by power welding inverters.
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Analytical Model of the Buffer Memory of an OpenFlow Switch
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Abstract

Introduction. Reliable identification of the probabilistic and temporal features of switching nodes is required for assessing
the quantitative characteristics of software-defined networks. Widely used queuing theory (QT) methods only
approximately specify and model the processes in an OpenFlow switch and its buffer memory. This results in understated
and unrealistic performance estimates for the designed network equipment, causing switch buffer overloading and packet
loss. A different modeling approach can solve this problem. The objective of this paper is to develop and study an
analytical model for the buffer memory of an OpenFlow switch in an SDN using advanced techniques.

Materials and Methods. The discrete Laplace-Stieltjes transform was used. Statistical characteristics of packet flows and
the throughput of communication channels for a given packet loss probability were taken into account. The OpenFlow
switch buffer memory model was based on the mathematical apparatus of the QT. It was constructed under the assumption
of recurrence of input data flows with batch arrivals. The model was based on schematic representations of the switch
structure, its record set, and a graph description of the transmission of network packets leaving the switch. We started
with schematic representations of the switch structure, its record set, and a graph description of the transmission of
network packets exiting the switch. Two model assumptions were taken as acceptable:

— arbitrary distribution of the relationship between the volume of data flows and their service time;

— discreteness of the distribution of the information flow structure.

Results. The developed model integrated the probability of packet flow loss, their statistical characteristics, the throughput
of computing devices, and the multiphase service procedure. When testing the model performance, we assumed that the
switch load increased from 0.1 to 0.9, and the loss probability — from 10~ to 107°. For these metrics, we determined how
the switch load affected the buffer memory size and latency. In the first case, the minimum value (memory capacity) was
0.201, the maximum — 10564. In the second, they were 0 and 470 ms, respectively. For simulation modeling, the
minimum time was 0 ms, the maximum — 2300 ms. The simulation and analytical modeling indicators were close at
loads below 50% and increased several times at loads above 50%. The indicators increased sharply with loads up to 70%,
and then increased exponentially.

Discussion. At low network loads, queues did not overflow, packets were not lost, and linear dependences were maintained.
At medium and high loads, packet flow processing was described by nonlinear dependences. The results of analytical and
simulation modeling diverged due to the explosive nature of self-similar network traffic and its approximate description by
the Pareto distribution. Switch load determined the feasibility of the proposed approach. The model is suitable for designing
elements of software-defined networks to analyze their resilience under various information impacts.

Conclusion. The proposed SDN analytical model determined the values and variances of the switch buffer memory size,
as well as the memory capacity for constructing address flow tables. The solution performance was tested with switch
loads ranging from 0.1 to 0.9. It is planned to create a model that takes into account request flows from both the external
network and the server.

© Slyusarev GV, Mochalov VP, Gosteva DV, 2026

Information Technology, Computer Science and Management


https://doi.org/10.23947/2687-1653-2026-26-2-2221
mailto:DVGus@yandex.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2026-26-2-2221%20%20&domain=pdf&date_stamp=2026-06-30
https://orcid.org/0000-0002-7947-7682
https://orcid.org/0000-0002-5131-5649
https://orcid.org/0009-0005-6233-123X

https://vestnik-donstu.ru

Slyusarev GV, et al. Analytical Model of the Buffer Memory of an OpenFlow Switch ...

Keywords: improving queueing theory methods, OpenFlow buffer memory analytical model, network packet loss, switch
simulation modeling

Acknowledgements. The authors would like to thank the Editorial board and the reviewers for their attentive attitude to
the article and for the specified comments that improved its quality.

For Citation. Slyusarev GV, Mochalov VP, Gosteva DV. Analytical Model of the Buffer Memory of an OpenFlow
Switch in a Software-Defined Network (SDN). Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2221.
https://doi.org/10.23947/2687-1653-2026-26-2-2221

OPMZMH(lJleOE meopemuieckoe uccnedosatue

AHasmTH4eckasi mojaeJb Oydepuoit namatu OpenFlow komMmyTaTopa nporpamMmmHo
ynpasJsieMoii cetu SDN
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AHHOTALMA

Beseoenue. JloctoBepHOE BBISBICHHE BEPOATHOCTHO-BPEMEHHBIX OCOOCHHOCTEH y3JI0B KOMMYTAIlMH HEOOXOAMMO IS
OIIEHKH KOJMYECTBEHHBIX XapPaKTEPHUCTHK MTPOTPaMMHO KOHPHUTYpHpYeMBIX ceTeld. [IInpoko uenonap3yeMbie MeTOIBI TEO-
pun MaccoBoro obcimyxxkuanus (TMO) nuims NPUOTHKESHHO ONPECSISIOT U MOJCTUPYIOT MPOILECChl B KOMMYTaToOpe
OpenFlow u ero OydepHoii mamsTi. DTO BEJET K MOJIYYSHUIO 3aHIKEHHBIX, HE PEAIICTHYHBIX XapaKTEPUCTUK MPOCK-
THUPYEMBIX CETEBBIX YCTPOMCTB, meperpyske OydepHoii maMsTH KOMMYTaTOpOB M IOTEpE CeTeBHIX IakeToB. [Ipobnemy
MOXET PEIINTh WHOH IO0AX0/ K MoJesMpoBaHuio. Llens npencraBieHHON paboThl — CO3/1aHHE M MCCIICIOBAHUE aHAIIH-
THYecKoi Mozeinn OydepHoi namsitu OpenFlow koMMmyTaropa nporpaMmHo ynpasisemoit cetn SDN ¢ ucrons3oBanueM
YCOBEPLIEHCTBOBaHHBIX MeTo10B TMO.

Mamepuanovt u memoosl. 33IcCTBOBAJIM armapar JUCKPETHOTO mpeobpaszoBanus Jlamraca-Ctuirbeca. YUUTHIBAIACH
CTaTUCTHYECKUE XapaKTEPUCTUKHU TIOTOKOB MTAKETOB M MPOITYCKHAs CIIOCOOHOCTh KaHAJIOB CBSA3U MPH 3aJaHHOI BepoOsT-
HOCTH MOTEph MakeToB. Mogenb 0ydepHoii mamsatu kommyTtaTopa OpenFlow 6a3upyeTcs Ha MaTeMaTHYECKOM arapare
TMO. Ero cTpowiu B IPeaIoI0OKEHAN PEKYPPEHTHOCTH BXOIHBIX TOTOKOB JTAaHHBIX C IPYNIIOBBIM MOCTYIUIEHHEM. Mc-
XOJIFJTH U3 CXEMAaTHUYECKH MPEICTaBICHHBIX CTPYKTYp KOMMYTaTopa, Habopa ero 3amuceil u rpag)oBOTr0 ONHMCaHUS Iepe-
Jlau¥l BEIXOISAIIMX U3 KOMMYTaTopa CEeTeBBIX MaKeToB. [IpHHSIIM Kak IOMyCTHMBIE J1Ba OTPAHHMYECHUS MOJICIIH:

— IPOU3BOJILHOE pacHpe/ieliCHHE 3aBUCHMOCTH MEXIy 00beMOM MOTOKOB JJAHHBIX ¥ BPEMEHEM HX 00CITyKMBaHHUS;

— JWCKPETHOCTH pacIpeieiIeH s CTPYKTYPbl HHPOPMAIIMOHHBIX TOTOKOB.

Pesynemamut uccnedosanusn. CozanHas MOAENb HHTETPUPYET BEPOSITHOCTD MOTEPH MOTOKOB NAKETOB, UX CTATHCTHYE-
CKHE XapaKTepUCTUKH, IPOITYCKHYIO CITIOCOOHOCTh BBIYMCIHUTENIBHBIX YCTPOHCTB M IPOLIeAypy MHOT0(a3HOTO 00CITy KH-
Banus. [Ipu npoBepke paboTOCIOCOOHOCTH MO/IEH IPUHSUIN, YTO 3arpy3Kka KoMmyTaTopa yenmuusaercs ot 0,1 10 0,9,
a BepOATHOCTHL ToTepu — oT 107 mo 1076, [ns 3TMX MoKa3aTesel BBISCHUIN, KaK OT 3arpy3Kd KOMMYTAaToOpa 3aBHCAT
o0beM OydepHOi maMsATH U BpeMs OXHAaHWA. B mepBoMm ciydae MUHMManbHOE 3HadeHue (00beMm mamsatu) — 0,201,
MakcumaiibHoe — 10564. Bo BTopoM — 0 1 470 MC COOTBETCTBEHHO. J[JIT IMUTAITMOHHOTO MOJCTHUPOBAHUS MUHUMYM
o Bpemern — 0 mc, makcumyM — 2300 mc. [TokazaTenn UMUTAITMOHHOTO U aHAIUTHYIECKOTO MOJISTHPOBAHMS OJTU3KH
npu 3arpyske MmeHee 50 % 1 yBeIMYHMBAIOTCS B HECKOJIBKO pa3 mpu 3arpyske 6oisee 50 %. ITokazarenu pe3ko BO3pacTaioT
¢ 3arpy3koit 10 70 %, a 3aTeM KpaTHO YBEIHUHBAIOTCS.

Oobcyacoenue. I1py HEBBICOKOM CETEBOM 3arpy3Ke ouepein He MepPenoIHsI0TCS, TaKeThl HE TEPSIOTCS, COXPAHIIOTCS JIH-
HeliHble 3aBUcHMOCTH. I1py cpenHel n BRICOKOH 3arpy3Kke 00padoTKa NOTOKOB MAaKETOB ONMCHIBAETCS HEMHEHHBIMU 3a-
BUCHMOCTSIMU. Pe3ysibTaThl aHaIMTHYECKOTO W MMUTALMOHHOTO MOJICIIMPOBAHMS PACXOMATCS M3-32 B3PHIBOOOPA3HOTO
XapakTepa caMoIt0J00HOTO CETEeBOr0 TpaduKa M ero NMPHOIMKEHHOTo oNucaHus pacupeaeneHueM [lapero. 3arpyxen-
HOCTh KOMMYTaTOpa OMNpeeNsieT 1eNeco00pa3HOCTh MPUMEHEHHs MPEUIOKEHHOro moaxoaa. Moaenb MoJoHIeT npu
MIPOEKTUPOBAHNH JIEMEHTOB MPOrPaMMHO KOH(PHUIYPHPYEMBIX CeTeil AJIS aHalIW3a MX YCTOWYMBOCTH IMPH Pa3IUYIHBIX
nH(pOPMALIMOHHBIX BO3JCHCTBHSX.

3aknrouenue. llpennoxennas aHanuTrdeckas Moaenb SDN onpenenser 3HaueHUs U qucriepcun oobema OydepHoii ma-
MSATH KOMMYTAaTOpa, a TaKkKe 00heMbI MAMATH IS TIOCTPOCHUS TaOIIUI] TIOTOKOB afpecarui. PaboTocrmocoOHOCTE perie-
HUS IPOBEPIIIH ITpH 3arpy3ke kommyTtaTopa ot 0,1 mo 0,9. [Imanupyercs co3maTh MOIEIh, YIUTHIBAIONIYIO IIOTOKHU 3asIBOK
KaK 13 BHEIIIHEH CeTH, TaK M OT cepBepa.

KaioueBble cioBa: COBEpIICHCTBOBAHHME METOJOB TEOPHH MAacCOBOTO OOCIy>KHMBAaHUS, aHAIWTHYECKas MOJENb
Oydepnoit mamsati OpenFlow, morepst ceTeBbIX MaKeTOB, UMUTAILIMOHHOE MOJICIMPOBAHIE KOMMYTaTopa
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BaaronapHocTu. ABTOPHI BBIPKAIOT OJarofapHOCTh PEAAKIMM, aKaJIeMHUYECKOMY pPEAaKTOpy M PELEeH3eHTaM 3a
BHUMATEJIHHOE OTHOIIEHHE K CTAThE U 3aMEYaHUsI, KOTOPHIC MO3BOJIMIIN MOBBICUTH €€ KaYeCTRO.

Josi untupoBanusi. Cirocapes I.B., Mouanos B.I1., T'ocrea JI.B. Anamurnueckas mozens OydepHOil mamsTu
OpenFlow xommyTatopa mporpammHo ympasisiemoit cetu SDN. Advanced Engineering Research (Rostov-on-Don).
2026;26(2):2221. https://doi.org/10.23947/2687-1653-2026-26-2-2221

Introduction. Programmable SDN networks and the OpenFlow network device management protocol were created
to improve automation of modern computer network management and support the specified quality of cloud services, that
is, for tasks solved by dynamically redistributing network resources between users. One of the core elements of software-
defined networks is the OpenFlow flow switch, and its most important component is the buffer memory. Using an internal
software pipeline, the switch distributes and balances loads between network links. This provides the flexibility of
centralized network resource management.

Quantitative performance evaluation of networks involves identifying the probabilistic and temporal characteristics
of switching nodes. This is done by widely used queuing theory (QT) methods, which only approximately define and
model processes in an OpenFlow switch and its buffer memory. This results in underestimated, unrealistic performance
of the designed network devices, overloading the switch buffer memory, and loss of network packets. To address this
challenge, a different modeling approach is proposed. This work aims to develop and evaluate an analytical model for
OpenFlow switch buffer memory in SDN using advanced queueing theory approaches. For this, the discrete
Laplace-Stieltjes transform (DLT) is used, taking into account the statistical characteristics of packet flows and the
throughput of communication channels for a given packet loss probability. A similar mathematical model based on the
classical QT is described in [1], but it does not eliminate the problems that arise due to the approximate description of
network processes.

Scientific literature offers design solutions for improving data network elements, demonstrating the importance and
relevance of the scientific and technical problem being solved. OpenFlow models for switches in software-defined
networks (SDN) are the subject of works by Raghav S.S., Baskakov A.E., Volkov A.S., Filippov I.A., Nikishin K.I.,
Gurin E.I., Tikhonenko O.M., Gorbunov A.V., Lebedev A.V., Samouylov K.E.., Shalimov .A., and others. In[2], a
fairly comprehensive review of network solutions based primarily on classical QT is given. Finite-capacity systems with
a recurrent input flow, a Markovian service process, and infinite-capacity buffers are studied. The modeling methods are
based on replacing recurrent arrival flows with simpler ones. The dependence of the volume of requests on the service
time is assumed to be given or neglected. The probability of packet loss is supposed to be negligible. Such models often
assume packet loss when the buffer is fully occupied, but this assumption is not always accurate. They also assume
an unlimited total memory capacity and a well-defined relationship between message volume and service time. Most
publications lack finite expressions for analyzing switch service quality, taking into account the specifics of buffer
memory allocation, loss indicators, and load. In these cases, the authors use numerical methods from off-the-shelf
software packages.

The scientific novelty of this research lies in the improvement of classical queuing theory methods, which support the
analysis of systems with arbitrarily distributed arrival and service requests. The practical significance of the results is
confirmed by two factors. First, an analytical model of the buffer memory of an OpenFlow switch in an SDN network is
created, allowing for a sufficiently accurate analysis. Second, it opens the possibility of selecting alternative design
options at the design stage. The efficiency of the proposed model is assessed under simulation. The resulting performance
metrics provide evaluating the efficiency of an OpenFlow switch in an SDN network.

Materials and Methods. The incoming SDN network packet flow enters an OpenFlow switch, which extracts
metadata, checks it against entries in address tables, and determines the forwarding direction. The network operating
system of the SDN controller distributes the packets into flows configured by the OpenFlow classifier. The OpenFlow
switch integrates multiple flow tables managed by the central controller through instructions and packet forwarding. The
SDN controller periodically updates its records of the network structure, load, resources used, and reserves. Accordingly,
it establishes forwarding rules for all incoming flows, sequentially distributes them to the switch OpenFlow output ports,
sets new action parameters, and performs distribution or transmission back into the network. This utilizes the switch
software pipeline, which consists of sequential flow tables.

Packets not identified in the flow tables are sent to another switch port or forwarded to the controller for field
modification. The SDN controller generates switch output ports, address tables, and data flow classifiers [3].

Much attention is paid to issues of network device management, and ready-made design solutions are available.
Despite this, new, efficient methods and protocols for network load management are being developed, and network
management protocols are constantly being refined. The short period of operational experience with SDN networks and
the lack of systematic testing results for switching equipment on the OpenFlow platform necessitate further research using
analytical and simulation models.
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Thus, the switch structural diagram can be represented as a queueing system (QS) with limited memory. Its input
receives a flow of packets with arbitrary distributions of the number and volume of requests. The operating mode of such
a system will be stationary if the average number of requests arriving per unit of time does not exceed the maximum
possible service rate. One of the most challenging tasks is determining the mean values and variances of the switch total
buffer memory capacity, as well as the memory capacity for constructing flow tables [4]. Assume that there are no packet
flow queues at the input of a high-performance central control server. In this case, the switch operation in steady-state
mode can be described by the apparatus of queuing systems with Laplace-Stieltjes transforms. Data distribution and
processing using a software pipeline is modeled as a multiphase random process [5].

