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Plasmon-enhanced sensitization of singlet oxygen on silver island films

The influence of the plasmonic effect of silver island films on the absorption, fluorescence and long-term
luminescence of rose bengal in polyvinyl butyral films has been studied. Under the plasmon effect, the optical
density of the dye increased by 3.3 times, the fluorescence intensity by 8.5 times, and the long-lived
fluorescence and phosphorescence by 7.08 times and 10.21, respectively. It is shown that in the plasmon field
of metal nanoparticles, both an increase in the excitation rate and an increase in the rates of radiative decay of
excited singlet and triplet states occur. Phosphorescence of singlet oxygen with a lifetime of 86.46 us was
observed when excited in the absorption band of rose bengal. Based on the calculation of the quenching
constants of rose bengal phosphorescence by molecular oxygen molecules, it is shown that the plasmonic
effect enhances the energy transfer from dye triplets to oxygen molecules in collision complexes [Tps...3 %]
as a result of heteroannihilation. Subsequently, the triplet pair decomposes to form a singlet oxygen molecule
and a photosensitizer molecule in the ground state. The plasmonic effect of silver nanoparticles leads to an
increase in the generation of singlet oxygen by 4.8 times.

Keywords: singlet oxygen generation, silver island films, plasmon effect, phosphorescence, long-lived
fluorescence, photosensitizer, photodynamic therapy, molecular oxygen.

Introduction

Oncological diseases are a pressing problem both for Kazakhstan and the whole world. Over the past 20
years, the incidence of cancer has increased by 25% in our country. But the development of methods for di-
agnosing and treating the disease in the early stages reduced mortality by 33%.

One of the modern methods of cancer treatment is photodynamic therapy (PDT). The mechanism of
PDT is complex and not fully understood. There are two processes occurring in tumor tissue: the photody-
namic effect, sometimes called the photodynamic reaction, and the processes occurring in the tumor after its
completion, that is the process of destruction of cancer cells [1].

Three main components are involved in PDT: light, a photosensitizing drug (photosensitizer - PS) and
singlet oxygen O(*Ag) [2]. The effectiveness of PDT is determined mainly by the level of PS accumulation,
its localization in the cell and photochemical activity. This is due to the fact that in biosystems O,(*Ag) is
quickly intercepted by amino acids and proteins and its lifetime is about 170-320 ns in the cytoplasm and
24-30 ns in the lipid phase of biomembranes. In cells containing many quenchers, the diffusion length of
O2(*Ag) does not exceed 10-20 nm [3]. Consequently, O,(*Ag) can only damage biological structures in the
immediate vicinity of photosensitizer molecules. Fluorescent microscopic studies have shown that PS mainly
accumulates in membrane structures (plasma membrane, mitochondrial membranes), therefore they are con-
sidered the most likely primary targets, the defeat of which leads to cell damage and death [4—7].

6 BecTHuk KaparaHgmMHCKOro yHusepcureTa
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Under the influence of a light quantum, O2(1Ag) is formed in the molecules of lipids, cell membrane
proteins and intracellular organelles, which breaks the atomic bonds in the molecule and begins translational
motion, moving in 1 ps to a distance of 50 A [8]. The chain of the molecule is broken and destroyed with the
formation of free radicals, which leads to damage to cell membranes. This process occurs within a few
minutes after the start of laser irradiation [9, 10].

When a photosensitizer molecule absorbs a light quantum, it transforms into an excited singlet state
(S1rs) and then into a long-lived triplet state (7ps) (reaction (1)). The transfer of energy from the PS in the
triplet state to the oxygen molecule O,(3%") transforms it into the singlet state O2(*Ag) (reaction (2)). Excited
oxygen and photosensitizer molecules return to their original state and are able to enter into chemical reac-
tions. The entire cycle can be restarted after the arrival of a new quantum of light energy. After several cy-
cles, the photosensitizer “burns out” [11].

Sops + ho — S1ps — Tps (1)
Tes +°35 — [Tes 33y ]— Sops + 'Aq (2)

Intensive development of PDT requires the development of new generations of PS based on nano-
materials with better photostability and higher efficiency of O2(*Aq) generation, as well as ways to improve
the efficiency of existing ones [12—15]. For this purpose, the use of various types of metal nanoparticles and
the creation of metal-PS composites are being considered [13, 16-19].

For the first time, Geddes et al. [20] observed and investigated possible mechanisms of O,(*Ag) genera-
tion under the influence of metal nanoparticles (NPs). Since then, many attempts have been made to explain
this process. Many authors agree that a possible reason is an increase in the excitation rate as a result of an
increase in the electric field around metal nanostructures [17, 21]. Consequently, the rate of intersystem
crossing conversion (Sips — Tps) can be increased, which leads to increased energy transfer from PS mole-
cules in the excited triplet state to the surrounding oxygen molecules with the formation of O2(*A). Also, the
size and shape of silver clusters affect the performance of silver-enhanced O,(*Aq) generation [22].

The first fundamental studies were carried out on planar metal-photosensitizer systems [20]. Planar
plasmonic nanostructures for studying plasmon-enhanced O.(*Aq) generation are usually fabricated by
creating metal islands on a silicon or glass substrate. Metal islands can be synthesized using various
approaches.

Reference [16] reported that by changing the plasmonic coupling parameters, such as nanoparticle size
and shape, fluorophore/particle, and excitation wavelength of the coupling photosensitizer, the O,(*Ag) output
can be easily tuned.

Various approaches to control the distance between PS molecules and the surface of a metal substrate
on a nanometer scale made it possible to increase the generation of O,(*Ag) [23-25]. Firstly, this is due to the
nonlinear propagation of the electric field in the environment, where the maximum electric field is observed
at the surface of the metal and decreases exponentially with increasing distance from the surface. Secondly,
nonlinear nonradiative energy transfer from excited PS molecules to the metal surface has an inverse
relationship with the distance between the PS molecule and the metal surface [26].

For practical application of the planar metal- PS system, rigid glass and quartz substrates were replaced
with flexible silicone ones. NPs were first incorporated into silicone polymers, and then PS molecules were
sorbed on them. Silicone nanocomposites with NPs of various sizes have shown very effective antibacterial
properties [27-30].

One of the important requirements for PCs for their practical use in PDT is their water solubility [31].
In this case, an important factor in the study is the interaction between colloidal metal NPs and PS molecules
in solutions. PS molecules can be attached directly to the surface of metal NPs with their stabilizing
substance through either electrostatic interaction or covalent bonding. Methods for attaching various PS
molecules to metal NPs contained in various surfactant stabilizing substances, such as
cetyltrimethylammonium bromide [32-33], poly(ethylene glycol) [34], tetraoctylammonium bromide [35-
36], adenosine triphosphate [37], polyethyleneimine [38-39], was studied.

Metal NPs are mainly spherical gold and silver (AuNPs and AgNPs). But it is worth noting that the
shape of NPs is another key factor influencing on the generation of O,(*Ag), because it determines the en-
hanced electric field as well as the amount of energy transferred. For example, Mthethwa and Nyokong [40]
showed that Au nanobipyramids and Au nanorods (NRs) can enhance O(*Ag) generation by 2-fold and 1.96-
fold, respectively. It is assumed that the asymmetric shape and anisotropy in the enhanced electric field

Cepus «dusukay. 2024, 29, 2(114) 7
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around the metal NPs play a large role in the metal-enhanced O,(*Ag) generation [41]. Other studies have
also shown that Au nanorods have better O,(*Aq) enhancement performance compared to spherical
AUNPs [42]. Macia et al. [43] reported that silver nanocubes enhanced O(*A4) generation by rose bengal by
4 times. They concluded that the higher gain is due to the enhanced electric field at the sharp corners and
edges of the nanocube.