The advanced QT method used in this paper allows for the creation of models of numerous real systems, including
switching ones. It can be reasonably assumed that such systems have stationary characteristics, and that the parameters
of the input packet flow do not affect the order and time of its processing. We also assume that each flow is characterized
by a random number of packets, that is, its volume takes only positive discrete values, and this, with a high degree of
probability, reflects the real situation.

A switch forwarding pipeline consists of one or more address tables connected in series. Input network traffic,
described by an arbitrary distribution law, enters the conveyor and is sequentially processed by & address tables.

It is assumed that the query processing time for each table is random and exponential. The sum of the times of all
processing stages forms the final service time distribution (the Erlang & distribution). It is known that a k-order Erlang
flow with parameters (p, 7) can be represented as the sum of » random flows with parameters ;, and the characteristics
of the system under consideration can be obtained from the characteristics of its constituent elements [6]. Then, the
stationary probabilities p(ii,..., i) of the system under consideration:

iy )= | | lim plic(r)=ic}.
k=1

The structure of the switch record set is shown in Figure 1.

Flow Table

Header Instructions Counters

- forward to port

- forward to controller
- reset

- forward to pipeline

Switch | MAC Eth | VLAN P P P TCP
Port Src type 1D Src Dst Port Dropt

Fig. 1. Switch entry set structure

A simplified structure of an OpenFlow switch is shown in Figure 2.
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.| Output buffer R Output .
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annel m for processing

Fig. 2. OpenFlow switch structure
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The time intervals between packets are random. The input flow is Markovian, but its service time does not obey an
exponential distribution, that is, the analyzed processing of input flows contains a Markovian component. Therefore, this system
can be studied using the mathematical apparatus of semi-Markovian processes [7], and the distribution function of the time
intervals of the process in state i will be an arbitrarily distributed random variable [8]. The intervals between the end of service
and the next arrival of service requests are subject to the same distribution. We also assume that random packet flows,

determined by the Erlang distribution function, arrive via m channels with intensities «; (i = ﬁ) , A =Za -
i=1
For M/G/1/n system, the Laplace-Stieltjes transform of the distribution function of the volume of the serviced
packet R(x):

Here, gi > 0 — packet reception delay time on the i-th channel, f— distribution parameter, s — complex parameter
of the Laplace-Stieltjes transform. In this expression, it functions as a multiplier in the exponent and allows finding the
moments of the distribution of a random variable of any degree.

Mean value and variance:
2a; _2p; 2a; _6p;

=0, = =

Teft gf s

where p; — input channel loading, (lzi ~1,;? ):%(3 -2p;).

Ly

2

Then the volume of packet flow is DLT:

I PR R
01T g,.[f (s+f>2]'

Mean values and variance:

2 m 2 m
8= pis (3:-87) =5 pi(3-2p)).
f i=l ! i=1
We consider that the probability of packet flow loss [9]:
pn =1-R(V),
Vv
where R(V)= J D(V -x)dL(x), L(x)=1-e” — distribution function (DF) of the packet flow volume;
D(x) = p(d <x) — DF of the total volume of packet flow 3.
DF moments R(x):
n=0+0, 1 =0;+2¢0,+9,,
where @; = 1/f— mean packet flow volume; 6;, 6 — moments of the total volume of packet flow.
Finding the explicit form of the DF D(x) does not seem possible. In [10], it is shown that when performing calculations,
this function can be approximated quite accurately by the expression:

v(p. gx)
D(V)= 1-po) =22
( ) Po +( Po) T (p)
Jeod
Here, 'y( p,gx):jtp"le"dt — incomplete gamma function; po — probability of no service requests;

0
I'(p) = v(p, ©) — gamma function; p and g — parameters determined from the condition of equality of the corresponding
moments of the switch memory volume:
2
N I

p= > 8% .
I”2—r12 }”2—1’12

The numerical values of the DF D(x) are obtained through simulation modeling by standard numerical methods, which
allow the solution to be reduced to a finite number of arithmetic operations. The results of the simulation modeling are
virtually identical to the results of the analytical modeling described in this article, demonstrating the validity of the
developed model.
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When forming network flows, the following actions are performed [11].

1. Identification of the traffic packet flow.

2. Packet-to-flow classification for the flow being formed.

3. Formation of network packet flows or transmission of an unidentified packet to the management controller.
The function of allocating the service time for the input packet flow B(f)=p + (1 — p)(1 —&”), and its DLT [12]:

B(q):er(l—p)p _p(l+a)
p+g  ptg

Mean service time:

If the system load p = afi = a(1 — p)/p, then the DLT service waiting time:
(1-p)(p+q) _(1-p)(p+9)

Wiq)= .
(@) p+q-a(l-p) q+p(l-p)
Then the mean value of the waiting time is: W = —W'(O) -7
p(1=p)

The image has the form of rational fraction (4.(p))/(B«(p)). P1, P,..., P, — roots of multiplicity r1, 7,..., r», where
ritrntetrn=mun B,(p)=By(p fP)]rl (p—P)"...(p—P,)" .This means that the original can be found from
formula [13]:

For simple roots of the denominator Pi, P,..., Py

f(t)=2—g: ((’;i ))epkf.

The inversion of the DLT function W(q) is determined by the relation:
(1=p)(P+4) |
q(q+p(1-p))

The distribution function of random variable V has the form:

W(t) =2 Res

t

V(e)=p{v <ty = [W(t-u)dU =1-e 10w

0

(np)" po

For the case p{W >0} =1-W(0)= ﬁ , mean value of stationary waiting time:
n!/(l1-p
nn—anpo

m:EW=£mmo:MLpY@_m.

Mean value of stationary service time:

0

1 n"?p" p,
V=BV = (v (t)=p,+1 =—+—1P L0
. n u(l—p) (n—l)!
v(p. &) N

These random variables are approximated by the DF Z(x)=p,+(1-p, )W . Here, y(p.gx)= J.tpfle*tdt ,
p
0

I'(p) = y(p,), po — stationary probability of no requests:
b= 8¢ = (1-20)3,
(1=p9)8, =87 7 (1-py)8, =87



https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2221. eISSN 2687-1653

Obviously, the phases of transmission of network packets leaving the switch can be described by the graph (Fig. 3) [14].

CTO 00 -8

Fig. 3. QS state and transition graph M/M/m/n

From [15], the probability of system M/M/m/n being in the state p; is known:

Pi = k! ,0<k<m.

1_(pjn
m k m+1
LA A VPR

Here, p =A/p — load.
Accordingly, the probability of the state p,, is:

Pm+s = : ,OSPSI’I

) 1_(p)ﬂ
m m+1
St Am)

k=0 KL mm! P
m

Then the intensity of the output flow is: y =L —Ap  =A¥m:! D

m+n
P

Po =

m k m+l1
PR m

k=0 kb mm! P
m
pm B n pm B n
m!\ m m!\ m
Pmsn = = Po-

(2 P
3 pt e \m)
k=0 kL mm! P
m
According to [16], taking into account lost packets, the output flow intensity:

Time spent by packets in the system:
m+n

N _ k:okpk .
mu(1=py)  mu(l-py)

V:

Waiting time for packets in the queue:

m+n
NO Zk:mﬂ(k_m)pk .

V= mu(1-py) ) mu(1-py)
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Service time:

m+n m+n m+n m—1

ke Y (k=mipe o (m=D)Y g (k=1)py

To=V-W= k=0 _ A k=1 - k=m k=2 .
mu (1= py ) mu (1= py ) my m (1= p, )

The presented expressions allow deriving the basic characteristics of an OpenFlow switch. In this case, packet flow
processing and management, as well as interaction with the central network controller are taken into account. Buffer
memory is considered a shared, dynamically allocated resource and is determined by constraints on the percentage of lost
packets for a given loss probability. Acceptable model constraints:

— arbitrary distribution of the relationship between the volume of data flows and their service time;

— assumed discreteness of the distribution of the structure of information flows.

Research Results. Thus, as part of this study, a model of an OpenFlow switch is developed to calculate and evaluate
its buffer memory. Using the mathematical apparatus of semi-Markovian processes and Laplace-Stieltjes transforms, the
following parameters are defined:

— packet flow loss probability;

— their statistical characteristics;

— computing device throughput.

Packet flow processing consists of multiple independent sequential phases, and the service time across them is
exponentially distributed. Therefore, the proposed model is based on a multiphase servicing procedure, in which the
service time is determined by the n-th order Erlang distribution, and the moments of the distribution functions are found
using the Laplace-Stieltjes transform.

Tables 1 and 2 show the results of analytical modeling of the switch buffer memory volume and the dependence of
the mean service waiting time on the load. In this case, it increases from 0.1 to 0.9. Switch memory capacity is measured

by the number of mean input packet flows.

Table 1
Dependence of Buffer Memory Size on Switch Load
Probability Loading switch buffer memory, p
of loss, px 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1073 0.201 0.307 0.412 0.478 0.617 37.05 69.07 94.36 178.87
104 0.403 0.481 0.521 0.680 2.15 431 21.05 232.7 831.3
1073 0.762 0.790 0.840 0.932 3.76 7.83 16.07 476.5 983.2
10°¢ 0.937 0.951 1.511 1.79 5.07 16.08 87.13 748.1 10564
Table 2
Dependence of Mean Waiting Time on Switch Load, ms
Probability Loading switch buffer memory, p
of loss, px 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
10* 0.00 0.00 0.00 0.02 0.07 0.17 30 120 470
10* 0.00" 0.00" 0.01" 0.04" 0.12" 0.53" 90" 510 2300

Note: " Results of switch simulation are marked.

The simulation results were obtained using self-similar network traffic described by a Pareto distribution with a
parameter of 1.5. If the system load is less than 50%, the simulation-based characteristics for the P/G/1 system deviate
slightly from the mean values obtained in the analytical modeling. At loads exceeding 50%, the values increase several-
fold. The indicators increase sharply as the switch load reaches 70% and increase exponentially if this level is exceeded.
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Discussion. The results of this scientific work were obtained under the condition that the distribution function of the
intensity of the packet flow was independent of the phase that processed them, as well as the constant nature of the volume
of the packet flow. Only in this case the result of the Laplace—Stieltjes transformation was valid for the memory size of
the switch.

The main drawback of the results is that the obtained estimates are only reliable at the level of partial distributions.
The OpenFlow network switch model is built on the assumption of using shared dynamically allocated buffer memory,
and the considered phases of request flow processing are assumed to be independent. Therefore, the results of the study
can only be used if the time is equal to:

— input of a packet flow into the switch memory;

— its output to the communication channel.

Such conditions should be considered acceptable, taking into account the capabilities of modern data processing and
transmission tools.

The simulation results presented in Tables 1 and 2 are obtained taking into account the specified loss characteristics
and current network load. At low loads, queues do not overflow, packets are not lost, and linear dependences are
maintained. At moderate, and specifically high loads, network packet flow processing is described by nonlinear
dependences. The discrepancy between the analytical and simulation results is due to the explosive nature of self-similar
network traffic and the rather approximate nature of its description by the Pareto distribution.

Obviously, the feasibility of using the proposed model is determined by the current switch load. This model can be
used in the design of network elements of software-defined networks to analyze their resilience to various
information impacts.

The results of the presented research for a load of up to 50% are practically identical to the results obtained within the
framework of classical methods of queuing theory [5]. Critical losses of input packet flows start at a switch load of 50%.
A further increase in load is not considered; therefore, neither the behavior nor the stability of the system under higher
loads are assessed.

The performance level of the proposed model corresponds to the known results of simulation modeling using self-
similar network traffic described by the Pareto distribution.

Conclusion

1. An analytical model of the OpenFlow buffer memory of a software-defined network (SDN) switch was developed
to determine:

— mean values and variance of the switch total buffer memory;

— memory volumes for constructing address flow tables.

2. Analytical expressions were obtained to determine the following characteristics of the quality of service of a
software-defined network switch:

— output packet flow rate, taking into account losses;

— packet sojourn time in the system;

— packet waiting time in the queue;

— service time;

— dependence of the buffer memory size and the average service waiting time on the load.

3. The model performance was confirmed by a comparison of the results of analytical and simulation modeling when
the switch load varied from 0.1 to 0.9.

4. The model allows testing SDN networks without using physical equipment to justify switch parameters taking into
account its environment.

It is expected that the next article, devoted to the development of a model for the functioning of an SDN switch, will
take into account the flow of requests both from the external network and from the management controller (server).
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Abstract

Introduction. Rod-shaped products, such as various needles, axles, pins, shafts, studs, plungers, etc., are in high demand
in modern industry. In production of small long products, distortion of their shapes due to the action of internal stresses
caused by uneven heating, cooling, deformation or phase transformations of the metal, is a pressing issue. Known methods
for eliminating warping involve additional mechanical straightening (often manual), which increases labor intensity and
product costs while reducing product performance. To avoid this phenomenon, the use of magnetic field heat treatment
(MFHT) technology is proposed. This technology facilitates the initiation of stress-induced martensite within the
superplastic temperature range of austenite, along with the simultaneous constraint of the rod product along the magnetic
flux. Therefore, the objective of the present study is to explore the feasibility of reducing distortion in rod-shaped products
by applying a magnetic field during heat treatment. It is proposed to test the capabilities of MFHT technology on machine
needles, where the warping criterion is the magnitude of residual deformation, and the key property indicators are hardness
and fatigue limit. The study involves testing needles during both serial and experimental processing, including between
different process steps.

Materials and Methods. Machine needles made of U10A steel (GOST 1435-99) with diameters of 0.65 mm, 0.75 mm,
1.10 mm and 1.20 mm were studied. Standard processing modes and MFHT processing on a special installation were
used. The radial runout value was measured. The fine structure was studied using TEM and X-ray diffractometry. The
operational characteristics were assessed by fatigue tests with determination of the fatigue limit.

Results. The data on the distribution of radial runouts and deviation angles of the needle tip after conventional quenching
and low tempering, as well as after MFHT and low tempering were obtained. The operational characteristics (fatigue
limit) of needles with different warping after standard treatment and after MFHT were estimated. Changes in the
parameters of the fine structure of martensite after quenching in a magnetic field were studied. The dispersion of the
martensite structure (packet and twinned morphology) after conventional quenching and MFHT was analyzed. Data on
the change in hardness along the length of the needle after various treatment modes were presented.

Discussion. Experimental data obtained demonstrate the feasibility of eliminating warping in small rod-shaped
components using the MFHT hardening technology. Hardening in a magnetic field involves a kind of internal
straightening and constraining of the long axis of the product in a vertical position along the magnetic flux lines.
Conclusion. Experimental evidence demonstrates that the hardening technology involving heat treatment in a magnetic
field (MFHT), which relies on steel quenching under a magnetic field, can additionally eliminate radial runout in rod-
shaped products. The internal straightening process, which is achieved using a specified MFHT processing scheme,
eliminates the need for conventional machining, which reduces performance characteristics.

Keywords: small rod products, needles, tool steel, warping, magnetic field hardening, radial runout
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OpMZMHaJleOG amnupudeckoe ucciedosamie

YcrpaneHue KOpoOJIeHU IPU YIPOUYHSIOLIEH TepMUUYECKO 00padoTKe MeJIKUX
CTEePKHEBbIX U3/1eJIUil
B.H. IlyctoBoiiT ', F0.B. Joarauyes = <

JIoHCKOM Tocy1apCTBEHHBII TEXHUYECKHI YHUBEPCUTET, T. PocToB-Ha-/lony, Pocculickas ®enepanus
X ydolgachev(@donstu.ru

AHHOTALIAA

Beeoenue. CtepixHEBbIC H3/1€NNUs, HATPUMED BCEBO3MOJKHBIE UIJIBI, OCH, IITU(THI, BaJbl, IMWIBKH, IUTyHXEPHI U Ip.,
IIMPOKO BOCTPEOOBAHBI B COBPEMEHHOI IIPOMBIIIJIEHHOCTH. B TeXHOJIOTHYECKOM Ipoliecce TPON3BOICTBA MEIKUX JJTHH-
HOMEPHBIX M3JENNil CYIIeCTBYET MpobdaeMa NCKaXKeHUS UX (POpM BCIIEICTBHE ACHCTBUSA BHYTPCHHUX HANPSDHKCHNH, BBI-
3BaHHBIX HEPABHOMEPHBIM HarpeBOM, OXJIaXIeHHEM, Aedopmariell uiu (pa3oBbIMHU NpeBpalieHUsIMUA MeTaiuia. V3Bect-
HBIE CIIOCOOBI YCTPaHEHUSI KOPOOICHUS MPEATOaraoT JOMOJHUTENBHY0 MEXaHHUECKYIO NIPAaBKY (3a4acTyi0 PY4HBIM
€HocoOoM), YTO YBEINYMBAET TPYAOEMKOCTh MPOU3BOJCTBA M CEOECTOMMOCTD NMPOAYKIMH, IPU 3TOM CHHXKAIOTCS IKC-
IUTyaTallMOHHBIE XapaKTEPUCTUKH U3eIui. UTOOBI M30€KaTh 3TOTO SIBIICHUS, IPEJIaracTCs CIOIb30BaTh OCOOEHHOCTH
TEXHOJIOTUH TepMuIecKoll 00paboTku B MarHuTHOM 11oiie (TOMII), koTopbie 00yclaBIMBalOT BO3MOXKHOCTD 3apOXKie-
HUSI MApPTEHCHUTA HANPSKEHUS B TEMIIEPATypPHOM HHTEPBAJIE CBEPXIUIACTUYHOCTH ayCTEHUTA U OJTHOBPEMEHHOT'O 3aHEBO-
JUBAHMS CTEP>KHEBOTO M3JIENINS BIIOJIb MAarHUTHOTO ITOTOKA. TakuM 00pa3oMm, IeIbi0 HACTOSIIEH pabOoThI SIBISETCS UC-
CJIeZIOBaHUE BO3MOKHOCTH YMEHBIICHUSI KOPOOIEHHS POAYKIMH CTEPKHEBOH (JOPMBI C ITOMOIIBIO BO3JCHCTBHS Mar-
HUTHBIM II0JIEM TIPH TEPMHYECKOi 00padoTKe.

Bosmoxnoctu texnonorun TOMII npeuiaraercst anpoObupoBaTh Ha MallMHHBIX UIJIaX, B KAYECTBE KPUTEpHUsT KOpoOIie-
HUSI KOTOPBIX BBICTYIAET BEIMYHMHA OCTATOYHOH AedopManny, a OCHOBHBIMHU ITOKA3aTENIIMH CBOMCTB SIBISIOTCS TBEP-
JIOCTh U MpeieN BEIHOCIUBOCTU. MccnenoBanue Uil MpoBEAEHO B MPOLEcCe CEPUITHON U SKCIIEpUMEHTAIbHOM TEXHOJIO-
ruu 00pabOTKH, B TOM YHCIIE MEXIY Pa3INYHBIMH ONEPAHSIMHU TEXHOIOTHYECKOT0 MPOIIecca.

Mamepuanwt u memoowst. VI3ydanvcy MalMHHbIe UrJbl U3 ctanu Y 10A nuamerpom 0,65, 0,75, 1,10 u 1,20 mm. [Ipume-
HSUTACH CTaHAAPTHBIE PeKUMBI 00paboTku 1 06paboTka TOMII Ha crienanbHON yCcTaHOBKE. M3Mepsuiach BeTHYMHA pa-
JmanbpHoro OueHns. MccienoBaack TOHKast CTpyKTypa ¢ moMolbio [I9M n peHTreHoBCKO#H qu(pakTOMETpUH. DKCILTY-
aTallMOHHBIE XapaKTEPUCTUKH OLIEHUBAINCH YCTAJIOCTHBIMY UCTIHITAHUAMHE C OTIPEICIIEHUEM IIpe/iesia BEIHOCIUBOCTH.
Pesynemamut uccnedoganus. I1omydeHsl JaHHBIE O paclipeIeIeHUH PaJHalbHbIX OMEHUH U YIJIOB OTKIOHEHUS OCTPHS
WTJI TIOCJIe OOBIYHOM 3aKaJIKM M HU3KOTO OTIycKa, a Takxke nociae TOMII u muzkoro ormycka. JlaHa orieHKa dKCITyarta-
IIMOHHBIM XapaKTePUCTHKaM (TIpeeTy BEIHOCIMBOCTH) UIJI C Pa3JIMYHBIM KOPOOJICHHEM I0CIIE CTaHIapTHOH 00paboTKu
u nocie TOMII. IlpencraBieHbl H3MEHEHHUS TTapaMEeTPOB TOHKOI CTPYKTYpPhl MapTEHCHUTA MOCTE 3aKAJIKH B MAarHUTHOM
T0JIe, aHAJIM3 AUCIIEPCHOCTH CTPYKTYPbI MapTeHCHTa (TTAKETHOH M IBOMHUKOBOW MOP(OIIOTHH) TTOCIIe OOBIYHOM 3aKaIKN
u TOMII. [TokazaHbl ©3MEHEHUS TBEPOCTHU IO JUIMHE UTIIBI TOCIIE PA3IUYHBIX PEKUMOB 00pabOTKH.

Oécycoenue. Pe3ynbTaThl MPOBEJCHHBIX SKCIIEPIMEHTOB CBUICTEIBCTBYIOT O BO3SMOXKHOCTH YCTPAHEHHUST KOPOOICHUS
MEJIKHUX CTePXKHEBBIX JAeTalel P UCTIONb30BaHuH ynpouHsoneil texHomorun TOMII. 3akanka B MarHUTHOM IIOJIE CO-
MIPOBOXKIAETCS CBOCOOPa3HON BHYTpPEHHEH MPaBKOW M 3aHEBOJIMBAHMEM JIMHHON OCH M3/ENUS B BEPTUKAIHLHOM IIOJIO-
KEHUU BJIOJIb JIMHUI MarHUTHOTO TIOTOKA.

3aknrwuenue. ONBITHBIM ITyTEM IIOJTy4EHBI CBUAETENBCTBA TOTO, YTO ynpouHsomas texHoaorus TOMII, ocHoBaHHas Ha
3aKaJke CTald B MAarHUTHOM II0JIE, TIO3BOJISIET JAOIOJIHUTEILHO YCTPAHATh pajuajibHble OMEHUs U3IEUH CTEePKHEBOU
¢dopmBL. B mporecce BHyTpeHHEH PUXTOBKH, KOTOpas peaxusyeTrcs ocoboit cxemoit oopadorkn TOMII, uckimodaercs
HEOOXOANMOCTh OOBIYHON MEX0OPaOOTKH, CHUXKAIOIIEH IKCILTyaTallMIOHHBIE XapaKTEePUCTHKH U3/IEIIHsI.

KiroueBble cji0Ba: MEIIKHE CTEPIKHEBBIC U3ACIINA, UTJIBI, THCTPYMCHTAJIbHAA CTaJlb, KOpO6H€HI/I€, 3aKaJIka B MarHiTHOM
ToJC, paauajibHbIC OueHus

BaarogapHocTH. ABTOPHI OJIarofapsT peIakinio XKy pHaia 3a IIeHHBIE 3aMeYaHuUs 10 COJIEPKAHUIO CTAThH, COTPYAHUKOB
kadeapel «MarepuanoBenenue u Texnonoruu merawios» JII'TY, mpodeccopa FO.M. JJoMOpOBCKOTO M 3aBEAYIOIIETO
kadenpoit M.C. EropoBa 3a moMoIIis B IIOy9eHIH U 00CYXKICHUN PE3yIbTaTOB UCCIICIOBAHNS.

Jas nurupoBanus. Ilycrosoiitr B.H., [Jonraues F0.B. Ycrpanenue xopoOJieHUI MPH YHOPOUHSIOMICH TEPMUUCCKOM
00paboTKe MEJNKUX CTepXKHEBBIX wm3menuil. Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2170.
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Introduction. In modern industry, various rod-shaped products with (length(Z))/(diameterD)) > 10 ratio are in high demand.
These include all kinds of needles (sewing, industrial, medical), axles, pins, shafts, studs, plungers, etc. Heat treatment of such
products, used to form the required properties of the finished product, is associated with severe warping [1, 2]. This problem is
solved through subsequent straightening and alignment operations [3, 4]. However, this approach has its drawbacks. Firstly,
such procedures are quite labor-intensive, as they are often performed manually, which increases the cost of production
(=50% of the original cost [5, 6]). Secondly, they can have a negative impact on the product performance properties, reducing
its service life [7, 8].

To solve the problem identified, it is proposed to use the features of heat treatment technology in a magnetic field [9].
Under the impact of a magnetic field, stress-induced martensite can nucleate [10], which makes it possible to straighten
the internal structure of the product through acting in a state of superplasticity [11, 12] and simultaneously forcing the
processed rod along the magnetic field vector. The effect of MFHT (hardening efficiency of 8+12 %) is comparable in
character to that of high-temperature thermomechanical treatment (HTMT) (19+24 %) [13, 14], in that both methods
simultaneously improve resistance to plastic deformation and brittle fracture. It is known that when using MFHT, the
optimal combination of properties is formed by quenching in a magnetic field with tempering without a field [9].

The capabilities of the MFHT technology are proposed to be tested on machine needles, where the warping criterion
is the magnitude of residual deformation (radial runouts), and the key property indicators are hardness and fatigue
limit. The needles are expected to be studied under serial and experimental processing, including between different
process steps.

The objective of this work is to study the possibility of reducing the warping of rod-shaped products by exposing them
to a magnetic field during heat treatment.

Materials and Methods. The study utilized products from the Artinsk Mechanical Plant: 100 machine needles
(GOST 22249-82) of varying diameters (0.65, 0.75, 1.10, and 1.20 mm) for each mode. The needles were made of UI0A
steel needle wire (GOST 1435-99). The chemical composition of this wire is listed in Table 1.

Table 1
Chemical Composition of Wire for Making Needles

Batch ) .
number Diameter, mm C,% Mn, % Si, % S, % P, %
367 1.90 0.98 0.20 0.18 0.014 0.020
598 1.64 1.01 0.26 0.29 0.015 0.023
1239 2.04 1.01 0.27 0.28 0.013 0.016
471 2.04 1.03 0.27 0.29 0.016 0.021

These products undergo numerous technological processing stages during the manufacturing process, due to their
design features. The following main operations can be distinguished: mechanical processing, heat treatment, and finishing
operations (chrome plating). After all the shaping operations, the needles undergo heat treatment, retaining their original
granular pearlite structure. The standard heat treatment regime involves partial quenching and low tempering. Quenching
was performed in heated oil (~60°C). After quenching, the hardness should be 59+63 HRC. Tempering was performed in
oil baths at 200+225°C for 30 minutes. The hardness of the shank after tempering was 53+59 HRC, and the hardness of
the butt was at least 23 HRC.

The MFHT was conducted on the laboratory setup described in [15]. The key feature of the setup is that the needle is
heated and held vertically at the top of the furnace by a magnetic field generated by a solenoid. When the needle temperature
reaches ~745°C, it loses its magnetic properties and falls vertically, simultaneously heating to 780°C in the furnace, into the
quenching tank. A magnetic field is applied here, which promotes the intensive formation of martensite and vertical forcing
of the product. This is followed by tempering without a magnetic field. As shown in [9], applying a magnetic field during
tempering of hypereutectoid steels is inadvisable, as it inhibits the decomposition of the solid solution.

To study the fine structure, UEMV-100K (universal electron microscope) was used for direct transmission of the foil,
and DRON-0.5 X-ray (multifunctional X-ray diffractometer) with a FeKa tube.

The degree of warping was assessed through measuring the radial runout using “EC METAM PB-22” (metallographic
aggregate microscope of the unified METAM series with an upper stage location) and “Micromed MC-2-Zoom Bap.2CR”
(stereoscopic microscope) with an Eakins digital eyepiece attachment and an object micrometer.
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Hardness measurements were performed using the Rockwell and Vickers standardized techniques on TK-2M and
ITBRV-187.5-M hardness testers, respectively.

Transverse bending fatigue tests were conducted with a pulsating load generated by an asynchronous electric motor.
The fatigue limit was determined using V.S. Ivanova's method [16].

To process the array of data obtained, the MS Excel statistical functions package was used; histograms, diagrams and
graphs were also created in this environment.

Research Results. Standard processing forms the structure of the needles, which determines the following properties:
fatigue limit 6_; =480 MPa, residual deformation Aloer. = 0.15 mm (for a needle with a diameter of @ 1.20 mm). The
smaller the diameter of the needles, the lower the value of residual deformation after heat treatment; for example, for a
diameter of @ 0.75 mm, it decreases to Alyer, = 0.07+0.08 mm.

An important operational parameter of the needle is the radial runout (/) of the rod axis relative to the butt axis. Radial
runouts [17, 18] arise from internal stresses caused by uneven plastic deformation under machining and temperature
distribution during heat treatment operations. Radial runouts are eliminated at various stages of the manufacturing process
(reducing, milling, punching, sharpening, grinding, heat treatment, galvanizing, polishing, etc.) through a series of correct
operations. Therefore, to produce high-quality products and reduce labor costs, it is necessary to eliminate factors causing
radial runouts in the manufacturing process.

The distribution of needle radial runout values (/) and angles (¢) of tip deviation from the vertical axis after standard

machining are shown in Figures 1 and 2.

P, % P, % P, % P, % —
@ 0.65 mm @ 0.75 mm ?1.10 mm () 1.20 mm
35 4 35 4 35 4 35 1
30 — 30 1 ] 30 1 — 30 A
25 1 25 - 25 4 25 1
20 - — 20 1 20 1 20 1
15 1 15 1 154 — — 15 1 —
10 1 10 4 10 4 — [ 10 A
0 [ 0 0 [
24 120 [ pum 40 200 [, um 14 42 70 98 [, um 10 40 70 [,um
a) b) c) d)

Fig. 1. Distribution of radial runouts (1) of needles of different diameters after hardening:
a—@00.65mm;b—@0.75 mm;c— @ 1.10 mm; d — @ 1.20 mm
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Fig. 2. Distribution of angles (¢) of deviation of tip of needles of different diameters
from vertical axis (reference point is milled groove) after hardening:
a—00.65mm;b—@0.75 mm;c— @ 1.10 mm; d — @ 1.20 mm

After hardening of @ 0.65 mm diameter products, the range of dispersion values was similar to the results obtained
after machining. They amounted to ~0.3 mm, while the technical specifications required /o < 0.1 mm for finished products.
Half of the 100 processed needles had an excess of this parameter. A tendency for deviation (¢) of the shank either towards
the milled groove (45%) or in the opposite direction (40%), can be noted. This behavior is attributed to the preferential
orientation of internal stresses induced by machining operations (both preliminary and finishing). Quenching does not
eliminate all of these stresses, and they accumulate with thermal stresses and ultimately result in the observed warping.

A similar pattern was observed for @ 0,75 mm: 60% of the shanks deviated toward ¢ = 0°, while 25% deviated toward
¢ = 180°. Warping exceeding the permissible limit for this diameter (/o < 0.15 mm), was found in 65% samples, maximum
value of 1=0.4 mm. Hardening of larger diameter products (@ 1.10 mm, @ 1.20 mm) resulted in maximum warping
(I=0.14 and 0.10 mm, respectively), satisfying the requirements of the technical specifications (/o < 0.15 mm), and the
distribution of the tip deflection angles (¢) was equally probable.

Tempering narrowed the range of maximum warping values 1 (Fig. 3) by the following values: @ 0.75 mm — 0.04 mm;
® 1.10 mm — 0.02 mm. For products of smaller diameters, a twofold increase in the proportion of products meeting
technical specifications was observed. For @ 1.10 mm (Fig. 4), equally probable distribution ¢, was characteristic, while
for @ 0.75 mm, it had a preferential direction: 30 % —¢ = 0°, 50 % — ¢ =~ 180°.

P, % — P, %
35 4 @ 0.75 mm 35 4 @ 1.10 mm
30 A 30 A
25 25
20 A 20 A —
15 1 15 1 —
10 — 10 1
o i L]
12 36

36 108 180 252 [, um 60 84 /, um

a) b)

Fig. 3. Distribution of warping value (1) after low tempering:
a—@00.75mm; b— @ 1.10 mm
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Fig. 4. Distribution of angles (¢) of deviation of tip of needles of different diameters
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The conducted studies of products with different levels of warping established that the best performance characteristics
(0.1, loer.) were shown by products which, during manufacturing, either exhibited no warping after heat treatment or only
minimal warping, and consequently were not subjected to straightening operations (Table 2).

Performance Characteristics of @ 0.65 mm Diameter
Products with Varying Warping

Table 2

[, pm locr., mm 6_1, MPa

0-20 0.02-0.08 460480

0-20 (after alignment) 0.16-0.24 420-440
80-100 0.32-0.36 400420
180-200 0.34-0.40 370410

Morphology studies [9, 10] revealed no qualitative difference between the stress-induced cooling martensite obtained
under quenching in a magnetic field and after conventional quenching. X-ray structural studies showed that the effect of
the magnetic field was reduced mainly to an increase in the volume fraction of V3 “-martensite (by 10% when quenched
from 1000°C) and a decrease in the tetragonality of a-martensite (Fig. 5).

Bous., ppus.c. x 103, rad

45

N
(=)

800

cla

Bcbm.
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b)

T,°C
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o.