As in planar metal-PS systems, plasmon-enhanced generation of singlet oxygen in colloidal systems is
also distance dependent. To control the distance between PS molecules and metal NPs, silica and polymer
shells are synthesized. PS molecules can be attached to the surface of the dielectric electrostatically [44], co-
valently [43, 45] and/or embedded inside the dielectric [46, 47]. When photosensitizer molecules are incor-
porated inside a dielectric layer such as silica, the final nanostructure becomes more biocompatible (due to
the inertness of the dielectric layer) and has more potential for further modification (e.g. mesoporous silica
shell structure) for in vivo applications with less dark cytotoxicity, because the PS molecules are not directly
affected [48, 49]. When the PS molecules are attached to the surface of the dielectric layer through electro-
static interaction or covalent bonding, the distance between the PS and the metal nanoparticles is relatively
easier to control [50, 51].

Fundamental research by our group showed the influence of Ag and Au NPs on the spectral and lumi-
nescent properties of xanthene [52], polymethine [52, 53], indopolycarbocyanine [21] and other dyes. The
influence of the plasmonic effect of Ag nanoparticles (NPs) on singlet-singlet (S-S) and triplet-singlet (T-S)
energy transfer in the same donor-acceptor pair of organic molecules was studied [52, 54]. A mathematical
model was proposed that takes into account the influence of plasmonic nanoparticles on the deactivation of
excited states of molecules [21, 52-55]. The distance dependence of plasmon-enhanced fluorescence and
delayed luminescence of molecular planar nanostructures was also studied [55].

The purpose of this work is to study the process of enhancing the generation of singlet oxygen by dye
molecules adsorbed on silver island films (SIFs).

Experimental

To study the plasmonic effect on O,(*Ag) generation, SIFs substrates were prepared using the chemical
deposition method described in [52]. Then the films were annealed at 240°C for 30 min. According to scan-
ning electron microscope data (Mira 3LMU, Tescan), spherical islands with a size of 30-150 nm are uni-
formly distributed on the surface of the films (Fig. 1a). The broadened absorption spectra also indicate a
large scatter in the sizes of islands in films obtained by chemical deposition (Fig. 1b).

Figure 1. SEM image (a) and absorption spectrum (b) of SIFs obtained by chemical deposition onto a cover glass

Rose Bengal (BR) dye was chosen as a PS [56]. Films of polyvinyl butyral (PVB, Sigma Aldrich) with
a dye concentration of 5 * 10° M were obtained on the surface of clean cover glasses and SIFs using the
spin-coating method.

Absorption, fast and long-lived luminescence spectra were recorded using Cary 300 and Eclipse spec-
trometers (Agilent Technologies). Measurements of delayed fluorescence (DF) and phosphorescence (Phos)
of BR films were carried out using an Optistat DN vacuum cryostat (Oxford Instruments). The measure-
ments were carried out with changes in pressure in the cryostat.

8 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Plasmon-enhanced sensitization of...

The decay kinetics of long-lived luminescence was recorded with an FLS1000 spectrometer (Edinburgh
Instr.) with UV, Vis-PMT and NIR-PMT (Hamamatsu). Photoexcitation of the samples was carried out with
an LQ529 Nd:YAG laser (SolarLS) with an excitation wavelength of 532 nm.

Results and Discussion

Figure 2 shows the absorption, fluorescence, and long-lived emission spectra of BR on pure glass and
on SIFs. Optical density increased by 3.3 times on SIFs. The fluorescence intensity on SIFs increased by 8.5
times (Fig. 2a).

Figure 2. (a) Absorption (1,2) and fluorescence (3,4) spectra of BR in a PVB film on glass (1,3) and on SIFs (2,4);
(b) Long-lived emission spectra of BR on glass (1) and on SIFs (2) (Aex = 530 nm)

In the long-lived luminescence spectra of BR (Fig. 2b), two bands are observed: DF and Phos. The
maximum of DF is at 560 nm, and Phos is at 685 nm. In the presence of Ag NPs, the intensity of DF increas-
es by 7.08 times, and the intensity of Phos — by 10.21 (Table 1).

The Phos decay kinetics of BR on glass and on SIFs in air (curves 1) and in a degassed state at a pres-
sure in a cryostat of 10 mBar (curves 2) are presented in Figure 3. The lifetime of long-lived emission in the
presence of a plasmon decreases slightly for DF and Phos (Table 1). The observed increase in luminescence
intensity with a simultaneous reduction in the duration of long-lived luminescence of BR on SIFs is a conse-
guence of an increase in the rate of radiative decay [21, 55].

L, ay
Lauy

|v|
N,
—*f‘r&yﬁn’\‘_&\_{m::.du. eyt

S L 12

a b

Figure 3. Decay kinetics of BR Phos on glass (a) and on SIFs (b) with (1) oxygen and (2) without it (Aex = 530nm)
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Table 1
Intensity, lifetime of DF and Phos of BR at an air pressure in a cryostat of 10° mBar on glass and SIFs
(hex =530 nm)
On glass On SIFs Ul 7 %
lo, 0.€. To, MS l, 0.e. T, Ms
DF 33.41 0.8540,1 236.49 0.81+0.1 7.08 0.95
Phos 40.06 0.80+0,1 408.82 0.78+0.1 10.21 0.98

The effect of oxygen concentration on DF and Phos in plasmon presence and without it was studied.
Figure 4 shows the dependences of the intensity of DF and Phos on the pressure in the cryostat. For DF
(curves 1, 2) on glass and on SIFs, an increase of the emission intensity up to 5 mBar is observed and then a
decrease. While the intensity of phosphorescence (curves 3, 4) decreases monotonically.

Figure 4. Dependence of the intensity of DF (1.2) and Phos (3.4) of BR on glass (2, 4) and on SIFs (1.3) on the pressure
in the cryostat (Aex = 530 nm, Areg = 560 nm for DF and Areg = 690nm for Phos)
The dependence of the DF intensity on the O; (32;) concentration (Fig. 4) is the result of singlet-

triplet annihilation (reaction (4)) between triplet-excited PS molecules and singlet oxygen molecules formed
after its sensitization by the PS (reaction (3)):

Tps+32g7—> [Tps...3297]—> Sops + lAg 3)
Tes+ "Ag — [Tps..."Ag]®— S1ps + 3Zy— Sops + >3y +hopr 4)
1Ag - 32g7+ hvenos (5)

where (3) is the reaction of singlet oxygen sensitization; (4) — singlet-triplet annihilation reaction; (5)
— singlet oxygen phosphorescence reaction.
At low oxygen concentrations, the number of triplet PSs is still sufficient for the formation of [7ps...

32&] pairs, which, decaying with the formation of S; states of the PS, additionally generate its DF [57-59].

This leads to an increase in DF intensity. With increasing oxygen concentration, stronger quenching of PS
triplets occurs. As a result, the efficiency of both singlet—triplet (4) and intrinsic (1) annihilation processes
decreases, which leads to a decrease in the intensity of PS luminescence.

Let's consider the effect of Ag NPs on the generation of singlet oxygen. Upon photoexcitation, phos-
phorescence of singlet oxygen was observed in the absorption band of the dye. O,(*A4) phosphorescence ki-
netic curves have two phases — rise and fall (Fig. 5) and can be approximated in accordance with the two-

exponential equation:
I(t)=1,|exp| — t —exp[—Lj
z-decay z-rise
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where |(t) — O2(*Ay) phosphorescence intensity per second, 1, — pre-exponential factor, and T decay

u 7., — the time constants of the decay and rise phases [60].
The rise phase is determined by the rate of formation of singlet oxygen as a result of energy transfer

from BR triplets to O, (3Z§) , the decay phase is determined by the process of singlet oxygen deactivation.

Figure 5. Decay kinetics of singlet oxygen phosphorescence (Aeg = 1270 nm), sensitized with BR, on glass (1) and on
SIFs (2) at atmospheric pressure (Aex = 530 nm)

Under the influence of the plasmon effect, the generation of singlet oxygen increases by 4.8
times (Fig. 5, Table 2). Under the influence of plasmon, the duration of the rise and decay phases of O,(*Ag)
phosphorescence decreased by 14% and 3%, respectively. The decrease of the lifetime of O2(*Ag) phospho-
rescence is associated with an increase in the radiative transition Ay — 3%

Table 2
Effect of SIFs on the integral intensities and lifetime of singlet oxygen (Areg = 1270 nm) at atmospheric pressure
(hex = 530 Nm)
Se10%, 0.e. Trise, LS Tdecay, US SISy Trisel Trise 0 Tdecayl Tdecay 0
02(*A) on glass 7.77 12.40+0.93 86.46+1.1 - - -
0,(*Ag) on SIFs 1.63 10.61+2.31 84.23+2.44 4.8 0.86 0.97

From the data on the effect of oxygen concentration above the sample surface on the intensity of phos-
phorescence, the quenching constants were determined from the Stern-Volmer equation [61; 75]:

fon _ 4 +k, 7o - [Q]
—_— ‘r -
Lpn q-0 ,

where Ipn — intensity of Phos in the absence of O, Ipn — intensity of Phos in the presence of O, kq
— the quenching coefficient, To — the lifetime of Phos in the absence of O, and [Q1 — the concentration

of O..
Based on the Stern-Volmer graphs, the quenching constants of BR phosphorescence by oxygen mole-

cules were calculated (Fig. 6). kq=4,99010% c* for dye films on glass, and Kq=6,48010% ¢ on SIFs.
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Figure 6. Stern-Volmer quenching constants of BR phosphorescence by O, molecules on glass (1) and on SIFs (2)

The obtained data indicate that the quenching of triplet BR molecules by molecular oxygen is enhanced
in the plasmon field. The plasmonic effect promotes the transfer of energy from dye triplets to oxygen mole-
cules in collision complexes [7rs...23] as a result of heteroannihilation. Subsequently, the triplet pair de-
composes to form a singlet oxygen molecule *Agand Sops.

Conclusions

The influence of the plasmonic effect of silver nanoparticles on the absorption, fluorescence and long-
term luminescence of BR in polyvinyl butyral films was studied. It was shown that in the plasmon field of
metal nanoparticles, both an increase in the excitation rate and an increase in the rates of radiative decay of
excited singlet and triplet states occur.

Phosphorescence of singlet oxygen with a lifetime of 86.46 ps was observed upon excitation in the ab-
sorption band of the dye. It was shown that the plasmonic effect promotes the quenching of triplet dye mole-
cules by molecular oxygen. The intensity of the oxygen emission increased under the influence of the plas-
mon effect.
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E.I1. MenbmoBa, H.X. U6paes, H.JI. Ctpekann

Kymic apaaapbik Ka0bIpIIAKTAPAAFbI CHHIJIETTI OTTEriHiH
IUIA3MOHMEH KYIIEHTIJIreH CeHCMONIN3alUACHI

Kywmic apanapik KaObIpImakTapAbIH IDIa3MOHBIK dCEPiHIH MOJIMBHHIIOYTHPAN KaOBIpIIaKTapbIHAAFBl OCHT A
payIIaHBIHBIH JKYThUTYbIHA, (IIyOpECHEHIHACHIHA JKOHE Y3aK Mep3iM/Ii JIFOMHHECIICHIIMSACHIHA 3Cepi 3epTTeN-
ni. I1ma3sMOHHBIH ocepiHeH OOSFBIIITHIH ONTHKAJBIK THIFBI3IBIFE 3,3 ece, QIyopecueHIns KapKbIHABUTBIFBI
8,5 ece, an Gasy ¢iayopecienuus meH docdopecuenims covikecinme 7,08 xone 10,21 ece ecti. Metamn
HaHOOOJIIEKTEPiHIH TUIa3MOH/BIK OpiCiH/e KO3y JKbUIIaMABIFBIHBIH KOFapbulaybl 1a, KO3FaH CHHIJIET MEeH
TPHUILIET KYWISPiHiH paAnanysuIbK bIABIPAY KbUIAMIBIFBIHBIH JIa )KOFapbUIaybl aHBIKTaIbl. beHran payma-
HBIHBIH JKYTBUTY JKOJIAFBIHZA KO3FaH Ke3Jle eMip CYpy YakbIThl 86,46 MKC OOJIaTBIH CHHIJICTTI OTTEriHIiH
tdochopecuennumsacel  Oaiikanmel. beHranm paymaHbHBH —(OChHOPECHESHIUACHH MOJEKYNANBIK  OTTETi
MOJIEKyJIaNapbIMeH COHJIPY KOHCTAaHTaJapblH €CenTey Heri3iHje, MIa3MOHIBIK ocep IeTepOaHHUTHIALMS
HOTHIKECIH/IE COKTBIFBICY KerueHgaepingeri [Toc...3%; ] GOSFBINI TPUILIETTEPiHEH OTTETi MOJEKyJanaphiHa
SHEPTUSHBIH OepillyiH KYLICUTyre BIKMaNn eTeTiHAiri kepceTinreH. KelfiHHeH TpuruieT >kyOBl BIABIpAr,
CHHIJICTTI OTTETi MOJIEKYJAaChIH »OHE HETi3Ti Kyhaeri poTOoCeHCHOMIM3aTOp MOJEKyNachiH Ty3eni. Kywmic
HaHOOOIIIEKTePiHIH TUIA3MOH/IBIK dCepi CHHTIIETTI OTTETiHIH 4,8 ece KoOeloiHe OKeNesi.

Kinm ce30ep: CHHIIIETTI OTTETiHIH MCHEPAIHCHI, KYMIC apalibIK KaObIpIIaK, MIa3MOHIBIK acep, hocdopec-
teHuus1, 6asy diayopecueniys, GoToceHCHOUTM3aTOP, POTOJMHAMUKAIIBIK TEPAITHUsl, MOJICKYJIAIbIK OTTETI.
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E.I1. Mensmosa, H.X. U6paes, H.1. Ctpekanb

Ilna3MoH-ycH/IeHHAs1 CECHCHOMIIN3ANMA CHHIJIETHOI0 KHCJI0POAA HA OCTPOBKOBBIX
IUICHKaX cepedpa

HccnenoBano BiusiHAE IUIA3MOHHOTO 3()()eKTa OCTPOBKOBBIX INIEHOK cepebpa Ha IOrIIoIeHHe, (IyopecieH-
M0 U JUIMTENBHYIO JIFOMHHECIIEHIMIO OCHrajdbCKOH pO3bl B IUIGHKAX MOIMBHHMIOyTHpans. Ilon Bosneii-
CTBHEM IIIa3MOHA ONTHYECKas INIOTHOCTh KpacuTels Bo3pocia B 3,3 pa3a, HHTGHCUBHOCTb (IIyOpECLeHIHN
— B 8,5, a 3amemennoit Gpayopecuerunn u pochopecuenunu — B 7,08 u B 10,21 pas, coorBercTBeHHo. [To-
Ka3aHo, YTO B IUIa3MOHHOM MOJIE METAUIMYECKUX HAHOYACTHIL IPOUCXOJUT KaK yBEIMYCHHE CKOPOCTH BO3-
Oy>KIeHHs, TaK U POCT CKOPOCTEH pagnalMoOHHOTO pacmana Bo30yXKJEHHBIX CHHTJIETHBIX U TPUIUIETHBIX CO-
crostHui. [Ipy BO30yXIEHHM B IOJOCE MOIJIOMEHUs OCHTanbCKoil po3bl Halmopamack (ochopecreHIys
CHHTJIETHOTO KHCJIOpOJa CO BpeMeHeM Xu3HM 86.46 Mkc. Ha ocHOBe pacdera KoHCTaHT TymeHus gocdopec-
HEeHIMN OEHraJbcKOW PO3bI MOJEKYJIaMH MOJIEKYJSIPHOTO KHCIOPOAA MOKAa3aHO, YTO INIa3MOHHBIA 3(dekT
CIOCOOCTBYET YCHJICHHIO Iepeady SHEPIHU OT TPUIUIETOB KPACHTENS K MOJIEKYJIaM KHCJIOPOJA B KOMILUIEK-
cax cronkHoBeHus [Toc...325] B pe3ynbTare reTepOAHHATHISIMK. B MOCIEAYIONIEM TPHUILIETHAS Mapa pac-
nagaercs ¢ 00pa30BaHMEM MOJICKYJbI CHHIJIETHOTO KHMCJIOPOJa W MOJEKYNbl (JOTOCEHCHOMIM3aTopa B Oc-
HOBHOM COCTOSTHUH. [1na3MoHHBIH 3 ekt HaHOUacTHIl cepedpa MPUBOIMUT K YBEIHYCHHIO TEHEPALMU CHH-
TJIETHOTO KHcioposa B 4,8 pasa.