40 F S«
~
~
\.\ -
= ~e

35 €
30
25 L

800 900 T, °C

Fig. 5. Results of X-ray structural studies on martensite parameters in U10 steel (solid line — conventional quenching,
dashed line — quenching in field # = 1.2 MA/m): a — change in physical profile of diffraction lines; » — tetragonality parameter
of a- martensite; ¢ — volume fraction of 4- martensite
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When quenching in a magnetic field, compared to conventional quenching, a consistent broadening of the martensite
singlet Bous.c. Was observed due to a greater number of crystal structure disturbances. Under the impact of the field, the
degree of two-phase decomposition increased, as clearly indicated by the narrowing physical profile of the martensite
X-ray diffraction line multiplet Bgus,

Metal foil transmission studies showed that the resulting martensite had a mixed morphology (lath+twinned crystals)
under all processing conditions. It was established that the high defect density during field quenching was explained by
the increased dispersion of the martensitic reaction products. The results of the statistical evaluation of fine structure
elements are shown in Figure 6. The effect of the magnetic field is manifested in the refinement of lath martensite
(reduction in the number of large packets), more uniform packet sizes, a tendency toward reduced lath thickness within
packets, and an increase in the proportion of lath martensite itself (by 12 =4 %). The morphological changes are due to
the boundary between different martensite types shifting toward regions of higher carbon concentration. These changes
are attributed to the explosive kinetics of multiple martensite nucleation: cooling-induced nuclei in the martensite start
temperature region, and stress-induced nuclei in the superplasticity region of the martensitic transformation (slightly
above M,). Furthermore, the field enhances the role of deformation slip in a-phase nucleation.
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Fig. 6. Distribution of length (/), width (#) and formfactor (//¢) of martensite in U10A steel after conventional quenching
(white columns) and quenching in magnetic field of 1.6 MA/m (hatched columns) for: @, b, c — martensite packets;
d, e, f— twinned martensite crystals
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Figure 6 shows that processing in a magnetic field refines the regions containing twinned martensite crystals, while their
formfactor remains unchanged. The increased dispersity is also linked to the catalytic effect of the magnetic field on the
multiple and widespread nucleation of martensite. The formation of lath martensite (formed at higher temperatures [19, 20])
is intensified, which causes the phenomenon of cold hardening of y—phase.

Hardness values were consistently higher after magnetic field assisted processing than after processing without a field
(Fig. 7). These results are attributed to a reduction in martensite crystal dimensions, lower volume fractions of austenite
Aocr. and non martensitic phases, as well as dispersion hardening (during quenching, intermediate carbide precipitates
directly [21, 22]). The exception is the hardness in the butt region, which drops under magnetic quenching due to
intensified self-tempering [23, 24] in the larger section of the component.

HV HV HV
@ 1.20 mm . @ 1.10 mm =0 ——e. _ 00.75mm
- —0 — —g
900 - 900 > ~e 900 |
shank
shank
700 1 700 700
500 A 500 500
oo »
e -0
butt butt
300 T T T 300 L L L 300 L L L
0 10 20 L, mm 0 10 20 L, mm 0 10 20 L, mm
a) b) ¢

Fig. 7. Results of measuring needle hardness by Vickers method (normal hardening — solid line; hardening in magnetic field
H=0.8 MA/m — dashed line): ¢ — @ 1.20 mm; b — @ 1.10 mm; ¢ — @ 0.75 mm

Examination of the 1 value of products after magnetic field assisted heat treatment showed no warping beyond the
technical specifications (/ < /y), with the angular distribution ¢ being uniform across all diameters. Representative data
for the @ 0.65 mm diameter — which exhibited the most severe warping under standard processing — are presented in
Figure 8. All needles displayed warping / < ly/2 (o = 0.1 mm), and two thirds also met the stricter condition / < /o/4. Post
quenching and tempering hardness values remained largely unchanged, whilst with a slight decrease (Fig. 8, b).

P,% HV
 0.65 mm
900 - @ 0.65 mm
25 1 —
201 1 shank
[l | 700
15 1
10 1 ==
500
5 -
‘ ‘ ‘ ' butt
0 - 300 T T T
8 24 40 56 I, um 0 10 20 L, mm
a) b)

Fig. 8. Distribution of values for the product after MFHT and tempering:
a — warping value; b — hardness
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In the MFHT treatment mode, no intermediate straightening operations were performed. Thus, the substantial
reduction in radial runout arose solely from internal mechanisms during MFHT. The key factors were superplasticity [25]
occurring in steel just above the martensite start temperature, and the direct constraint of the needle along the vertical axis
by the magnetic flux — an effect governed by the design of the proposed setup [15] for individual MFHT processing of
parts with ratio L/D > 10.

Since intermediate straightening operations were excluded in MFHT, the fatigue limit of the products was impacted.
The studied values 6_; (Fig. 9) measured for needles with a radial runout /=25 pm were higher across all diameters

compared to those obtained after standard processing.

c_, MPa

500 f

450

400

350

300 1 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Shank diameter, mm

Fig. 9. Fatigue limit of products with / =~ 25 um: standard processing with
straightening operations (solid line); MFHT (dashed line)

Discussion. The data presented in Figures 1 and 2 reveal a clear correlation between needle shank bending and its
stiffness. Larger-diameter needles exhibit higher shank stiffness relative to the butt, which corresponds to reduced
warping susceptibility (primarily caused by groove milling). After machining, large-diameter needles showed / < /o
values — that is, they remained within acceptable tolerances — while the angular distribution ¢ deviations was uniform
across all directions.

After quenching, smaller-size products exhibited preferential deviation along the milled groove (in either direction).
This type of warping results from an oriented internal stress state in the component originating from machining and the
subsequent straightening operation. Since heating does not eliminate these stresses, they combine with quenching
deformations and ultimately cause the tip to deviate at a specific angle.

The tempering processes (Figs. 3—4) slightly reduce values / across all diameters, though for small diameters, these
values remain outside the acceptable range, and the prevailing distribution by ¢ is preserved.

Table 2 shows that machining induces a change in the stress state of the component that leads to a substantial
degradation in its performance properties. Thus, eliminating warping (and, consequently, the need for straightening) can
improve the performance properties of the products [26]. Deformation-free quenching is made possible through a form
of internal straightening (Figs. 5, 6) due to the generation of stress-induced martensite crystals (under the impact of a
magnetic field in the superplastic range) and the oriented hardening of needles along the magnetic flux lines.

The statistical data presented in Figure 6 demonstrate refinement of the martensitic phase (both lath and twinned
morphologies), the overall packet structure, and separate crystals when quenching is performed in a magnetic field. The
dispersion, respectively, increases the specific surface area of the boundary and subboundary — dislocation barriers for
plastic deformation are created. Peak stresses are reduced and more homogencously distributed when regions of
dislocation pile-up are fragmented and martensite packets are dispersed more uniformly. Consequently, magnetic field
quenching produces a martensitic microstructure that offers greater potential for both strength and ductility, resulting in

superior overall properties following MFHT treatment.
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From the results of the study on the effect of low tempering (Figs. 3, 4, 8), it can be concluded that while it reduces
the level of hardening stresses, it does not completely eradicate radial runouts.

The research results of the fatigue limit (Fig. 9) showed its increase during processing in a magnetic field, in
comparison with the serial mode, which involved mechanical processing to eliminate warping.

Conclusion. It has been established that mechanical straightening operations used to eliminate warping create a stress
pattern that reduces significantly the performance characteristics of products (fatigue limit can drop to 370 MPa, residual
deformation can reach 0.40 mm).

Experimental evidence has shown that the MFHT hardening technology, based on quenching steel in a magnetic field,
eliminates radial runouts in rod-shaped products (L/D > 10). The internal straightening process, implemented through a
specified MFHT processing scheme, eliminates the need for conventional machining, which reduces the product
performance characteristics.

This is accomplished, firstly, through the direct vertical constraint of the needle during processing by the magnetic
flux vector, and secondly, via the effect of the magnetic field on the quenching processes themselves (increasing
martensite dispersion). Compared to the standard mode, an increase in the fatigue limit of an average of ~82 MPa was

observed, while warping values (with a twofold safety margin) did not exceed the technical requirements (0.10 mm).
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Abstract

Introduction. Concave parabolic freeform surfaces are integral to high-performance optical reflectors and precision
mechanical components, where stringent geometric accuracy is paramount to functional efficiency. Despite their
widespread application, achieving high surface fidelity in 3-axis CNC milling remains a significant technical challenge.
This difficulty arises from the intricate, non-linear interactions between cutting tool geometry, machining parameters, and
the varying local curvature of the surface. While conventional research often focuses on global parameter optimization,
there exists a notable scientific gap in understanding how localized curvature gradients dictate error distribution during
the material removal process. This study addresses this gap by establishing a curvature-aware analytical framework aimed
at identifying the fundamental drivers of machining inaccuracies in parabolic geometries.

Materials and Methods. The research methodology integrates theoretical modeling with rigorous experimental validation.
Initially, a mathematical model based on principal deviation theory was formulated to characterize the geometric
deviations inherent in the 3-axis milling process. This analytical foundation allowed for the mapping of theoretical errors
against surface differential geometry. Subsequently, an experimental investigation was executed using a Taguchi Lo
orthogonal array design to systematically evaluate the influence of three primary machining factors: tool diameter, feed
rate, and step-over. Concave parabolic samples were machined and measured using high-precision metrology equipment.
The resulting data were processed via Analysis of Variance (ANOVA) and Signal-to-Noise (S/N) ratio analysis to
quantify the individual and interactive statistical contributions of each parameter to the total machining error.

Results. The findings demonstrate that tool diameter and step-over are the predominant factors, accounting for the
majority of the variance in machining accuracy, whereas the influence of feed rate is found to be statistically marginal
within the tested range. Crucially, the results have revealed that machining errors are not uniformly distributed but are
highly correlated with the local principal curvatures of the parabolic profile. MATLAB simulations further corroborated
these findings, showing that the maximum deviation occurs in regions of high curvature where the tool-surface
engagement geometry is most constrained. These specific results provide a quantitative map of how tool geometry
interacts with parabolic concavity to produce predictable error patterns.

Discussion. This research provides a novel interpretation of machining errors through the lens of surface differential
geometry, successfully bridging the gap between theoretical surface modeling and practical CNC manufacturing. The
findings demonstrate that “one-size-fits-all” toolpath strategy is inherently insufficient for concave freeform geometries
due to localized geometric complexities. Instead, this study validates that the implementation of an adaptive step-over
strategy, dynamically adjusted based on local curvature values, significantly enhances surface forming accuracy. The core
scientific novelty lies in the proposed integration of curvature-based compensation directly into the toolpath planning
phase, allowing for proactive error mitigation rather than reactive adjustments.

Conclusion. In conclusion, the proposed approach offers a robust and scalable solution for improving the precision of
complex freeform components in real-world industrial environments. By adopting this methodology, high-precision
manufacturing processes can potentially reduce post-processing requirements and overall production costs. While this
study focuses on static and geometric accuracy, future research will extend this model to incorporate the assessment of
dynamic processing errors. This expansion will provide a more comprehensive framework for accuracy optimization in
multi-axis CNC machining of complex surface.
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AHHOTALMA

Beeoenue. BornyTole napadosyeckre IoBEpXHOCTH CBOOOAHON (POPMBI UIPAIOT KIIIOUEBYIO POJIb B BHICOKOI((PEKTUB-
HBIX ONTHYECKUX OTPAXKATEISAX M MPEIM3MOHHBIX MEXaHHYECKHX y3Jax, I/ie )KeCTKHEe TPeOOBaHMSA K T€OMETPHUECKON
TOYHOCTH ONPEACISIIOT (PYHKIHMOHAIBHYIO 3(G(GEKTUBHOCTD H3einil. HecMOTps Ha MIMPOKOE PacpOCTPAaHEHUE TaKUX
MMOBEPXHOCTEH, 00eCTIeueHrne BRICOKOTO KauecTBa X 00paboTku Ha 3-0ceBhIX (ppesepHbIX cTankax ¢ YITY octaercs cy-
IICCTBEHHON TEXHUYECKOH mpoOiieMoid. JlaHHAs CII0KHOCTh 00YCIOBJICHA KOMIUIGKCHBIMH HETMHCWHBIMU B3aUMO/ICH-
CTBUSIMH MEX]y T€OMETPHEH PEXYIIEro HHCTPYMEHTA, apaMeTpaMu 00pabOTKH U M3MEHSIOIICHCS JIOKAIbHOW KPUBH3-
HOM ITOBEPXHOCTHU. B TO Bpems Kak TpaJUIIMOHHbIEC HCCIIEOBAHUSA OOBIIHO COCPEIOTOUCHBI Ha TII00aTBFHON ONTUMH3AIHN
apaMeTpPOB, CYIIECTBYET 3aMETHBII HAy4YHBIN MPOOE] B IOHUMAHUHU TOTO, KaK JIOKaJIbHBIC TPaIUCHTHI KPUBU3HBI OIpe-
TIENISAIOT pacipeesieHue MOrPenIHOCTe! B IMpoIiecce cheMa MaTepraia. HacTosimee ucciaeroBanne ycTpaHsaeT 3TOT Mpo-
0ed1, peiaras aHAIUTHYCCKYEO OCHOBY, YUUTHIBAIOIIYIO KDUBU3HY M HAMIPABICHHYIO HA BBISBICHUC (D)yHIAMECHTAIBHBIX
(hakTOpOB TIOrperrHOCTe 00pabOTKN MapadOTUISCKUX TEOMETPHH.

Mamepuanst u memoost. MeTo0510THsI UCCIIEIOBAHHS COUYETAET TEOPETUUECKOE MOJICIIMPOBAHHUE CO CTPOTOH IKCIIEpH-
MEHTAJIBHOH IMpoBepKoi. Ha rmepBoMm 3Tare Ha OCHOBE TEOPHH ITaBHBIX OTKJIOHEHHH ObLTa pa3paboTaHa MaTeMaTHIeCKast
MOJICJIb, XapaKTePU3YOIasi FTeOMETPHUYCCKIE OTKIIOHCHUS, CBOMCTBCHHEBIC PoLiecCy 3-oceBoil (pe3epoBku. [laHHas aHa-
JUTHYecKas 6a3za obecreunsia BO3SMOKHOCTh OTOOPaKESHHSI TEOPETUIECKHX TOTPENTHOCTEH OTHOCHTEIHHO AU PEepeHIn-
aJBHOM T€OMETPHUH ITOBEPXHOCTH. 3aT€M OBLIO MPOBEACHO IKCIICPUMEHTAIBHOE UCCIICIOBAHIE C IPUMCHEHUEM OPTOrO-
HanpHOTO TuTaHa Taguchi Lo a1t cucTeMaTHuecKol OLIEHKHU BIUSHHS TPEX OCHOBHBIX TEXHOJIOTHYECKUX (HaKTOPOB: IHa-
MeTpa UHCTPYMEHTA, TIOJa4YH ¥ MOTCPEUYHOTO CMEIICHUs. BpUIi U3roTOBICHBI 00Pa3iibl BOTHYTHIX Mapa0OIMYSCKUX IMO-
BEPXHOCTEH, KOTOPBIE 3aTeM ITOJIBEPTIINCH M3MEPEHUSAM Ha BBICOKOTOYHOM METPOJIOTHYECKOM obopymoBannu. Obpa-
00TKa TOJYYCHHBIX JAHHBIX BBINOJHAJIACH METoIaMu aucrepcruoHHoro aHamu3a (ANOVA) u aHanm3a OTHOIICHUS
curaan/myM (S/N ratio), 4To TTO3BOJIMIO KOJTUYECTBEHHO OIICHUTH MHIUBHTY JTbHBIN U HHTEPAKTUBHBIA CTATUCTUICCKUI
BKJIQJI KaXKJIOTO U3 PaCCMATPUBACMBIX MAPAMETPOB B CYMMAPHYFO IOTPEUTHOCTh 00PabOTKH.