Kntoueevie cnosa: reHepanusi CHHIIIETHOTO KUCIOPO/Ia, OCTPOBKOBBIE TIEHKU cepedpa, MIa3MOHHBIN 3(deKT,
(dbochopecuieHnus, 3ameyicHHAs QuIyopecieHIrs, (OTOCCHCHOMMU3aTop, (HOTOANHAMUYCCKAS TEpPAIHs,
MOJIEKYJISIPHBIN KUCIOPOI.
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To plasma electrons motion theory in high-frequency fields

The article is dedicated to the kinetic theory of plasma, where the problem of interaction of high-frequency
electric fields with weakly non-uniform plasma is investigated using kinetic equations with binary collision
integrals for plasma particles. A new methodology for determining the expression of the averaged high-
frequency pressure force is proposed based on solving the kinetic equation and using the method of succes-
sive approximations (separation of slow motions and fast oscillations) under the limiting conditions. An ex-
pression for the averaged quasi-potential force is derived based on the kinetic equation for the electron distri-
bution function in weakly inhomogeneous magnetoactive plasma, taking into account electrons collisions
with fixed ions and the presence of a longitudinally inhomogeneous high-frequency electric field using well-
known methods of theoretical and mathematical physics, such as successive approximations, averaging over
the effective field oscillation period, and integration over trajectories. The amplitude of the field is a slowly
varying function in both time and space coordinates. The obtained expression allows us to estimate the influ-
ence of collisions of plasma particles on the Miller force, and under limiting conditions it coincides with the
known expressions for the high-frequency pressure force derived from the equation of plasma electrons mo-
tion in high-frequency fields. In all calculations, the contribution of the magnetic component of the electro-
magnetic field is neglected, which is quite justified for the longitudinal electric field.

Keywords: weakly inhomogeneous plasma, plasma electrons, kinetic equation, averaged force, electricfield,
particle collisions, fixed ions, high frequency.

Introduction

The heightened interest shown by scientists in plasma physics over the last quarter-century is primarily
due to space exploration and the prospect of obtaining controlled thermonuclear reactions. Among other
fields of application, it is worth mentioning plasma accelerators and generators, gas-discharge devices, plas-
ma electronics, etc. Just from this list, it is evident that the plasma under scrutiny by researchers exhibits a
tremendous diversity of numerical parameters, sometimes differing by many orders of magnitude.

It is difficult to imagine laboratory plasma without external fields. The existence of powerful sources of
monochromatic electromagnetic radiation in various frequency ranges has stimulated the publication of a
large number of studies on the interaction of such radiation with matter. In particular, the interaction of in-
tense electromagnetic waves with magnetically active plasma is of interest due to solving a number of issues
arising in the fusion programme development process, the study of nonlinear properties of the ionosphere
with both given and artificially created inhomogeneity. The peculiar properties plasma appears very clearly
when its behaviour under the influence of an electric field of high frequency is examined. Studies of the in-
teraction of charged plasma particles with high-frequency fields have recently gained particular relevance
addressing issues related to plasma heating and confinement, nonlinear wave evolution in laboratory and
space plasmas, the development of charged particle acceleration methods, exploration of new wave genera-
tion and transformation techniques, and more. The initial studies in the late 1950s on the interaction of
charged plasma particles with inhomogeneous high-frequency fields revealed the existence of the Miller qua-
si-potential force and led to ideas for high-frequency plasma confinement and acceleration [1-7]. The aver-
aged effect of high-frequency fields on the plasma has been studied by many authors. At the same time, the
theoretical description of the particle motion was based on simple physical grounds on the possibility of sep-
aration of slow motions and fast oscillations under compliance with a number of limiting conditions (non-
relativistic approximation stationary and homogeneous external magnetic field, homogeneous plasma, high-
frequency fields in the quasi-stationary approximation or in the form of plane waves, etc.). Along with this,
there is a significant interest in moving beyond the dipole approximation and studying a spatially inhomoge-
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neous system of charged particles in inhomogeneous alternating fields. All this indicates the relevance of the
study of plasma behaviour in high-frequency fields.

In the works of a number of authors [2-4] devoted to the acceleration of plasma particles and the reten-
tion of high-temperature plasma by high-frequency electromagnetic fields, an expression for the force in
guestion was determined based on the equation of electron motion. In this paper, the expression for the Mil-
ler force is derived from the kinetic equation for the electron distribution function, which takes into account
collisions of electrons with ions and the influence of a longitudinal, high-frequency and inhomogeneous elec-
tric field on a weakly inhomogeneous magnetoactive plasma, using the method of successive approximations
(separation of slow movements and fast oscillations).

Experimental

Plasma can be considered as an ideal system where particles interact only in collisions. In this case col-
lisions of plasma particles are considered as a correction leading to slow dissipation of energy, concentrated
in collective degrees of freedom. Developing a consistent collision theory in plasma encounters significant
difficulties associated with the slow decrease of Coulomb forces with increasing distance between interacting
particles. At any given time, each charged plasma particle is exposed to a huge number of surrounding parti-
cles, and all of these effects shall be somehow taken into account. Instead of a simple two-body problem, we
face the challenging problem of many-body interactions. In a strict formulation such a problem is hardly
solvable. To make a solution possible, it is necessary to introduce some simplifications. The simplest is the
pair collision approximation, in which the plasma particle interactions are reduced to independent and instan-
taneous interactions of pairs of particles.

Results and Discussion

It is known that in high-frequency electromagnetic fields, particles (specifically, electrons) experience
not only the generalized Lorentz force If0 but also an additional force 1?,\,, determined by the high-frequency

quasi-potential U, i.e., qu =—n,grad .U, where n, is the electron concentration. As a result of its action,

the plasma electrons tend to move to the field minimum. The physics of such a phenomenon can be ex-
plained as follows. The electromagnetic field, causing high-frequency oscillations of electrons with velocity

U, creates as if an additional high-frequency pressure P, [J nemeue2 (orBs ~nU,, wherem, is the elec-
tron mass), as a result of which the plasma electrons are displaced from the areas occupied by the field. In
oscillatory motion, the force FM =—grad P, is directed against the displacement of electrons, so when an
electron is displaced to the right, a return force of greater magnitude acts on it compared to when it is dis-
placed to the left. The averaged force FM , S0 called the high-frequency pressure force, or sometimes the

guasi-potential Miller force, do not depend on the particle charge sign. An expression for the studied force,
based on the equation of motion of electrons, was defined in the works of a number of authors [8-12], devot-
ed to the acceleration of plasma particles and the confinement of high-temperature plasma by high-frequency
electromagnetic fields. In this article, the expression for the Miller force is derived from the kinetic equation
for the electron distribution function, considering electron-ion collisions and the influence of a longitudinal,
high-frequency electric field

E=E, (T, &t)sinayt (1)

on weakly inhomogeneous magnetically active plasma, using the method of successive approximations (sep-
aration of slow motions and fast oscillations), where EO the amplitude of the field is a slowly varying func-

tion in both time t and space coordinates I . The parameter &, characterising the slowness of change EO,
fulfils the condition &= (VT l m,L) <<1, where V; — thermal velocity of electrons; @, — frequency, L

— typical value of the change in the electron distribution function F, (or typical size of the area occupied by
the plasma). When referring to high field frequencies, we will assume that during the period of field oscilla-
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tion T =27/ a, the electron goes a distance |, much shorter than the free path length l,ie, l,, <I<L

and hence it can be considered as moving in an almost homogeneous field. Here I% =V, @, and

-1 .
I :VTVei ’ Ve'

is the frequency of electron-ion collisions. We will assume that the plasma
- is weakly inhomogeneous, i.e., the functions Fe and E do not change much at a distance of the Debye radius

I, or the condition (L / UoT) >>1 is fulfilled, where v, is the average particle velocity;

- fully ionised, i.e., y — oo, where y is the degree of ionisation;
- strongly discharged, i.e.,

Yai <& or @, >>V *)
0 ei ’

W,

| >>(mV;*/eE). (**)

In addition, we will assume that:
- the activity of the electric field on the length | is greater than the energy of thermal motion kTe (strong field

condition), i.e. €El /K, T, >>1;
- due to the smallness of the ratio (me /m ) <<1 (or m, =00 ) we can assume that the ions are fixed, where

e — electron charge; M, — ion mass, Kk — Boltzmann constant; Te — electron temperature. It should be noted that

due to the field's longitudinally E , the magnetic component of the electromagnetic field can be neglected, which gives
significant simplifications of a computational nature, and the collisions of electrons among themselves are also neglect-
ed.

The kinetic equation for F,, taking into account collisions of electrons with ions and fields (1), is writ-
ten in the form

T ->6Fe
LOFe+U¥=Stei(Fe)v 2
where ¥ = p/m, is the electron velocity;
Lo = g - GE i .
ot op

In accordance with (1) the function F, depends on both fast and slow variables, i.e.

F=F (t, P, t, g?). In this connection, using the method of successive approximations, we can write:

oF, (GFS oF, )
— +e& ;

o oet

(3)
oF, oF,
= > &—,
or oer
and also
F=F°+¢F}, (4)

where Fel is the fast-variable part, Fe0 is the stationary (slowly changing) part of the distribution func-

tion.
Substituting expressions (3) and (4) into (2), then equating terms at the same degrees of the parameter
¢, we obtain the following two equations of zero and first approximations
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I:OFeO = Stei (Feo) (5)
l:O Feo = _|:1Feo (6)
where ,
~ 0 .0
= — D—
b oet er

Considering the obtained system of equations, it is seen that the left part of the subsequent equation is
determined by the solution of the previous equation and can be considered to be known. The integral of colli-
sions of electrons with ions in (5) is defined by the expression [13-14]:

oy W (KT, /m, )" oF
i , )

ei e e

st, (F

e

where 7z, [11/v, ™ — characteristic time of collisions of electrons with ions:

_3m, (k1,)™

Tei = .
427 AE%e N,

A Coulomb logarithm; €,and n, — charge and ion concentration, respectively. It should be noted that

in (7) the terms of order (me / mi) are neglected. After substituting instead of FeO in expression (7), the so-

lution
F2O =n, (22mkT,) " exp {—(ZmekTe )" (P -ew, 'E, cos a)ot)z} ,
of the homogeneous equation L,F,”® =0, we have
. a2 AmAe’e’n,

LR’ =T =n,(2zmKT,) p( p—eaw, 'E, cos a)ot)x

(Ue m, )3 KT, (5A)

><exp{—(2mekTe )" (P -ew, '€, cos a)ot)z}.

The general solution of this equation can be represented as
0 _  0(0) 0(1)
F =F"7+F™, (5B)
where Feo(l) is the solution of the inhomogeneous equation. The first approximation equations (6) can

be rewritten in the form
LF"=-G(t, P, et,er), (6A)

where G = L,F.°. The solution F,“* of the homogeneous equation L,F.“® =0 is the expression for
F 0

e I

and the general solution of (6A) is of the form:
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1 _ c10) 1(2)
Fi=F10 L F10, ®)
where F,'® is the solution of the inhomogeneous equation. In order to find the solutions F,"” and
Feo(l) let’s write down the characteristics of the homogeneous equation (2), i.e.
dp =~ ar
—p:—eE; m,—=p, 9)
dt dt

solutions ma which are the values of impulses P and coordinates T at time instant t ; they are related to

the values Fq’0 and R at the initial time instant t as follows [15-18]:

— eE
P (t't,p,et,erf)=p S Ly 4¢ [ t—t")!;
(1, P et,eT)= P+ p { cos @, ( )}

3

(t—t')— = (@, sina, (t-t')~(t-t)}.

R(t\t, P, F et e ) =T -2
m, m, @,

Moving from P to I30 and from T to R , he required solutions are determined [9; 10]:

FIO(t, B, et eR) = —jG (t-t'et,cR, B, )dt’. (10)
0
t

RO (tB)=[r(t-t,P,)dt" (10A)

0

Hence, the general solution of equation (2), according to (4), (5B) and (8) will be as follows
t t
F=F"©4 j rdt’+ {F;“” - j Gdt'j. (11)
0 0

Note that when integrating the integrand exponential functions I' and G, in (10) the condition
(eE, / @,Ry) <1 was taken into account, using which these functions were expanded into a series. At the

same time, only terms were considered in the expansion [ E,’ .
Oscillatory components in (11) can be eliminated by averaging this relation over T . The operator of
averaging the function F, will be denoted by the symbol ( >:

]
(R)=T"[Fat. (11A)
0

Representing the solution in this form involves constructing the first approximation, the so-called aver-
aging method, which has found wide application in nonlinear physics tasks [19-21].

Finally, integrating the product of T’lﬁo <Fe> over F% in the limit from —oo to +oo , we obtain the fi-

nal expressions for the force f,, :
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)= — 2
f,=-oNeE OBy g Vel l, (12)
2 mw,” OcR @,

or

3 U i

f,=—2n%ely o5 Ya ] L

2 0¢R @,

and

~ \2
U - L[
2m, \ o,
Under condition (*), from (12) follows the expression [11-13]:

. __3ne’E, OE,
" 2mw,® 9¢R’

The obtained result coincides, up to a constant, with known expressions for the Miller force, and is also
of theoretical interest and reveals the picture of the interaction of a weakly inhomogeneous plasma with a
high-frequency electric field. However, the approximate solution (11) allows estimating the influence of
electron-ion collisions on the high-frequency pressure forceand can be used in constructing the kinetic theory
of inhomogeneous plasma located in high-frequency electromagnetic fields. In all calculations, the contribu-
tion of the magnetic component of the electromagnetic field is neglected, which is quite true for the longitu-
dinal electric field, and well-known methods of theoretical and mathematical physics are used, such as aver-
aging over the period of oscillation of the electric field and integration along trajectories.

Conclusions

Therefore, in the article a new methodology has been proposed for determining the expression of the
averaged high-frequency pressure force. It is based on solving the kinetic equation with the collision integral
of plasma particles and the method of successive approximations, while adhering to a number of limiting
conditions (weakly inhomogeneous and fully ionized plasma, longitudinal and inhomogeneous high-
frequency electric field, nonrelativistic approximation, as well as fixed ions approximations, strong electric
field, and pair collisions between particles). The effects of the weak inhomogeneity of the plasma and the
external field on particle collisions and the Miller force are estimated. The motion of charged particles in an
electric field is considered on the basis of representations of classical physics and these representations retain
their force not only when analyzing the movements of charged particles under the action of macroscopic ex-
ternal fields, but form the foundation necessary for understanding the processes of particle interaction in
plasma—processes involving microscopic fields of individual particles.
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T. Komrrei6aes, M. AnneBa

Ilnazmaarel 3JIEKTPOHAAPABIH KOFAPBIKULIIKTI epicTepaeri
KO3FaJIbIC TEOPHUSACHIHA