Peszynvmamot uccneodosanuii. IlonydeHnpie pe3yabTaThl IOKA3aJIM, YTO JUAMETP WHCTPYMEHTA U MOTNEPEUHBIN IIar sB-
JISTFOTCSI IOMHHUPYIOIIUMU (haKTOpaMH, Ha JOJI0 KOTOPBIX MPUXOJUTCS OCHOBHAS 4YacTh TUCIICPCHU TOYHOCTH OOpa-
OOTKH, B TO BpeMsI KaK BIMUSHUE CKOPOCTH TOAAYH B MPeIeiax UCCIEAyeMOro Arana3oHa OKa3aloch CTATUCTHYECKH He-
3HAYHUTEIBHBIM. BaKHO OTMETUTH, YTO TIOTPEIIHOCTH 00pPabOTKU paclpeliesiecHbl He PABHOMEPHO, a CYIIIECTBEHHO KOP-
PENMHMPYIOT C TOKATBHOH TJIaBHOM KpUBU3HOH Mapabonmdeckoro npoduist. MoaenupoBanue B MATLAB nomoyiHUTENEHO
MOJITBEPIMIIO 3TU BBIBOJIBI, IOKA3aB, YTO MAKCUMAIILHOE OTKIOHCHHE MPOUCXOIUT B OOJIACTSIX C BBICOKOW KPUBU3HOWM,
TJIe TEOMETPHS B3aNMOACHCTBISI MHCTPYMEHTA C TOBEPXHOCTHIO Hanboee orpaHnyeHa. JJaHHbIe pe3yapTaThl oOecedn-
BaIOT KOJUYCCTBCHHOE OTOOPAKEHUE TOT0, KaK B3aUMOJICHCTBUAE TEOMETPHUN HHCTPYMEHTA C MapabOIHYECKOW BOTHYTO-
CTBIO IPUBOJNT K 00pa30BaHHIO MPEICKA3yeMbIX 3aKOHOMEPHOCTEH pacipeieIeHus] ITOT PEITHOCTEH.
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Obcyrycoenue. Hacrosiiee uccieoBaHUe MpeiaraeT HOBYIO HMHTEPIPETANUIO MOTPENTHOCTeH MexXaHWdecKod oOpa-
OOTKH CKBO3b NMPH3MY IU(epeHIHATEHON TeOMETPUN MOBEPXHOCTH, YCIICITHO MPEOI0IeBas Pa3phlB MEXKIY TEOPETH-
YECKUM MOJICITMPOBAHNEM ITOBEPXHOCTH U MTPAKTHIECKUM (hpe3epoBaHreM Ha ctankax ¢ UITY. Pe3ynbpraThl MOKa3bIBAIOT,
YTO YHHUBEpPCANbHAS CTPATEr sl IIOCTPOCHUS TPACKTOPHUH HHCTPYMEHTA («OIMH pa3Mep I BCEX») SBISACTCS MPHUHITUIIH-
aJBHO HEJOCTATOYHOW JJIi BOTHYTBIX CBOOOJHBIX IMOBEPXHOCTCH W3-3a MPUCYIIMX MM JIOKAJIBHBIX T'€OMETPHYCCKHX
cnoxkHoctel. JlaHHas paboTa MOATBEPIKAACT, YTO MPUMCHCHHUE AANTUBHON CTPATETUH H3MCHEHUS TOMCPEYHOTO 111ara,
JIMHAMUYECKH MOJICTPAUBAEMOI0 B 3aBUCUMOCTH OT JIOKAJIbHBIX 3HAYEHUN KPUBU3HBI, CYIIIECTBEHHO MOBBILIAET TOYHOCTh
(dhopmooOpazoBanus noBepxHOCTH. KirtoueBasi Hay4Hasi HOBH3HA COCTOUT B IPEAJIOKCHHON HHTETPALIMU KOMIICHCAIIHUH,
OCHOBAHHOM Ha KPUBU3HE, HETIOCPEACTBEHHO Ha 3Talle INIAHUPOBAHUS TPACKTOPUH IBIKEHUS HHCTPYMEHTA, 9TO MTO3BO-
JISET yIPeKIaromie MUHUMHU3UPOBATh MOTPEITHOCTA BMECTO TOTO, YTOOBI HCTIPABIIATE MX TOCTPAKTYM.

3aknrouenue. B 3akimodeHne ciIeayeT OTMETUTD, YTO TpeAsIaraeMbIil MOIX0 MPEICTaBIsIeT cO00i HaIe)KHOE U MACIIITa-
Oupyemoe pemieHne A TTOBBIIICHUS TOYHOCTH M3TOTOBICHHS CJIOXKHBIX KOMIIOHEHTOB TIPOU3BOIBHOM (OPMEI B peaib-
HBIX TIPOMBIIIUICHHBIX YCIOBUAX. BHEApeHIe TaHHOI METOIOJIOTHH B BRBICOKOTOYHBIE IPOM3BOJICTBEHHBIC ITPOIECCHI TT03-
BOJIUT MOTCHIMAIBHO COKPATUTh 00BEM MOCIEAYIOMICH 00pabOTKM M CHU3UThH OOINUC MPOU3BOJCTBEHHBIC U3JCPIKKH.
HecMmoTps Ha TO, YTO HACTOSIIEE UCCIICAOBAHIE COCPEIOTOUCHO HA CTATHYCCKON U TE€OMETPUICCKON TOYHOCTH, B OyIy-
IIeM IPE/II0IaracTcsl PaCUIUPUTh JAHHYIO MOJENb 32 CYCT BKIIFOYCHHS OLICHKH JHMHAMHUYCCKUX IMOTPEHIHOCTEH 00pa-
00TKH. DTO pacipeHne co3aact 601ee KOMIUIEKCHYFO OCHOBY JIJIsi ONITUMU3AIMKA TOYHOCTH IIPU MHOTOKOOPAMHATHOMN

(dpe3epHOi 00pabOTKE CI0KHBIX TOBEPXHOCTEH Ha cTaHkax ¢ UITY.

KnroueBble c/10Ba: TOBEPXHOCTH POM3BOILHOM (DOPMBI C BOTHYTOM ITapabOIIIECKOil CTPYKTYPOH, TMaMeTp HHCTPYMEHTa,

CKOPOCTh NIO/IaUH, TTOTIEPEYHBIN II1aT, KPHBU3HA TIOBEPXHOCTH, TEOMETPHUECKOE OTKIIOHEHHE, MEeTO/T Tarydn

BaaronapHocTu. ABTOpbI BBIPQKAIOT HCKPEHHIOK MPH3HATEIBHOCTh TEXHUYECKOMY MNPAKTHYECKOMY LECHTPY 3a
MIPEeIOCTaBJICHNE 00Pa3IOB ISl HCTIBITAHUA U 000PYI0BAHMSI, UCTIOIH30BAHHOTO B OKCTIEPUMEHTAILHOM paboTe. ABTOPHI
TaKKe OJIaroIapsT PEeAAKIIMOHHYIO KOJUICTHIO KypPHAJa U aHOHUMHBIX PELCH3CHTOB 33 X ITyOOKUE MPOPECCUOHATBHBIC
3aKIIFOYCHUS U LCHHBIC 3aMCYaHUsi, KOTOPHIC BHECIIM CYNICCTBEHHBIH BKJAJ B JOPa0OTKY M IMOBBIIICHUE Ka4yecTBa

HaCTOHHIeﬁ CTaTbH.

Jnsa uutupoBanus. Hrok Tyen Byit, Hryen Txo Ban. DkcrnepiMeHTaNbHBI aHAMNM3 M MOAXO] HA OCHOBE KPUBH3HBI JUISA

ONTHMHU3ALIY TOYHOCTH TpH 3-0ceBOM (pesepoBanmu ¢ UITY BOrHYTHIX MapabOTMYECKIX OBEPXHOCTEH MPOU3BOIBHOH (DOPMEL.
Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2662. https://doi.org/10.23947/2687-1653-2026-26-2-2662

Introduction. Freeform surfaces are increasingly employed in advanced engineering applications such as precision
molds, optical components, and aerodynamic structures due to their superior functional and aesthetic performance.
Among various local geometrical features, concave parabolic structures are widely utilized in components such as
parabolic reflectors and antenna devices, where geometric accuracy directly affects functional efficiency. In particular,
the machining of such surfaces using 3-axis CNC milling remains a challenging task due to the complex interaction
between tool geometry, surface curvature, and toolpath strategy.

In the context of ball-end milling, surface generation errors are strongly influenced by geometric factors such as tool
radius, feed rate, and step-over, as well as by the local curvature of the machined surface. Previous studies have
extensively investigated the influence of machining parameters on freeform surface quality. Recently, significant
contributions from the Russian metalworking school have addressed both the experimental characterisation and the
predictive modelling of geometric accuracy in the milling of complex-shape parts. In [1], the authors developed an
experimental methodology and a mathematical model for controlling the geometric accuracy indicators of die impressions
in ball-end milling, with the resulting model employed to adjust the toolpath. In related study [2], empirical models were
established linking spherical end-mill life to geometric accuracy and surface roughness, using these models to define both
tool-replacement schedules and criteria for surface analysis. Furthermore, paper [3] explored the influence of tool
orientation angles on surface roughness when processing complex-profile surfaces, highlighting the critical role of tool-
surface contact geometry in determining final quality.

Specifically, the effects of toolpath strategies were evaluated in [4], while the impact of feed rate was analyzed in [5].
The role of step-over in determining geometric deviation was established in [6]. Other studies applied experimental design
approaches, such as the Taguchi method combined with analysis of variance (ANOVA), to determine optimal machining

conditions for minimizing surface errors [7]. These approaches have demonstrated that toolpath strategy is often a primary
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factor affecting machining accuracy [8]. In addition, the significant contribution of step-over to surface forming quality
has been confirmed through statistical analysis [9]. Furthermore, some researchers focus on comparing toolpath strategies
in various CAM systems [10] or proposing solutions to determine scallop heights from CNC part programs [11].
Strategies to reduce the variation of the effective tool diameter have also been proposed to ensure uniform machining
accuracy [12].

However, most existing studies focus on general freeform surfaces or specific geometries such as impellers [13]. Other
research has targeted specific profiles like saddle surfaces [14] or the optimization of geometric characteristics for
specialized cycloidal profiles [15]. Meanwhile, the machining characteristics of concave parabolic structures have
received limited attention. More importantly, the relationship between machining parameters and surface accuracy is
often analyzed from a purely experimental perspective, without explicitly considering the role of surface curvature in
governing geometric deviations. As a result, the underlying mechanisms that explain why certain parameters dominate
the machining accuracy remain insufficiently clarified.

To address these limitations, this study focuses on the machining of freeform surfaces with concave parabolic
structures, characterized by a first principal curvature of zero and a second principal curvature with a variable negative
value. Based on the theory of principal deviations and surface geometry [16], an experimental model is developed to
investigate the influence of key machining parameters, including tool diameter, feed rate, and step-over, on surface
forming accuracy in 3-axis CNC milling. A systematic experimental design based on the Taguchi orthogonal array is
employed, and the results are analyzed using ANOVA to quantify the contribution of each parameter [17].

The objective of this study is to evaluate the influence of surface curvature, tool radius, step-over, and feedrate on the
geometric error of a concave parabolic surface structure during 3-axis CNC milling. Theoretical error models and
MATLAB simulations aim to assess the distribution of feedrate error, step-over error, and total error on the surface for
parallel toolpaths in two principal curvature directions. From this, the appropriate toolpath direction is determined, and
an adaptive toolpath solution based on the developed theoretical model is proposed. Experimental models are used
to evaluate the extent to which tool radius, step-over, and feedrate affect the shaping accuracy. In addition to conventional
experimental analysis, this work emphasizes the geometric interpretation of machining errors by linking them
to curvature-related factors, thereby providing deeper insight into the interaction between tool geometry and surface
characteristics. The findings of this study contribute to a better understanding of parameter sensitivity in machining
concave parabolic surfaces and provide a basis for improving toolpath planning and machining efficiency
in practical applications.

Materials and Methods. The investigated surface is generated by sweeping a parabolic curve along a straight line,

resulting in a parabolic cylindrical surface. The parametric representation of the surface is defined as:
P(u,v) = (x(u). [y (v)]2 (1)) = (601~ 30,|70v, [240u> ~ 240u + 60). (1)
0<u,v<1.

This construction implies that the surface exhibits curvature only along the parametric direction u, while remaining
geometrically linear along the direction v.
A sample experimental model with the concave parabolic freeform surface P(u,v) was constructed using NX12 as

shown in Figure 1.

.5

H=170

a) b)

Fig. 1. Drawing of the experimental sample a — 2D drawing; » — 3D model
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The first-order partial derivatives are expressed as:

P, =(60,/0,]480u —240),P, = (0,70,

0). )
The second-order derivatives are:
P, =(0.]0,]480),P, =(0.0,|0).
Along the v-direction (generator direction), the first principal curvature is:
k; =0.
Along the u-direction (profile curve direction), the second principal curvature is:
z"(u) 480 _ 3)

5132 57372
[1+(z'(u)) } [1+(480u—240) J

The sign of the curvature depends on the surface orientation; for concave configurations, it is considered negative.
Importantly, &, varies continuously along the parameter u, reflecting the non-uniform curvature distribution of the
parabolic profile.

The Gaussian curvature is given by:

K=k -k, =0. ©)

This confirms that the surface is a developable surface, characterized by zero Gaussian curvature.

The mean curvature is:

H=%(k,+k2):k?2, )
which varies along the surface due to the dependence of &, on u.

Surface curvature characteristics significantly influence the geometric accuracy in CNC milling, leading to critical
implications for overall machining precision.

Since k1 = 0, there is no curvature-induced deviation along the toolpath direction when it is aligned with the generator
direction.

The varying curvature kx(u) leads to non-uniform tool-surface contact conditions, which significantly influence
geometric deviations.

Regions with higher curvature (smaller radius) are more sensitive to tool diameter and step-over, resulting in larger
scallop height and form error.

Therefore, the geometric deviation in ball-end milling can be interpreted as a curvature-dependent phenomenon, where
the second principal curvature plays a dominant role.

The optimization of machining accuracy is achieved through a comprehensive analysis of toolpath strategies and
curvature-based modeling. Two representative toolpath strategies are investigated for machining the concave parabolic
cylindrical surface. In Case A, the feed direction is aligned with the zero-curvature direction (ki = 0), while the step-over
is applied along the parabolic profile. In Case B, the feed direction follows the parabolic profile, and the step-over is
aligned with the zero-curvature direction.

In ball-end milling of freeform surfaces, the geometric deviation is strongly influenced by the local curvature of the
machined surface. For the considered parabolic cylindrical surface, the curvature is anisotropic, with one principal
curvature equal to zero and the other varying along the surface.

Let the second principal curvature be:

()= (1) R(0) = ©

where R(u) is the local radius of curvature.
The total geometric deviation in ball-end milling can be approximated as the sum of two components:

hy (u) =h, +h,
where /iy, hy are feed-direction deviation and step-over (scallop) deviation in turn.
The geometric deviations can be approximated using a second-order Taylor expansion of the surface profile [18]. This

approach leads to the classical relation h = s2/(8R), which is widely documented in manufacturing theory [19].
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The effective curvature radius R.(«) is defined by combining the curvature of the machined surface and the ball-end
tool. Based on curvature superposition, the effective radius can be expressed as:
1 1 1
e, ©6)
Ry (u) R(u) Ry
which leads to:
R(u)Ry

R(u)+R; @)

Ry (u)=

where R(u) and Ry are curvature radius of the machined surface and the ball-end tool, in turn.
Due to the anisotropic curvature characteristics of the surface, the geometric deviation exhibits distinct behaviors in
the feed rate and step-over directions.

For Case A, the feed-direction error h’; remains constant along the toolpath because the curvature in this direction is

zero, leading to an effective radius equal to the tool radius. Feed-direction deviation
2

hi ~—L= 3
f 4
8R¢/Jl/‘
where the effective radius is:
A
Reﬂ,f == RT'

The dominant geometric error in finishing is the step-over deviation (scallop height) hf (u) caused by the step-over S.

SZ
B () = >, ©)
8Ry s (1)
where the effective radius is:
R(u)R;
R, =71
f?tf,S(u) R(u)+RT

Total curvature dependent deviation /4,4 in Case A is:

f22 S2
. 10
SR, | 8RZ . (u) (10)

hA:

For Case B, the situation is reversed. The step-over error remains constant, while the feed-direction error varies
significantly with the local curvature. As the curvature reaches its maximum near the vertex of the parabola, the effective
radius decreases, resulting in a sharp increase in feed-direction error. This leads to a non-uniform error distribution, with
pronounced peaks in regions of high curvature.

The feed-direction deviation hf (u) depends on the feed per tooth £z, tool radius Rr, and curvature radius R(u):

B ()~ —1 (11

R,
8R s (u)
where the effective radius is:
R(u)R;
RE (u)=—"—.
. (1) R(u)+ Ry
The step-over deviation 42, caused by the step-over S in this case can be approximated as:

S2

W~ (12)

8 R(fj,.,x

where the effective radius is:
B
Rf?ff,s = RT .
Total curvature-dependent deviation in case B is
2 2

e (13)

= +—.
8RY ;(u) 8Ry


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2262. eISSN 2687-1653

Regarding the curvature-based optimization model for machining accuracy, the total error ss(u) must satisfy the

following constraint to meet the precision requirements:
hs (u) <[], (14)
where [/] is maximum allowable geometric deviation.

Substituting deviation 4, into this inequality, we get:

———<

J2 o, Sy
T md! (15)

Solving for S(u), the curvature-based adaptive step-over is obtained as:

st0)= s 0 D1 | a6

For the experimental study, the experimental setup was established to validate the proposed model.
Machine tool: CNC milling machine DX-6080 from WANTALI (Taiwan) with some basic technical characteristics as

follows: machine table size of 600 x 800 (mm); main spindle motor power of 5.5 kw, spindle speed of 600—18000 rev/min;

max feed rate of 6000 mm/min; repeatable positioning accuracy of 0.005 mm.
Cutting tool: from the formula for determining curvature k, above, the smallest radius of curvature of the surface is

determined as Rpui, = 7.5 mm. Therefore, to avoid undercutting, the ball end mills used in this study are chosen as ®6,

@10, ®14 from G.T. cutting tools (Taiwan) with number of teeth Z = 2.

Workpiece: L x W x H=70 x 70 x 70 (mm), aluminum alloy A6061

CAM software: NX12

Equipment for measurement: 3D Scanner SIMSCAN from SCANTECH (HANGZHOU) CO., LTD, with accuracy
up to 0.020 mm, scanning rate up to 2020000 measurements/sec, resolution up to 0.025 mm, scanning area up to
410 mm x 400 mm.

Experiment plan: the workpieces are rough machined and semi-finished to form a cylindrical surface with a finish
allowance of 0.1 mm.