Makana ria3MaHbIH KHHETHKAIIBIK TEOPUACHIHA apHAIFaH JKOHE JKOFAPBDKHUUTIKTI AJIEKTP OpiciHiH d7ci3 Oip-
TEeKCi3 IUIa3Mara acepi Typasbsl Macese Iua3Ma OelIIeKTepi apachIHAAFbl XKYNTHIK dcepiiecy MHTerpaisl 6ap
KAHETUKAIBIK TCHICYI KOJIAHy apKbUIbl miemriireH. benrini Oip mekTey mapTrapbl OpbIHIAIFAH XKaFaai
YILIIH OpTaniajaHFaH KOFapbDKHUUTIKTI KBICHIM KYIIiH TaOy/AbIH XaHa 9[iCTeMeCi YCHIHBIIFAH JKOHE OJ1 KHHe-
THUKQJIBIK TEHICYAl IICNIyTre, Ke3eKTECTIK JKYBIKTay TociyiiHe HerizmenreH. COHFbI alThUIFAaH Tociimae Oasy
KO3FaJpICcTap MEH IIammaH TepOemicTepai Oeim KapacThpraH. ©OJci3 OipTekci3, opi MarHUTTi-OenceHnl
TUIa3Ma/iaFbl OOJIIEeKTEepIiH YIecTipiM (YHKIMACHIHA apHAIFaH KHHETUKAIBIK TEHICYAl LIeNTy apKbUIbl Op-
TallaJlaHFaH KBa3HUMOTEHIMANABl KYIUTIH OPHEri KOPBITHUIBII MIBFapbulAbl. KONIaHBUTFAaH KUHETHUKAIBIK
TEHJEY OJIEKTPOHMAAPJBbIH KO3FAIMalHTBIH HMOHIAPMEH COKTBIFBICYBIH JKOHE JKOFApbDKHUTIKTI OOMIIBIK-
OipTeKci3 aneKTp epiciHiH acepiH eckepeni. CoHbIMEH Oipre, KYIITiH OpHEriH HIbIFapy GapbIChIHAA TEOPHs-
JIBIK JKOHE MaTeMaTHKAIBIK (pHU3MKaHBIH OENTil Taciepi KOMaHbUIIbI, aTal aiTKaH/a: Ke3eKTECTIK KYBIK-
Tay TACiJI, CBIPTKBI OPICTIH TepOeic nmepruoabl OOMbIHINIA OpTalagay TICii XKoHe TPaeKTOpHs OOMbIHIIA HH-
Terpanaay Taciii. OpiCTiH aMIUTUTYJachl YaKbIT IIeH KOOpAMHATAFa Toyeni Oasy e3repmeri QyHKIHs GOJIBIT
TabbUIabl. AJIBIHFAH OpHEK IUIa3Ma GeINIIEeKTePiHIH COKTBIFBICYIapbIHBIH MUJUIEp KYIUiHE BIKIANbIH Oara-
JayFa MYMKIH/IK jKacaii/ibl J)KoHE IIeKTey MIapTTapbl OPbIHIAIFAaH Ke3/1e AJICKTPOHIAP/IbIH JKOFAPbDKHULIIKTI
epicTeplieri KO3FalbIC TCHICYIHEH ABIHFAaH KOFAPBDKUUTIKTI KBICHIM KYIIiHIH ©pHeriMeH Oenrini Oip Typax-
TBIFa JEWIHT1 JONIKIIEH colikec Kemeni. XKypriziaren 6apiblk ecenteynep Ke3iHae 3eKTPOMarHiTTIK OpicTiH
MarHUTTIK KypayLIbIChl €CKepiIMe/li KoHe OyJI JKaF/iail OOMIBIK 3JIeKTp epiciHe Typa Oonaisl.

Kinm ce30ep: anci3 6ipTeKci3 mia3Mma, ia3ManblK JIeKTPOHIAp, KHHETUKAJIBIK TeHJIeY, OpTallajaHFaH Ky,
JNEKTP Opici, GONIIEKTep IiH COKTBIFBICYBI, KO3FaIMaiTHIH HOHIAP, KOFAPBDKHUIITIK.
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T. Komteibaes, M. Annesa

Crathsl IOCBSIIEHa KHHETHYECKON TEOPHH ILIA3Mbl, M B HEll MccieoBaHa mpobieMa B3auMOACHCTBHS dIIeK-
TPHUYECKOTO TOJIST BEICOKOH 9acTOTHI CO ¢1ab0 HEOTHOPOIHON IITa3MOi METOJOM KHHETHIECKIX YPaBHEHUH ¢
UHTErpajlaMy IapHBIX CTOJIKHOBEHUH YacTHI Iu1a3Mbl. IIpeioskeHa HOBas METOAMKA OIPE/ICIICHHS BhIpaXke-
HUSl YCPEAHEHHOM CHUJIBI BBICOKOYACTOTHOI'O JIaBJICHHs, OCHOBAHHAs HA PELICHUM KMHETHYECKOTO YpPaBHEHUS
U METOJIe MOCIEI0BaTENbHBIX MPHOMIKEHHN (pa3aeneHne MeUICHHBIX ABIDKEHUH M ObICTPBIX OCLUILIAINIT)
IpHU COOMIOEHUN OTPAaHUYUTENBHBIX YCIOBUH. BhIBeeHO BBIpakeHUE AN YCPEIHEHHON KBA3HIIOTCHIHANb-
HOM CHMJBl Ha OCHOBE KHMHETHYECKOTO ypaBHEHHA Uil (DyHKIMM pacmpefeneHus 3IeKTPOHOB c1ado
HEOJHOPOJHOW MarHWTOAKTUBHOM IUIA3Mbl, YYUTHIBAIOIIEH CTOJIKHOBEHHE 3JIEKTPOHOB C HEMOABIKHBIMHU
HMOHAMHU U HaJIH4HE IIPOAOJIHO-HEOJHOPOAHOIO MIEKTPUUECKOTO TOJIS BEICOKOM YacTOTHI C UCIIOJIb30BaHUEM
OOIIEeN3BECTHBIX METONOB TEOPETHUECKOW M MaTeMaTHYecKOH (H3MKH, TaKUX KaK II0CIeOBaTeIbHBIE
NPHUOVDKEHUS, YCPEAHEHNS 110 TTepHOAy KoyieOaHus IeHCTBYIONIETo TI0JIsl M HHTETPUPOBAHHMS 10 TPaeKTOPH-
M. AMIUTMTYJa MOJIS SIBJSIETCS MEJUIEHHO MEHSIOoIIeicst GyHKIMe 1o BpeMeHH M KoopauHataM. [lomyden-
HOE BBIPa)KCHHUE MO3BOJISIET OLEHUTH BIUSHUE CTONKHOBEHUH MIa3MEHHBIX YacTHUIl HA CUITy Muiuiepa, U pu
OTPaHUYUTENBHBIX YCIOBUH OHO COBMAAAET C TOYHOCTHIO 10 MOCTOSHHOM C M3BECTHBIMH BBIPAKEHUSIMHU IS
CHJIBI BBICOKOUACTOTHOTO JABJICHHUS, PACCUUTAHHOTO HAa OCHOBE YPABHEHHS JBIHIKEHHS SJIEKTPOHOB ILIA3MbI B
BBICOKOYACTOTHBIX NOJISIX. BO BCeX BBIYMCICHUAX HE YUUTHIBACTCS BKJIAJ MATHUTHOM COCTaBILIONIEH 3NIEK-
TPOMAarHUTHOI'O 110JISl, YTO BIIOJIHE CIIPABEIJIUBO ISl IPOJOJIBHOIO MIEKTPUIECKOTO OIS,

Kriouegvie cnosa: cnabo HEOTHOPOHAs IJ1a3Ma, IUIA3MEHHbIE YJIEKTPOHBI, KUHETUYECKOEe YPaBHEHHE, YCpel-
HEHHasl CUJIa, SJICKTPUYECKOE TI0JIe, CTOJIKHOBEHHE YaCTHII, HETIO/IBIKHBIC HOHBI, BHICOKAsI 4acTOTa.
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Investigation of the structural and phase state of detonation multilayer coatings based
on NiCr/NiCr-Al203/Al>O3 during high-temperature oxidation

This paper presents a study of the structural and phase state of detonation multilayer coatings under high-
temperature oxidation. The experiment aimed to find out the effect of high temperatures on the structural-
phase state of coatings and their effectiveness in preventing oxidative processes. As a result of the research, it
was found that after high-temperature tests, protective phases such as NiCr204, Al203, and Cr20z are formed
in the structure of multilayer coatings. These phases were identified to play a key role in preventing intensive
oxidation of the metal surface. It was determined that NiCr204 provides stability to the metal layer, and Al20s
and Cr203 are effective barriers protecting the surface from aggressive environmental influences. It is
important to note that no signs of fracture or detachment were found in the multilayer coatings during the
entire experiment. After the first cycle, the uncoated sample experienced peeling of its oxide film, resulting in
a significant loss of mass. It was determined that the uncoated steel experiences significantly higher mass
loss, indicating a faster formation of oxides on its surface. The experimental data confirm the effectiveness of
coatings in protecting against oxidative processes at high temperatures, thereby maintaining the stability and
durability of the material under extreme thermal influences.