The experimental finishing process was performed with zigzag parallel cutting strategy (Case A) according to the
experimental plan designed based on the Taguchi OAg(3?) orthogonal array with 3 factors: Step-over (S), Feed rate (F)
and Tool diameter (D). The factors and experimental levels are presented in Table 1.

Table 1.
Factors and Levels
Levels
Factors
1 2 3
Step-over S (mm) 0.1 0.4 0.7
Feed rate F' (mm/min)/f. (mm/tooth) 100/(0.025) 500/(0.125) 900/(0.225)
Tool diameter D (mm) 6 10 14

The remaining technological conditions are unchanged for all 9 samples: velocity of spindle » = 2000 rpm, depth of
cut of 0.1 mm, flushing with cutting fluid. The output indicators of this experimental planning are the machining accuracy
assessed by the geometric error of the surface of the machined sample compared to the surface of the designed sample.

The finished machined samples (Figure 4) were digitized using a SIMSCAN handheld 3D scanner. These 9 point
cloud data files were used for sequential registration with the design CAD model surface to determine the geometric
errors of the samples using Geomagic Quality 2003. Geomagic Quality performed iterative rigid-body registration
between the measured point cloud and the nominal CAD surface by minimizing the least-squares distance between
corresponding geometric entities, following the ICP framework. The criterion for evaluating geometric errors was the
average deviation determined by the formula: average deviation = (max dev — min dev)/2.
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Results and Discussion. Based on the above analysis, a machining error simulation program was written in MATLAB
with input parameters tool radius Ry = 7 mm, feed rate /2 = 0.2 mm/tooth, step over S = 0.1 mm. The program results for
machining errors for the two cases A and B are shown in Figure 2. Comparison of the total machining error shows that
both strategies produce errors that vary along the surface. However, Case A consistently yields lower error values than
Case B across the entire parameter domain. More importantly, the error distribution in Case A is smoother and more
stable, whereas case B exhibits strong sensitivity to curvature variations. This difference is critical from a manufacturing

perspective, as large variations in feed-direction error are directly associated with surface waviness and form deviation.
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Fig. 2. Errors simulation for two Cases
a — Feed error; b — Step-over error; ¢ —Total error

The results indicate that the feed-direction error plays a dominant role in determining the overall form accuracy. Although
the total error magnitude may appear comparable under certain parameter combinations, the redistribution of error
components significantly affects the final surface quality. By aligning the feed direction with the minimum-curvature
direction, Case A effectively decouples the most critical error component from curvature variations, thereby improving
machining stability and accuracy. Therefore, the toolpath strategy in Case A is better than the toolpath strategy in Case B.

From a practical standpoint, this finding supports the strategy commonly adopted in advanced CAM systems such as
Siemens NX and PowerMill, where toolpaths are preferentially oriented along directions of minimal curvature. Therefore,
for the machining of parabolic cylindrical surfaces, the optimal strategy is to align the feed direction with the zero-
curvature direction and to control the step-over according to the local curvature.

Figure 3 shows the result of running the program with input data Rr = 7 mm, £ = 0.02 mm/tooth, allowable error
[A] = 0.02mm. With the step-over that adapts according to the surface curvature as in the diagram, the geometric surface
error will remain unchanged at 0.02 mm. Currently, commercial CAM systems like Siemens NX and PowerMill also have

adaptive step-over in an indirect and heuristic way, but not explicitly formulated as here.
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Fig. 3. Adaptive step-over simulation for Case A

Regarding the experimental results and discussion, the machined samples are presented in Figure 4, the measured
geometric errors for Sample 2 are illustrated in Figure 5, while the comprehensive error data are summarized in Table 2.


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2262. eISSN 2687-1653

3D Deviation . =
Max +1- 04787 /-0.2644 mm N
Average +1- 0.0167 /-0.0240 mm. Lo
‘Standard Deviation: 0.0433 mm M
RMS Estimate: 0.0442 mm

Fig. 4. Nine experimental samples Fig. 5. Geometrical error of sample 2

In the analysis and assessment of machining accuracy, the performance is evaluated based on specific machining error
criteria. The smaller the machining error, the higher the machining accuracy. According to the choice of output as small
as possible (smaller is better), the S/N ratio for each experiment is determined (Table 2).

Experimental Results Obtained from the Orthogonal Array Taguchi OA(3%) reble?
A0 S F . D Geometric Deviation (um) (S/V)a
(mm) (mm/min) Upper Lower Average A

1 0.1 100 6 18.9 353 271 -14.3297
2 0.1 500 10 16.7 24 20.35 —-13.0856
3 0.1 900 14 20.4 18 19.2 —12.833
4 0.4 100 10 16.8 28.7 22.75 —13.5698
5 0.4 500 14 16.6 22.1 19.35 —12.8668
6 0.4 900 6 18.2 39.2 28.7 —-14.5788
7 0.7 100 14 15.5 34 24.75 —13.9358
8 0.7 500 6 22.6 45.8 34.2 —15.3403
9 0.7 900 10 25.7 38.2 31.95 —-15.0447

The average S/N ratio for each factor at levels 1, 2 and 3 can be calculated by averaging the S/N ratios of the
corresponding experiments. The influence of each factor on the machined surface geometric error is determined using
Minitab as shown in Figure 6. A large S/N ratio indicates that the machined surface has small geometric errors. Analysis
of variance (Table 3) shows that the coefficients of determination are quite high (98.92% and 95.68%), confirming that
the model fits the data well.

Table 3
Analysis of Variance (ANOVA) for (S/N)a
Model Summary R-Sq = 98.92%, R-Sq(adj) = 95.68%

Source DF Seq SS Adj SS Adj MS F P

S 2 12.4878 12.4878 6.2439 41.36 0.024

F 2 0.9044 0.9044 0.4522 2.99 0.250

D 2 14.2398 14.2398 7.1199 47.16 0.021

Residual Error 2 0.3020 0.3020 0.1510

Total 8 27.9339
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Fig. 6. Main effects plot for (S/N)A ratios

Through the data in this table, the influence of each factor on machining accuracy can also be determined. Diameter
of Tool (D) has the largest influence (51%), followed by the influence of Step-over (44.7%). The influence of Feed rate
is the smallest (3%) (Table 4).

Table 4
Influence of Factors on the Machining Accuracy
N Factor Contribution %
1 Step-over (S) 44.7
2 Feed rate (F) 3
3 Diameter of Tool (D) 51
4 Errors 1.3

From here, it can be seen that the conformity of a generating tool and the machined surface has a significant influence
on shaping accuracy. With the S/N value as large as possible, we can choose the optimal parameter set S;F2Ds3. The
optimal parameters to have the best geometrical accuracy of the machined surface are step-over of 0.1 mm, feed rate of
500 mm/min, and the tool diameter of 14 mm.

The predicted average deviation in this case would be:

XA;

Apin =A(S))+A(F,)+A(Ds)-2 =22.22+24.63+21.1-2-228.35/9 ~17.2 (um). (17)

Conclusion. This study investigated the influence of machining parameters on the forming accuracy of concave
parabolic freeform surfaces in 3-axis CNC milling. In contrast to conventional experimental approaches, a curvature-
based analytical framework was introduced to interpret machining errors from a geometric perspective.

The results confirm that the considered surface exhibits anisotropic curvature characteristics, where one principal
curvature is zero and the other varies continuously along the surface. This geometric property leads to non-uniform tool—
surface interaction conditions, which significantly affect machining accuracy. Experimental analysis based on the Taguchi
method and ANOVA indicates that step-over and tool diameter are the dominant factors influencing geometric deviation,
while feed rate has a comparatively smaller effect.

To provide a theoretical explanation for these observations, a curvature-based optimization model was developed. The
model relates machining errors to local curvature through an effective radius formulation, demonstrating that both feed-
direction deviation and scallop height are inversely proportional to the curvature radius. Based on this relationship, a
curvature-adaptive step-over strategy was proposed to maintain a constant allowable error across the surface.

The comparison between constant and curvature-adaptive step-over strategies shows that the adaptive approach
significantly reduces error variation and improves overall surface accuracy. This finding highlights the importance of
incorporating geometric characteristics into machining parameter selection, rather than relying solely on empirical

optimization methods.
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Although the direct implementation of continuous curvature-adaptive step-over is not supported by standard CNC
controllers, the proposed model provides a theoretical foundation for constant scallop height toolpath generation available
in modern CAM systems. Therefore, the results of this study have practical relevance for improving machining efficiency
and accuracy in industrial applications.

Future work will focus on extending the proposed approach to more complex freeform surfaces with non-zero
Gaussian curvature, as well as integrating curvature-based optimization into automated toolpath generation and intelligent

machining systems.

References

1. Safarov DT, Glinina GF, Kasyanov SV. Improving the Accuracy of Die Impression Milling for Large-Size Forgings of
Heavy-Duty Vehicle Parts. Russian Engineering Research. 2024;44(8):1128—1136. https://doi.org/10.3103/S1068798X24701880

2. Safarov DT, Glinina GF, Kondrashov AG. Geometric Accuracy of Die Engraving: Experimental Data and
Modeling. Russian Engineering Research. 2023;43(11):1400—-1407. https://doi.org/10.3103/S1068798X23110266

3. Gimadeev MR, Nikitenko AV, Berkun VO. Influence of the Sphero-Cylindrical Tool Orientation Angles on
Roughness under Processing Complex-Profile Surfaces. Advanced Engineering Research (Rostov-on-Don).
2023;23(3):231-240. https://doi.org/10.23947/2687-1653-2023-23-3-231-240

4. Mali RA, Gupta TVK, Ramkumar J. A Comprehensive Review of Free-Form Surface Milling — Advances over a
Decade. Journal of Manufacturing Processes. 2021;62:132—167. https://doi.org/10.1016/j.jmapro.2020.12.014

5. Marin F, Souza AF, Gaspar HS, Calleja-Ochoa A, Lopez de Lacalle LN. Topography Simulation of Free-Form

Surface Ball-End Milling through Partial Discretization of Linearised Toolpaths. Engineering Science and Technology,
an International Journal. 2024;55:101757. https://doi.org/10.1016/j.jestch.2024.101757

6. Benio J, Tomas M, IZzol P, Varga J. Analysis of the Free Form Surface Milling Based on a Fragmentation Approach.
Journal of Production Engineering. 2015;18(1):31-34.

7. Varga J, Toth T, Kascak L, Spisak E. The Effect of the Machining Strategy on the Surface Accuracy When Milling
with a Ball End Cutting Tool of the Aluminum Alloy AlCud4Mg. Applied Sciences. 2022;12(20):10638.
https://doi.org/10.3390/app122010638

8. Gresova Z, 170l P, Vrabel M, Kascak L, Brindza J, Demko M. Influence of Ball-End Milling Strategy on the Accuracy
and Roughness of Free Form Surfaces. Applied Sciences. 2022;12(9):4421. https://doi.org/10.3390/app12094421

9. Cica D, Zeljkovic M, Sredanovic B, Tesic S. Optimization of Machining Parameters with Minimum Surface
Roughness for Three-Axis Milling of Sculptured Parts. Journal of Production Engineering. 2017;20(2):75-78.
https://doi.org/10.24867/JPE-2017-02-034

10. Izol P, Vrabel M, Marikova I. Comparison of Milling Strategies in Case of Free Form Surface Milling. Materials
Science Forum. 2016;862:18-25. https://doi.org/10.4028/www.scientific.net/MSF.862.18

11. Mgherony A, Miké B. Tool Path Planning of Ball-End Milling of Free-Form Surfaces as a Search Algorithm. Acta
Technica Jaurinensis. 2024;17(2):75-83. https://doi.org/10.14513/actatechjaur.00736

12. Kukreja A, Pande SS. Estimation of Scallop Height in Freeform Surface Machining. The International Journal of
Advanced Manufacturing Technology. 2019;103:167—181. https://doi.org/10.1007/s00170-019-04269-x

13. Ngoc Tuyen Bui, Duc Luong Ngo. An Experimental Study of 3 Axes CNC Milling for a Blade of the Axial Flow
Pump Impeller. In: Proc. Int. Conf. on Material, Machines and Methods for Sustainable Development. Cham: Springer;
2021. P. 330-336. https://doi.org/10.1007/978-3-030-99666-6_11

14. Van Quy Hoang, Bui Ngoc Tuyen. Effect of Feed Rate, Tool Path and Step over on Geometric Accuracy of
Freeform Surfaces When 3 Axis CNC Milling. Applied Mechanics and Materials. 2019;889:107-114.
https://doi.org/10.4028/www.scientific.net/ AMM.889.10

15. Kireyev SO, Lebedev AR, Korchagina MV. Optimization of Geometric Characteristics of Cycloidal Profiles of
Gerotor Hydraulic Machines. Advanced Engineering Research  (Rostov-on-Don).  2023;23(3):269-282.
https://doi.org/10.23947/2687-1653-2023-23-3-269-282

16. Radzevich SP. Kinematic Geometry of Surface Machining. Boca Raton, FL: CRC Press; 2007. 536 p.

17. Roy RK. 4 Primer on the Taguchi Method, 2nd ed. Southfield, MI: SME; 2010. 300 p.

18. Stephenson DA, Agapiou JS. Metal Cutting Theory and Practice, 3rd ed. Boca Raton, FL: CRC Press; 2016. 956 p.

19. Kalpakjian S, Schmid SR. Manufacturing Engineering and Technology, Tth ed. Singapore: Pearson; 2020. 407 p.

Machine Building and Machine Science


https://doi.org/10.3103/S1068798X24701880
https://doi.org/10.3103/S1068798X23110266
https://doi.org/10.23947/2687-1653-2023-23-3-231-240
https://doi.org/10.1016/j.jmapro.2020.12.014
https://doi.org/10.4028/www.scientific.net/AMM.889.10
https://doi.org/10.23947/2687-1653-2023-23-3-269-282

https://vestnik-donstu.ru

Ngoc Tuyen Bui, et al. Experimental and Curvature-Based Analysis for Accuracy Optimization ...

About the Authors:
Ngoc Tuyen Bui, Dr.Sci. (Eng.), Associate Professor, Head of the Division of Material Machining and Industrial

Tools, School of Mechanical Engineering, Hanoi University of Science and Technology (01, Dai Co Viet Str., Hanoi city,
11626, Vietnam), ORCID, ScopusID, ResearcherID, ResearchGate, tuyen.buingoc@hust.edu.vn

Nguyen Tho Van, Dr.Sci. (Eng.), Faculty of Technology and Engineering, Haiphong University (171, Phan Dang
Luu Str., Haiphong city, 04617, Vietnam), ORCID, ResearcherID, ResearchGate, thonv@dhhp.edu.vn

Claimed Contributorship:
Ngoc Tuyen Bui: conceptualization, methodology, data curation, formal analysis, writing — original draft preparation.
Nguyen Tho Van: investigation, visualization, writing — original draft preparation, writing — review & editing.

Conflict of Interest Statement: the authors declare no conflict of interest.
All authors have read and approved the final version of manuscript.

00 asmopax:

Hrox Tyen Byii, JOKTOp TEXHUYCCKUX HAYK, JOLCHT, HAYAIBHUK OTIENA MCXaHUYCCKOW OOpabOTKH MATEpUaliOB U
MPOMBIIIICHHOTO MHCTPYMEHTA MH)XCHEPHOM IIKOJIBI MAITHHOCTPOCHUS XaHOMCKOr0 YHHBEPCUTETA HAYKH M TEXHOJIOTHUIA
(01, yn. [Jar Ko Beer, Xanoit, 11626, Bsernam), ORCID, ScopusID, ResearcherlD, RescarchGate,

tuyen.buingoc@hust.edu.vn

Hryen Txo BaH, 10KTOp TeXHHMYECKHX HayK, (paKyJbTET TEXHOJOTUI W MHXEHeprH Xal()OHCKOTO YHHBEPCUTETA
(171, yn. ®an Hanr Jlyy, Xatidon, 04617, Beetnam), ORCID, ResearcherID, ResearchGate, thonv(@dhhp.edu.vn

3asnenenuslit 6K1a0 A6MOPOB:
Hroxk Tyen Byii: pa3pa0boTka KOHIIEIIIINH, Pa3paboTKa METOIOJIOTHH, KypUPOBaHHE NaHHBIX, (HOpPMATbHBIA aHAJIH3,

HaN¥CaHUe YePHOBHUKA PYKOIIHCH.
Hryen Txo Bau: mpoBencHne wmcClIeIOBaHUS, BH3yalH3alus, HAIMCAHWE YEPHOBUKA PYKOIMCH, HAIMCAaHUE

PYKOIIUCH — PELIEH3UPOBAHNE U PEAAKTUPOBAHMUE.
Kongpnukm unmepecog: aBTopsbl 3asiBISAIOT 00 0TCYTCTBUH KOH(INKTA HHTEPECOB.
Bce asmopor npouumanu u 0000punu 0KOH4amMeENbHbLI 6APUAHM PYKONUCHU.