Keywords: detonation spraying, structure, phase composition, high-temperature oxidation, multilayer
coatings.

Introduction

In modern industry, where components are exposed to harsh operating conditions, including high-
temperature gas flows, aggressive chemical environments and abrasive particles, the issue of improving the
wear resistance, heat resistance and corrosion resistance of material surfaces is becoming increasingly im-
portant [1-2]. To effectively solve this problem, the use of multilayer gradient coatings is recommended,
which in recent decades have successfully found application in various industries such as power engineering
and mechanical engineering [3-4].

Multilayer gradient coatings provide reliable protection of surfaces against wear, corrosion and oxida-
tion, increasing the durability and performance of parts and reducing maintenance costs [5-6]. Their unique-
ness lies in their ability to combine different material characteristics in a single coating due to smoothly vary-
ing composition along the thickness. Compositions consisting of metal-ceramic layers with a uniformly dis-
tributed oxide component in them are the most promising for harsh operating conditions. Recent research has
led to multilayer gradient coatings combining nickel chromium (NiCr) and aluminum oxide (Al>Os), which
showed outstanding properties and provided unique advantages over conventional homogeneous coatings
[7-9]. Al,O3 stands out for its abrasion and corrosion resistance, excellent dielectric resistance and thermal
shock resistance. These characteristics make Al;Os coatings particularly attractive for surface protection of
metal components that are exposed to harsh environments [9]. Scientific studies emphasize the importance of
proper chemical composition selection in the interface between the substrate and the coating to ensure high
corrosion resistance, indicating that the boundaries between layers can act as effective protective barriers in
aggressive environments [10-14]. Studies [15] have confirmed that the use of nickel chromium as the bottom
metal layer in multilayer coatings helps to improve the thermal resistance of oxide coatings. This is due to
improved adhesion strength and equalization of the difference in thermal expansion coefficients between the
metal sample and the coating. This combination minimizes the stresses generated during thermal cycling and
therefore reduces the likelihood of coating failure.

Under conditions of cyclic oxidation and high temperatures, a special approach is required to protect
surfaces from aggressive environments. There are many coating methods available, and the selection of an
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appropriate method plays a key role in ensuring the durability and effectiveness of the protection. From the
analysis of literature studies, it is revealed that detonation sputtering is a promising technology for NiCr-
Al,Os-based multilayer gradient coatings [16—19]. This method provides high sputtering speed and is capable
of producing high density coatings, minimizing the formation of pores and defects in the coating structure.
This approach can provide reduced porosity and increased corrosion resistance, which is critical in corrosive
environments. Nevertheless, not all multilayer gradient coatings exhibit resistance to high temperatures un-
der real operating conditions. In certain instances, structural degradation occurs due to exposure to high tem-
peratures and cyclic thermal loads, potentially resulting in a loss of effectiveness of protective properties.
Hence, to achieve maximum efficiency and durability of multilayer gradient coatings, it is crucial to conduct
research focused on optimizing their chemical composition, structure, and application methods. This will
enable us to enhance the technology for creating such coatings, rendering them more stable and effective in
high temperatures and aggressive environments.

Hence, the purpose of our study is to investigate the structural and phase states of detonation multilayer
coatings under conditions of high-temperature oxidation. To accomplish this objective, we intend to conduct
a study on the structural and phase characteristics of multilayer coatings under high-temperature exposure.

Materials and methods of research.

NiCr, NiCr-Al>O; and Al,O3 powders with an average size of 40-45 pum were used to apply multilayer
coatings on stainless steel 12Kh18N10T samples. The sputtering was carried out using a CCDS2000 ma-
chine [13]. The use of detonation spraying technology provided an opportunity to create multilayer gradient
coatings. This process allows to sequentially apply layers with changing composition, which leads to a coat-
ing with a gradual change in characteristics from layer to layer. Technological parameters of the process and
the effect of detonation sputtering on the properties and phase-structural states of NiCr/NiCr—Al,O3/Al,Os-
based coatings are described in detail in the scientific paper [17-18]. As a result of the positive conclusions
obtained in previous studies [11, 17], further high-temperature tests were carried out exclusively on samples
with five-layer coatings.

An X'Pert PRO X-ray diffractometer (using CuKa radiation) was used to study the structural-phase
composition of the coatings. Imaging was carried out at the following parameters: tube voltage U = 40 kV;
tube current I = 30 mA. The obtained diffractograms were decoded using the HighScore program. Investiga-
tions of surface microstructure and morphology of coating cross-section were carried out by scanning elec-
tron microscopy (SEM) on MIRAS3 (Tescan, Czech Republic) with energy dispersive analysis attachment
INCA ENERGY (“Oxford Instruments”, Great Britain) in the laboratory of Karaganda Buketov University.

Experiments on high-temperature oxidation were carried out at a temperature of 1100 °C using a muffle
electric furnace model SNOL 3/1100. All tests were performed in accordance with GOST 6130-71 “Metals.
Methods of determination of heat resistance”. This standard establishes a methodology for evaluating the
resistance of metals to high temperatures. In this test, 50 cycles were performed, and each cycle included one
hour of heating to 1100 °C, followed by a 20-minute cooling to room temperature. To assess the extent of
corrosion, samples were periodically removed from the crucible and weighed on analytical scales to the
nearest 0.1 mg to determine the change in mass. This allowed monitoring the effect of thermal cycling on the
surface properties of the materials.

Results and discussion.

Two types of samples were tested to assess oxidation resistance: uncoated steel 12X18H10T and a mul-
tilayer coating based on NiCr/NiCr—Al,O3/Al,Os. The coatings were uniformly applied to all six sides of the
samples to ensure uniformity and minimize measurement errors. Figure 1 shows the samples before and after
the high-temperature oxidation tests.
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Figure 1. Samples before (a, b) and after (c, d) high-temperature oxidation tests
a-c) 12Kh18H10T steel; b-d) NiCr/NiCr—Al,03/Al,03 multilayer coating

Figure 2 shows the value of mass change of the samples after 50 cycles of high temperature oxidation
test. The results indicated that the coated samples exhibited superior performance, whereas the uncoated
samples yielded the poorest results. In the uncoated steel, intense delamination of the oxide film (scale) was
already observed after the first cycle (Fig. 1c), and this process increased with time. The multilayer coatings
showed no signs of failure or delamination throughout the experiment. It has been determined that the un-
coated steel experiences a significantly higher mass loss, indicating a faster formation of oxides on its sur-
face. Such a significant increase in the mass loss of the original sample may be due to the destruction of the
sample due to cyclic exposure to high temperatures, which is not characteristic of coated samples.
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Figure 2. Weight change of uncoated steel and multilayer coating based on NiCr/NiCr—Al,O3/Al,O3 after high-
temperature oxidation tests

Figure 3 shows the results of a scanning electron microscope of the cross-section of a multilayer coating
NiCr/NiCr-Al,O3/Al;Os, after high-temperature tests for 50 hours at a temperature of 1100°C. After high-
temperature oxidation tests, the multilayer coatings NiCr/NiCr—Al.Os/Al,O; remain completely intact and
dense. Cracks and peeling were not observed, which suggests that these multilayer coatings prevent direct
contact of oxygen with the steel substrate and thus protect the steel from oxidation. The microstructure of the
coating contains a significant amount of oxides and has low porosity.
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Figure 3. SEM images of cross-sectional morphology of multilayer coating after high-temperature oxidation
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As a result of morphological studies of the cross-sectional structure of uncoated steel, it was found that
heating to 1100 °C with prolonged holding time leads to the formation of a thin oxide layer (Fig. 4). This
layer has a clear boundary with the metal, but its thickness is not uniform across the cross-section of the
sample. The non-uniformity of the layer thickness across the cross-section of the sample may indicate com-
plex oxidation processes and interaction with the environment in different parts of the material. Such mor-
phological changes may affect the mechanical and chemical properties of the material.