Received / octynuia B pexakmmio 16.03.2026
Reviewed / IToctynuia nocJjie peuensupoBanus 29.04.2026
Accepted / Ilpunsita k myoauxamuu 20.05.2026


https://vestnik-donstu.ru/
https://orcid.org/0009-0007-8442-0246
https://www.scopus.com/authid/detail.uri?authorId=57210979372
https://www.webofscience.com/wos/author/record/QAW-7403-2026
https://www.researchgate.net/profile/Bui-Ngoc-Tuyen?ev=hdr_xprf
mailto:tuyen.buingoc@hust.edu.vn
https://orcid.org/0000-0002-9105-7701
https://www.webofscience.com/wos/author/record/QAW-9693-2026
https://www.researchgate.net/profile/Nguyen-Van-Tho?ev=hdr
mailto:thonv@dhhp.edu.vn
https://orcid.org/0009-0007-8442-0246
https://www.scopus.com/authid/detail.uri?authorId=57210979372
https://www.webofscience.com/wos/author/record/QAW-7403-2026
https://www.researchgate.net/profile/Bui-Ngoc-Tuyen?ev=hdr_xprf
mailto:tuyen.buingoc@hust.edu.vn
https://orcid.org/0000-0002-9105-7701
https://www.webofscience.com/wos/author/record/QAW-9693-2026
https://www.researchgate.net/profile/Nguyen-Van-Tho?ev=hdr
mailto:thonv@dhhp.edu.vn

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2288. eISSN 2687-1653

MACHINE BUILDING AND MACHINE SCIENCE
MAIINHOCTPOEHUE N MAIIMHOBEJIEHHUE

W) Check for updates
BY

UDC 621.791 Original Empirical Research
https://doi.org/10.23947/2687-1653-2026-26-2-2288

Quantitative Evaluation of Fusion Zone Curvature Correlation E E
with Electrode Positioning in Shielded Gas Split-Arc Surfacing : .
Iakov P. Skoblikov"= <, Sergey B. Sapozhkov

Saint Petersburg State Marine Technical University, Saint Petersburg, Russian Federation E
>4 iakov98sp@gmail.com EDN: KDYBZG
Abstract

Introduction. Improving the efficiency of arc surfacing with a consumable electrode is one of the key vectors in the
development of modern manufacturing. Split-arc gas-shielded welding with a consumable electrode is of particular
interest. The electrode arrangement in this welding process affects the fusion zone, namely its shape and curvature. The
shape of the penetration zone significantly affects the property gradient and the operational reliability of the coating. The
effect of the electrode arrangement on the curvature of the penetration front remains quantitatively unassessed. The
objective of this study is to quantitatively evaluate and determine the correlation of the curvature of the penetration shape
depending on the relative arrangement of the electrodes.

Materials and Methods. The effect of electrode positioning on the penetration shape was studied by building up six layers
and subsequently analyzing the fusion shape in the base metal. The selected influencing parameters were the interelectrode
distance (z) and the electrode inclination angle (o). The surfacing process was performed in an Ar/CO: shielding gas
atmosphere in a ratio of 98/2%. To make the fusion zone visible, the transverse cross-sections of the layers were subjected
to etching. The fusion zone boundaries were digitized. A 6th-degree polynomial was used to determine the functions
describing the penetration shape. The obtained functions were differentiated to analyze the fusion shape. The first-order
derivative was used to determine the number of extremes. To assess the curvature of the penetration shape, the average
value of the absolute second derivative was calculated over the range of values within the layer width. Correlation was
established using Pearson's method.

Results. As a result of the conducted experiment, a quantitative assessment of the curvature of the penetration shape
depending on the relative arrangement of the electrodes was performed. Functions describing the penetration shapes were
determined. The curvature of the obtained shapes and the number of extremes were calculated. Correlation coefficients
between the interelectrode distance, the electrode inclination angle, the penetration curvature, and the number of extremes
were determined. It was found that the curvature of the penetration shape and the number of extremes weakly depend on
the interelectrode distance. The electrode inclination angle determines the penetration curvature to a greater extent. A
damping effect of the heat flux of the electric arc by the volume of the weld pool was identified at an interelectrode
distance of 15 mm.

Discussion. In each experiment, the base metal fusion zone displayed a saddle-shaped geometry. Increasing the electrode
included angle resulted in a shallower penetration shape, attributed to an alteration in the vector of electromagnetic forces
that govern plasma streams and molten metal droplet transfer. The damping effect occurred because reducing the
interelectrode distance enlarged the weld pool. A layer of molten metal, possessing high heat capacity but low thermal
conductivity, separated the electric arc from the base metal, thus damping the heat flux from the arc.

Conclusion. The conducted study made it possible to quantitatively assess the effect of the electrode arrangement on the
curvature of the penetration shape, as well as to determine the degree of influence of the interelectrode distance and the
electrode inclination angle on the curvature of the penetration shape. The interelectrode distance was found to have a weak
effect on both the fusion shape curvature and the number of extremes. The correlation coefficients for these parameters
were —0.22 and 0.43. The effect of the electrode inclination angle on both the fusion shape curvature and the number of
extremes was considered substantial. The correlation coefficients for these parameters were —0.65 and —0.71. As the angle
of inclination of the electrodes relative to the vertical increased, the curvature of the penetration shape decreased.

Keywords: split-arc surfacing, GMAW, multiwire surfacing, mutual arrangement of electrodes, fusion zone
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AHHOTaLMA

Beseoenue. 1loBeimenne 3 (heKTHBHOCTH AyTOBOW HAIUTABKH IUIABSAIIMMCS SJIEKTPOIOM SIBISICTCS OJXHUM U3 KITIOUEBBIX
HATIPaBJICHUH Pa3BUTUS COBPEMEHHOTO MPou3BoAcTBa. OcOOBIi HHTEPEC MPEACTABISACT HAIUIABKA PACHICIUICHHBIM ILTa-
BSIIIUMCS DJICKTPOJIOM B Cpelie 3allluTHOro rasza. B3aumopacnonoskeHue 3JeKTposoB Ul JaHHOTO CIOco0a HaIlIaBKU
CKa3bIBACTCs Ha 30HE MPOIUIABJICHUS, @ UMCHHO Ha e¢ (opMme U KpuBu3He. DopMa MpoIUIaBiIeHUs BIUSICT HA TPATHUCHT
CBOMCTB M JKCIUTyaTallMOHHYIO HAJEXHOCTb MOKPHITUS. BiusHHE B3auMOpPACMONIOKEHUS 3JIEKTPOJIOB HAa KPUBU3HY
(poHTa POIUIABIEHHS OCTAETCS KOJIUIECTBEHHO HE OIIEHEHHBIM. 1[e1b10 HaCTOSIIET0 NCCIIeA0BaHUS SBISIOTCS OIIpeie-
JICHUE KOPPESAINH KPUBU3HBI (DOPMBI IPOILTABICHUS B 3aBHCUMOCTH OT B3aUMOPACIIONOKEHHS IEKTPOJIOB U €€ KOJH-
YeCTBEHHAS OIICHKA.

Mamepuanst u memoost. ViccnenoBanve BIUSHUS B3aUMOPACIOIOKECHUS IIEKTPOIOB HA ()OPMY MPOTUIABICHHS TPOBO-
JTAIIOCH IyTE€M HAIUIaBKH IIECTH CIOEB U MOCIEIYIOMEro aHaau3a GopMBbl IPOIUIABICHUS OCHOBHOTO MeTajuia. B kaue-
CTBE BIMSAIOMIMX (DAKTOPOB OBUTH BBIOpAHBI PACCTOSHHE MEXKIY JJIEKTpPOoJaMu (z) M yroi ux HakioHa (o). ITporecc
HATIJIAaBKU OCYIIECTBILLICA B cpene 3amuTHOro raza Ar/CO; B cooTHomeHuu 98/2 %. i BhISBICHHS 30HBI MIPOILIABIIC-
HUS TIONICPEYHBIC CEYCHUS CIIOCB OBUIM MPOTpPAaBJICHEL. [ paHMIBI 30H MpOIUIaBICHUS onudpoBanel. s onpeneieHus
(GyHKIUH, onmuCchHIBalONMX (HOpMY HPOILIABICHHS, UCIIOIH30BAJICS TOJHMHOM cTeneHu 6. J{is aHanm3a popMBbl MPOILIaB-
JICHHS BBIMOJHSUIOCH U QepeHIMpOBaHUE MOMyYeHHBIX QyHKIui. [uddepennunan nepBoro mopsaka UCHONb30BaICS
JUTS OTIPENICIICHUS KOJIMYECTBA IKCTPEMYMOB. J{JIsl OIIEHKH KPUBHU3HEI (POPMBI MIPOTLIABICHHUS HCIOIB30BAJICS METO] pac-
YyeTa CpeTHEro 3HAYEHUsI MOJIYJIsl BTOPOM MPOW3BOAHON /JIs 3HAYEHUH, JIekKAITUX B MpeJesax IMHUPUHBI CI0sl. Y CTaHOB-
JICHWE KOPPEILIIUY BBIITOHSUIOCH 110 MeToauke [Tnpcona.

Pesynemamul uccnedosanua. B xone mpoBeIEHHOTO SKCIEPUMEHTA JaHAa KOJMYECTBEHHAS OLEHKA KPUBU3HBI (OPMBI
MIPOIUIABJICHHUS B 3aBHCHMOCTH OT B3aMMOPACTIONOKEHHUS 3IeKTpooB. OrnpeneneHs! (yHKINH, OTICHIBAIONINE TPOQIIIN
MIPOIUIAaBJICHHUS. BEIYHCIIeHBI KPUBH3HA MTOTYYSHHBIX TPOQUIIEH U KOIMYECTBO IKCTPEMYMOB. Y CTAHOBJICHBI KO3 GHUIIH-
€HTHI KOPPEJAUU MEXITy MEXKIICKTPOIHEIM PACCTOSTHAEM, YIIIOM HAKJIOHA AJIEKTPOAOB, KPUBU3HOW TPOTLIABICHUS U
KOJIMYECTBOM IKCTpeMyMoB. CAenaH BBIBOA O TOM, YTO KpHUBU3HA (DOPMBI MPOIUIABICHUS U KOJIHMYECTBO SKCTPEMYMOB
c11a00 3aBHUCAT OT MEKAIECKTPOIHOTO PACCTOSHUSA. YTOJ HAKIOHA YJICKTPOIOB B OOJBINEH CTEIIEHH ONIPEIEIIICT KPUBU3HY
MpoIUIaBJICHUS. BEIsiBIICH 3 pekT aeMupoBaHus TEIDIOBOTO MOTOKA IEKTPUICCKOM AyTH 00hEMOM CBapOYHOI BAHHEI
TP MEKIIEKTPOTHOM PACCTOSIHAU B 15 MM.

Oécyacoenue. 30Ha MPOILIABICHUS] OCHOBHOTO METaJlJIa JUIsl KaX/IOTO OIbITa UMEET CeIUIoBaTyto GopMmy. YBenuyeHue
yrJia pa3Baja 3JIeKTPOIOB PUBOAUT K (POPMHUPOBAHUIO Oosiee nosoroi (JopMbl NPOIUIABICHHS H3-32 N3MEHEHHSI BEKTOpa
JIEHCTBUS AJIEKTPOMArHUTHBIX CHJI, BIUSIOMIMX HA MOTOKH IJIa3Mbl M KaIlId pacIIaBI€HHOTO MeTaula. Bo3HUKHOBEHME
nemipupyromero 3gpdexra oObSICHIETCS TEM, YTO NPU COMKEHUH DIIEKTPOAOB 00bEM CBapOUYHOI BaHHBI yBEJIUYHBA-
ercst. Mex 1y MeKTpUYecKOr Tyroi 1 OCHOBHBIM METAJIIOM BO3HHKAET IMPOCIOHKa JKUAKOTO METaljIa C BRICOKOH TeTIo-
€MKOCTBIO M HA3KOH TEIUIONPOBOJHOCTHIO, 38 CUET STOT0 MPOMCXOINUT ASMII(UPOBAHHE TEIDIA OT AIIEKTPUICCKOH IyTH.
3aknouenue. [IpoBenEHHOE HCCIIEIOBaHIE TIO3BOJIIIO KOJIMIECTBEHHO OIICHHUTH BIMSTHHAE B3aUMOPACIIONIOKECHHUS IIEKTPO-
OB Ha KPUBU3HY (POPMBI MPOTUIABICHIS, 8 TAaKXKe OMPEACTUTh CTCTICHb BIUSHUS MEXIJICKTPOTHOTO PACCTOSHUSA U yIiia
HaKJIOHA JICKTPOIOB Ha KPUBU3HY (YOPMBI IIPOIUIABICHAS. Y CTAHOBJICHO Ca00¢e BIMSTHUE MEKIIECKTPOTHOTO PACCTOSHHS
Ha KPUBU3HY (OPMBI MPOTUIABICHUS M KOJIMIECTBO IKCTPeMyMOB. Koa(pHITMEHTHI KOPPEISIH 11 JaHHBIX ITapaMeTPOB
paBubl —0,22 u 0,43. BriusiHue yriia HaKJIOHA 3JIEKTPOIOB Ha KPUBU3HY (POPMBI MPOIUIABJICHHS M KOJHYECTBO IKCTPEMYMOB
OIICHHMBAETCS Kak cymiecTBeHHOe. Ko puIMeHThl Koppesiuu i JaHHbIX napametpos paBHbl —0,65 u —0,71. C yBenu-
YEHHEM YIJjIa HAaKJIOHA DJIEKTPOJIOB OTHOCHTEIBHO BEPTHKAIN KPHUBU3HA (JOPMBI IPOTUIABIICHHST YMEHbBIIAETCSI.
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KiioueBble ¢JI0Ba: HaruIaBKa pacieruieHHol xyroil, GMAW, MHOTOIIpOBOJIOYHAS HAIIABKa, B3AUMHOE PACTIONIOKCHHE
3NEKTPOIOB, 30HA IIPOIIIABICHIS

BaarogapHocTH. ABTOpPBI BBIPAKAIOT OJIArOIaPHOCTH PENAKIMOHHOW KOJUICTHW JKypHAla W PELCH3CHTY 3a
po¢eCCHOHANIBHBIN aHANIN3 CTATEH M PEKOMEH/IAIINH IS €€ KOPPEKTHPOBKH.

Jdas muruposBanus. CrxoOmukos S.IT., Canoxkos C.b. KommdecTBeHHass orneHka KpPUBH3HBI ()OPMBI TPOILIABICHUS B
3aBHCHMOCTH OT B3aHMOPACIIOJIOKEHHS JIEKTPO/IOB MPH HAIIABKE PACIEIUIEHHON JYTOH B cpejie 3aluTHOrO raza. Advanced
Engineering Research (Rostov-on-Don). 2026;26(2):2288 https://doi.org/10.23947/2687-1653-2026-26-2-2288

Introduction. In the current era of industrial development and additive manufacturing, improving the productivity of
manufacturing processes is key to competitiveness, as it reduces cycle times and lowers product costs. These processes
include the application of metal coatings using gas-shielded metal arc welding (GMAW) [1]. It is known that boosting
the deposition rate of this welding process through higher wire feed speeds results in increased arc energy. This, in turn,
causes deeper penetration into the base metal, along with spatter, undercutting, and the expulsion of alloying elements.

An alternative strategy for enhancing the deposition rate of this welding process exists. Instead of raising the wire
feed speed, this approach increases the number of wires delivered to the weld pool. Paper [2] reports the outcomes of
investigations into this method. One conclusion is that adding more wires to the welding system yields an exponential
productivity gain, owing to more efficient utilization of the arc thermal energy.

Split-electrode surfacing is a multiwire surfacing method developed on the basis of the aforementioned approach. The
essence of this method is that not one, but several filler wires are fed through the current lead. The current lead is connected
to a single current source [3]. Surfacing by this method is used to solve problems related to the application of anticorrosion
and wear-resistant coatings or the repair of components.

When depositing anticorrosion coatings, minimal base metal penetration with a uniform fusion line is required. This
penetration characteristic provides a minimum content of the base metal in the deposited layer. In [4], the influence of the
type of current on the shape of penetration during surfacing with a split electrode under a flux layer is studied. The effect
of the distance between the electrodes on the shape of penetration is indirectly presented. The study notes that when
surfacing with an interelectrode distance of 10—12 mm, a saddle-shaped penetration is formed. However, this penetration
shape is acceptable for anticorrosion surfacing, provided no fusion defect exists at the saddle top, and the base metal
content stays within 15-25%. The study does not assess the curvature of the penetration shape or establish a correlation
between it and the relative position of the electrodes.

The authors of article [5] note that when applying wear-resistant coatings, the use of a curved penetration shape
provides more reliable adhesion of the layers to the base metal, in contrast to a flat penetration shape. In [6], devoted to a
comprehensive study of penetration shapes in various arc surfacing methods, it is emphasized that the curvature of the
penetration shape determines the nature of the transition of the deposited metal to the base metal, which affects the stress
concentration in the deposited metal, determines the gradient of mixing of the base metal in the deposited metal, and
affects the properties of the deposited metal.

The authors [7] successfully applied the double-wire surfacing method to additive manufacturing. This makes the
method attractive for repairs and additive manufacturing, where layer-to-layer metal transfer behavior is crucial. Thus, it
can be concluded that, when solving problems related to the application of functional coatings, one of the quality
parameters is the morphology of the base metal penetration zone.

The impact of the relative positioning of the electrodes on the penetration shape is due to changes in the
electromagnetic forces in the arc gap and the characteristics of heat and mass transfer. In exploring this topic, the authors
analyzed a number of studies devoted to the processes occurring in the arc gap during surfacing by this method. In [8],
the forces acting on the droplet and molten metal under surfacing with a consumable electrode with a pulsed power supply
were determined, and in [9], the change in these forces within two adjacent electrodes was described. It was established
that when the electrodes were located close together, the droplet of molten metal and the plasma flow were affected by
the Lorentz force directed into the interelectrode space. This force changes the droplet trajectory and lowers arc pressure.
Paper [10] describes the process of modeling the heat distribution in an electric arc arising on a split electrode, and it is
found that the heat distribution in a split arc depends on the distance between electrodes and the current strength. At
certain values of current strength and interelectrode distance, the thermal field in the electric arc takes on a single-peak
or double-peak structure. This heat flux distribution is an important factor that determine the shape of the penetration.
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In [11], two key parameters of electrode positioning that affect the weld penetration shape are identified. These
parameters are the electrode angle relative to the vertical and the distance between the electrodes. Thus, it is found that
when selecting the optimal welding mode, it is required to determine not only the current strength but also the electrode
positioning. This conclusion is consistent with the conclusion reached by the authors of article [10]. In [12], it has been
found that the inclination angle of the working head affects the deposited layer morphology in forehand surfacing. The
optimal inclination angle was found to be in the range of 10 to 30°. With this head position, it was possible to obtain
layers 25 mm wide with a base metal content of 30-33%. The distance between the electrodes was 6 mm. Inconel 625 wire
was used as the electrodes. Surfacing was performed under a flux layer.

From the analysis of the literature on this subject, it may be concluded that investigating the fusion shape in split-arc
gas-shielded welding is of high relevance for applying functional coatings, repairing parts, and additive manufacturing.
The relative positioning of the electrodes during surfacing by this method significantly affects the forces acting in the arc
gap and the heat and mass transfer of the electrode metal. The change in the penetration shape depending on the distance
between the electrodes and the angle of inclination of the electrodes for such a surfacing process has not been fully studied.
The identified knowledge gap is the absence of quantitative data relating penetration shape to electrode spacing and
inclination angle with respect to the vertical plane. Therefore, the objective of this study is to quantify and determine the
correlation between penetration shape curvature and electrode relative positioning. To achieve this goal, the following
tasks must be addressed:

1. Determine the number of extremes and the function curvature describing the weld penetration shape for each
experiment.

2. Determine the correlation values of the interelectrode distance with the weld penetration shape curvature and the
number of extremes, as well as the correlation values of the electrode inclination angle with the weld penetration shape
curvature and the number of extremes.

Materials and Methods. To assess the curvature of the penetration shape depending on the electrode positioning, flat
layers were deposited with different distances between the electrodes and the angle between them. The working tool was
moved using a Fanuc 120iD robot (Japan). The electric arc was powered from a pulsed power supply EWM Titan XQ500
(Germany). The surfacing head consisted of two burners mounted on an adjustable bracket. The substrates used were
St3 (GOST 380- 2005) steel plates, measuring 150x70x20 mm. Surfacing was performed in GMAW-Pulse mode using
Sv-08G2S (GOST 2246-70) wire with a diameter of 1.2 mm. The chemical composition of the wire is presented in
Table 1. A mixture of Ar (98%) and CO- (2%) was used as a shielding gas. This gas mixture, compared to mixtures with
a higher CO: content, has a reduced oxidizing capacity, resulting in fewer nonmetallic inclusions under surfacing. To
visualize the macrostructure of the deposited layer, samples were electrolytically etched in a sodium chloride (NaCl)
solution with a concentration of 200 g/L. Before etching, the samples were polished. Etching was performed at a current
density of 7-10 A/dm?. A 12Kh18N10T (GOST 5632-2014) steel rod with a swab attached to the end served as the
cathode. Etching was performed through rubbing the sample until the structure was revealed. This etching method was
selected as one of the available methods at the time of the study. Penetration shape measurements were performed using
Digimizer software (version 6.5.1).

Table 1
Chemical Composition of Wire Sv-08G2S (GOST 2246-70) (wt.%)
C Si Mn P S Ni Cr Cu
0.05-0.11 0.70-0.95 1.80-1.90 <0.030 <0.025 <0.025 <0.020 <0.025

The distance between the electrodes (z) and their angle of inclination (a) relative to the vertical plane were selected as
independent factors determining the relative positioning of the torches. During the experiment, surfacing was performed
with a uniform overhang (SO) of 20 mm. Figure 1 shows the electrode arrangement under surfacing and the parameters
studied.
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SO

z

Fig. 1. Layout diagram [11]

The layers were deposited at a wire feed speed (WFS) of 6.5 m/min for a single torch. Since two torches were used
during the deposition process, the total wire feed speed was 13 m/min. The working tool moved at a constant linear speed
(TS) of 4 mm/s. During the deposition process, current (I) and voltage (U) were recorded using the ammeter and voltmeter
integrated into the power source. During the experiments, identical substrates were used to maintain a similar thermal
pattern. Before depositing the layer, the substrates were cleaned to a metallic luster and preheated to a temperature (MPT)
of 150 °C. Preheating was performed with a gas torch to simulate actual process conditions under which production work
is carried out. Temperature monitoring was performed with a HIKMICRO B20 thermal imager (China). The shielding
gas flow rate for each torch was 15 I/min. The total gas flow rate was 30 I/min. Table 2 shows the deposition mode.

Table 2
Surfacing Mode
WFS, m/min LA U,B TS, mm/s MPT,°C SO, mm Gas, I/min
13 420 25 4 150 20 30

The experimental design included six runs with different z (1Cr, 18, 21 mm) and a (5°, 10°) parameters. Samples for
analysis were collected from a section comprising 3/4 of the deposited layer length. The experimental design is presented

in Table 3. Figure 2 shows a photograph of a sample with its dissection line.

Experimental Design

Table 3

Run Z, mm a,
1 15 5
2 18 5
3 21 5
4 15 10
5 18 10
6 21 10

Fig. 2. Appearance of the sample
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To assess the influence of the relative positioning of the electrodes on the penetration shape, its boundaries were
determined in the Digimizer program. Figure 3 shows a photograph of macrosections with the boundaries outlined.

Fig. 3. Photo of macrosections with outlined boundaries [5]

Since during split-arc surfacing two heat sources are located symmetrically relative to the motion vector, the shape of
the penetration is conditionally symmetrical. To assess the penetration shape, it was decided to mirror and superimpose
the measured values on each other relative to the layer axis, and invert the values along the Y axis. Figure 4 shows this
technique. As a result of the operation performed, it was possible to present the data as points in the XY, where X — the
width of penetration from the layer axis, and Y — the depth of penetration. Moreover, the Y axis is the axis of the

deposited layer.
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Fig. 4. Data processing

To assess the curvature of the penetration shape based on the measured data, the regression function of each profile
was determined. A sixth-degree polynomial was used to describe all curves. The first derivative of the equations
describing the form of penetration was used to determine the number of extremes. The second derivative was used to
quantify curvature. The curvature of the penetration shape for each experiment was calculated as the average value of the
modulus of the second derivative for points lying within the layer width. The correlation between the curvature of the
penetration shape and the extremes depending on the distance between the electrodes and the angle of their inclination
was calculated by the Pearson method.

Research Results. Regression equations describing the shape of the penetration were determined. The coefficient of
determination was greater than 0.9. The equations are presented in Table 4.

Table 4
Regression Equations

No. X"6 X"5 X" X"3 X"2 XM Const R?

515 —0.000075 0.002839 —0.0385 0.216 -0.41 0.15 0.83 091
1015 —0.000003 —0.000049 0.0039 —0.050 0.17 0.16 0.75 0.90
518 —0.000070 0.002942 —0.0449 0.296 -0.77 0.46 1.87 0.93
1018 —0.000013 0.000466 —0.0058 0.027 —0.04 -0.02 2.08 0.92
521 —0.000035 0.001672 -0.0292 0.222 —0.67 0.60 1.02 0.92
1021 —0.000052 0.002405 —0.0413 0.315 —-0.99 1.00 0.65 0.92

Figure 5 shows graphs illustrating the shape of the penetration and the pattern of its change depending on the angle of
inclination of the electrodes at the same distance between them. Figure 6 shows graphs describing the shape of the
penetration and the pattern of its change depending on the distance between the electrodes for experiments with a fixed

angle of inclination.
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Fig. 5. Penetration shape and behavior for an angle of 5 and 10°:
a— forz=15 mm; b — forz= 18 mm; ¢ — for z=21 mm
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Fig. 6. Penetration shape and behavior at Z =15, 18, 21 mm:
a — angle of inclination of electrodes 5°; b — angle of inclination of electrodes 10°
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It can be seen from the graphs that all experiments exhibit a curved, saddle shape of penetration. Depending on the
electrode arrangement, the penetration profiles display either one or two extremes.

Graphs illustrating how the curvature of the penetration shape varies with electrode positioning are shown in Figure 7.
The digits 1 and 2 denote the number of extremes present on the penetration shape curve.
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For experiments with an interelectrode distance of 21 mm, the curvature of the penetration shape lies in the region of
0.15 mm™'. The fusion zone has two extremes. For experiments with a distance between electrodes of 18 and 15 mm, the
amount of curvature of the penetration shape depends on the angle of inclination of the electrodes. At an inclination angle
of 10°, the penetration shape has a curvature of 0.03 mm™ and 0.14 mm’!, respectively. The number of extremes is equal
to one. As the angle decreases to 5°, the curvature increases to 0.19 mm™ and 0.24 mm’!, respectively. The number of
extremes becomes equal to two.

Table 5 shows the matrix obtained during the evaluation of the correlation value of the curvature of the penetration
shape and the number of extremes depending on the distance between the electrodes and their angle of inclination.

Table 5
Correlation Matrix
Z o Curvature Extremes
4 1 —0.08 -0.22 0.43
a —-0.08 1 —0.65 -0.71
Curvature -0.22 —0.65 1 0.36
Extremes 0.43 -0.71 0.36 1

The correlation coefficient of the distance between the electrodes with the curvature of the penetration shape is —0.22,
and with the number of extremes — 0.43. The correlation coefficient of the slope angle with the curvature of the
penetration shape is —0.65, and with the number of extremes — —0.71.
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Discussion. The penetration shape of the base metal is characterized by the presence of an axial zone (P1) and a
primary zone (P2) of penetration. The primary zone of penetration is formed directly under the action of the heat source.
The formation of the axial zone of penetration is caused by the superposition of thermal fields from each heat source and
the thermal effect of plasma flows rushing into the area between the electrodes [13]. Figure 8 shows a schematic
representation of the fusion zone during split-arc surfacing.

Y4

Fig. 8. Schematic representation of the fusion zone during surfacing with a split electrode

The analysis of the penetration shape curvature shows that at an interelectrode distance of 21 mm, it is independent
of the electrode inclination angle. When surfacing with this electrode positioning, the electric arcs behave as independent
heat sources. This is evidenced by the similar penetration shape, a shape curvature value of approximately 0.15 mm™!, and
an equal number of extremes. As the interelectrode distance decreases to 18 or 15 mm, the penetration shape curvature
becomes dependent on the electrode inclination angle. With increasing electrode inclination, penetration becomes flatter.
This is evidenced by a decrease in penetration shape curvature and the number of extremes. For tests with an 18 mm
electrode spacing, penetration curvature decreases by 84%, while for tests with a 15 mm electrode spacing, it
decreases by 42%.

According to the results of the correlation assessment, the relationship between the interelectrode distance (z) and the
curvature of the penetration shape is weak (Pearson's coefficient »=-0.22), and the relationship between the
interelectrode distance and the number of extremes is moderate (»=-0.43 The correlation between the electrode
inclination angle (a) and the curvature of the penetration shape is determined as moderate, close to strong (» =—0.65),
while the correlation of the inclination angle with the number of extrema is estimated as strong (» =—0.71).

The change in the curvature of the penetration shape depending on the relative positioning of the electrodes is
associated with a change in the vector of forces acting on the droplet in the arc. The forces acting on the droplet during
GMAW surfacing were analyzed in [14]. When the droplet detaches, it is acted upon by gravity, electromagnetic force,
and the force caused by the plasma flows. During split-electrode welding, the interaction of electromagnetic fields from
adjacent arcs generates a Lorentz force that deflects the arc column and droplet toward the weld axis [15]. As a result, the
molten metal droplets fall not directly under the electrode, but with a shift toward the weld axis. This is confirmed by the
results of high-speed video recording of the tandem welding process, presented in [16]. This shift results in the formation
of a shallower penetration shape.

Notably, the minimum penetration curvature, equal to 0.03 mm™', occurs at an interelectrode distance of 18 mm and
an inclination angle of 10° to the vertical. As the electrodes approach 15 mm, the penetration shape becomes steeper,
despite the closer heat sources and the increased radial component of the electromagnetic force.

A comparison of the experimental results shows that when surfacing with the parameter z= 15 mm, the width of the
deposited layer is smaller. However, due to the equal volume of molten electrode material, the thickness (or height) of
this layer is greater. Figure 9 shows a graph of the dependence of the height and width of the deposited layer on the
location of the electrodes [11].
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Fig. 9. Layer dimensions depending on the electrode arrangement:
a — layer height; b — layer width [11]
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Therefore, it can be concluded that surfacing with a smaller interelectrode distance results in a thicker weld pool. A
layer of liquid metal with high heat capacity and low thermal conductivity is formed between the electric arc and the base
metal. This dampens the heat flow and reduces temperature fluctuations in the weld pool. This effect is described in [17].

Practically, these results clarify the effects of electrode arrangement and can guide the selection of welding conditions
for other filler materials. For the application of anticorrosion coatings, it is recommended to use a welding mode with an
electrode inclination angle of 10° and a spacing of 15-18 mm. This relative position of the electrodes allows for a fusion
zone with less curvature. This provides a uniform distribution of chemical elements in the deposited layer. For repair
welding, it is recommended to select an electrode positioning with an inclination angle of 5° and an interelectrode distance
of 15 mm. In this case, the weld penetration shape has the greatest curvature, resulting in a stronger bond between the
weld and the base metal compared to a weld with a flat penetration shape [6].

The results of this study indicate that the distance between electrodes has only a weak effect on both the penetration
shape curvature and the number of extremes. The correlation coefficient for these parameters is —0.22 and 0.43. The effect
of the electrode inclination angle relative to the vertical on the weld penetration shape curvature and the number of
extremes is estimated to be significant. The correlation coefficient for these parameters is —0.65 and —0.71. As the
electrode inclination angle increases relative to the vertical, the weld penetration shape curvature decreases.

Surfacing with an 18 mm interelectrode distance and a 5° decrease in electrode inclination angle resulted in an 84%
reduction in penetration curvature. For tests with a 15 mm interelectrode distance, the reduction was 42%.

It is determined that the curvature of the penetration shape depends on the thickness of the weld pool, which is
explained by the damping of the thermal flow by the layer of molten metal.

Conclusion. This paper assessed the effect of the relative electrode positioning on the penetration shape curvature
under gas-shielded welding with a split electrode. Regression functions describing the penetration shape for each of the
six experiments were determined, the number of extremes was established, and the curvature of each penetration curve
was calculated. Correlation coefficients for the parameters studied were estimated.

It was shown that for all electrode configurations considered, the penetration shape was curved and saddle-shaped. It
was found that at an interelectrode distance of z=21 mm, the penetration shape curvature was independent of the electrode
inclination angle and was approximately 0.15 mm™, and the arcs behaved as independent heat sources. As the distance
decreased to z = 18 mm and z = 15 mm, the penetration shape curvature became significantly dependent on the electrode
inclination angle a. As the angle increased, the penetration shape became flatter, indicating increased electromagnetic
interaction between the arcs and a shift in electrode metal droplets toward the weld axis.

The results of the correlation analysis show that the relationship between the interelectrode distance z and the curvature
of the weld penetration shape is weak (r =—0.22), while the electrode inclination angle a exhibits a moderate, close to
strong correlation with the curvature of the weld penetration shape (r = —0.65) and a strong correlation with the number
of extremes (»=—0.71). Thus, the electrode inclination angle is a more significant control parameter of the weld
penetration shape than the interelectrode distance.

The results obtained are applicable only to the conditions of the study conducted. When using other brands of filler
wire, the quantitative indicators will differ, but the physical mechanisms determining the effect of the relative positioning
of the electrodes on the penetration pattern remain unchanged.

The practical value of this study is that the data obtained enable a reasonable approach to the selection of electrode
arrangement for functional coating deposition, when the shape and curvature of the penetration directly determine the
content of the base metal in the deposited layer and the stress concentration characteristics.

Promising future work includes modeling heat and mass transfer in split-arc surfacing for various electrode
arrangements and developing a finite element heat source model for this process.
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