Fe Kal

o
10um

O Kal

Cr Kal

e

Ni Kal

MEMAS TESCA

——
10um 10um

Ty
Pecitrmance in nanoapacs

Figure 4. SEM images of cross-sectional morphology of uncoated steel after high-temperature oxidization

Figure 5 shows the X-ray images of the multilayer coatings before and after the high-temperature tests.
It was found that the multilayer coatings consist of protective phases such as NiCr.0., Al.Oz and Cr.O; after
high temperature testing. These phases play a key role in preventing intense oxidation at high temperatures.
NiCr,O4 provides the stability of the metal layer, while Al,O3z and Cr,Os3 are effective barriers protecting the
surface from aggressive environmental influences. Prior to heat treatment, the graded five-layer coatings
contain aluminum oxide phases including a- and y-phases (Fig. 5¢). Studies have shown that when heated to
a temperature of 1100°C, y-AloOs is converted to the more resistant a-Al,Os. This phase transition process
from y-phase to a-phase observed at high temperatures has also been reported in previous research studies [9,
20]. This phase transformation indicates the structural stability and adaptability of the coatings to changes in
temperature conditions.
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Figure 5. Results of X-ray diffraction analysis before (a, ¢) and after (b, d) high temperature tests

After the experiment, uncoated steel shows the formation of different phases such as Fe;Os, Fe3O4 and
NiCr,04 (Fig. 5 b). This indicates an initiated oxidation process of the material under the influence of high
temperatures. Especially interesting is the formation of NiCr,O4 spinel, which may be a consequence of high
temperatures reaching 1100 °C. This process leads to the formation of a clear boundary between metal and
oxide. The explanation of this effect is related to the partial dissolution of chromium carbides, which are ori-
ented along the grain boundaries of the material.

Conclusion

Based on the conducted studies using five-layer coatings on 12Kh18N10T steel at high temperatures,
the following conclusions can be made:

NiCr/NiCr-Al,03/Al,O3 based multilayer coatings shown that the coated samples exhibit higher oxida-
tion resistance characteristics compared to the uncoated sample. It is important to note that the multilayer
coatings show no signs of failure or delamination throughout the experiment. In the uncoated sample, intense
delamination of the oxide film was observed after the first cycle, resulting in significant mass loss. X-ray
studies showed that the multilayer coatings contain protective phases such as NiCr.0a, Al,O3; and Cr,0s after
high temperature testing. It is found that these phases play a key role and indicates the effectiveness of these
components in preventing the intense oxidation of the metal surface. It is determined that morphological
changes such as non-uniformity of the oxide layer thickness can affect the mechanical properties of the mate-
rial.

Thus, the experimental data confirm the effectiveness of coatings in protecting against oxidative pro-
cesses at high temperatures and shows their importance in maintaining the stability and durability of the ma-
terial under conditions of extreme thermal effects.
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Korapol Temnepatypanbl ToThIFy Kedinge NiCr/NiCr-Al,03/Al,O3 Herisinaeri

H.C. Paiicos, C.JI. bonaroB

AE€TOHAIMSJIBIK KOIl KA0ATThI Ka0BIHAAPABIH KYPbUIBIMIBIK-(pa3aibIK KYiiiH 3epTTey

K.b. Carnonnuna, b.K. Paxagunos, JI.b. byittkenos, JI.I'. Cymo6aeBa, A.b. Hobuonauna,

HccaenoBanmne CTpyYKTYPHO-()a30BOro COCTOSIHUSA 1€ TOHAIMOHHBIX MHOTOCJIOMHBIX
nokpeITHii Ha ocHOBe NiCr/NiCr-Al>O3/Al,Oz npu BICOKOTEMIIEPATYPHOM

JKyMpicTa jKOFapsl TeMIIEpaTypaisl TOTBIFY (OKCHITEY) JKaFAaiblHa AETOHALMSUIBIK OYPKY S/iCi MEH allbIH-
FaH Ken Ka0aTThl kaObIHIAPAbIH KYPBUTBIMABIK-(ha3aiblK KyHiHae 00JaTeiH e3epicTep OOUBIHINA 3ePTTEY HO-
TIDKEJIep] YCBIHBUIFaH. 3epTTey JKYMBICHIHBIH HETi3I1 MaKcaThl AeTOHAIMSIIBIK JKaObIHAAP IBIH KYPBITBIMIBIK-
(azanpIK KyHiHe KOFapbl TeMIIepaTypaHBIH dcepi jKOHE OJApIbIH TOTHIFY NPOIECTEPiHIH aIbIH alyIarbl
THIMAIUTITIH aHBIKTAy. 3epTTey KYMBICHIHBIH HOTHKECIHIE )KOFaphl TEMITEpaTypasblK CEIHAKTapaAaH KeHiH 1e-
TOHALMAIBIK KOI KabaTThl ska0bIHAapAsiH KypbuUtbiMbIHAA NiCr204, Al203 xone Cr203 CHAKTBI KOpFaHbIC da-
3aJapbIHbIH TY3UICTiHI aHBIKTaNAbI, CoHAaii-ak Oyn ¢azamap metann OeTiHIH KapKbIHIBI TOTBIFYBIH OOJIIBIP-
Mayna mrenrymi pein atkapatbiasl 6enrini 6omasr. NiCrz0s da3acel MeTamt KabaThIHBIH TYPAKTBUIBIFBIH KaM-
TaMmachI3 eTymn ekeHi aikpiHganasl, an Al2O3 sxone Cr203 GeTTi KopluaraH OpTaHBIH arpecCHBTI ocepiHeH
KOpFalTBIH THIMII Kezxepriiep periHzae apeket eredi. Kem kabarTsl sxaObIHIapAa 3epTTEY KYMBICBIHBIH Oa-
pBICEIHA OY3BUTy HeMece KaOBIpIIaKTaHy CHSIKTHI OenrinepiiH OalkanMaraHbBIH atan eTy MaHbBI3IbL. Kepi-
cinme Kanranmarad yiri (12X18H10T Gosatel) yuriH GipiHIn HUKIACH KeHiH OKCUATI IUICHKaHBIH OelriHyi
Gaiikainpl, O MaccaHbIH aWTapibIKTail JKOFalyblHa (TeMeHaeyiHe) okenni. bactankel 6onaT MaccachbIHBIH
JKOFaITybl aiiTapIIBIKTal HKOFaphl CKCHITT aHBIKTAJIbI, OYJI OHBIH OCTiH/C OKCUATEPIiH Te3ipeK TY31TyiH Kep-
cereni. Ocpunaiiia, 3epTTey HOTHKENEPi ACTOHANMSIIBIK KON KaOaTThl >KaObIHAAPIBIH JKOFaphl TEMIIepaTypa
Ke3iHAe TOTHIFY MPOLECTepPiHeH KOpFayda THIMAl €KCHIH pacTalibl )KOHE JIe IKCTPEMAIbl JKbUTY dcepiepi
JKarIaibIH/Ia MaTepUAIIBIH TYPaKTBUIBIFEI MEH OEpIKTITiH CaKTay1a MaHBI3IBUIBIKKA HE EKEHIH KOPCEeTEe .

Kinm ce3dep. neroHamusIbIK OYPKY, KYpPbUIBIM, (a3ajblK KypaMbl, )KOFapbl TEMIIEpATypabl TOTHIFY, KOIl Ka-
0aTThI JKaObIHAAD.

H.C. Paiicos, C./I. bonaToB

OKHCJ/ICHUH

B paGote mpejacTaBieHbl Pe3yNbTAThl HCCICAOBAHUS CTPYKTYPHO-()a30BOTO COCTOSIHHS JICTOHAIIMOHHBIX
MHOTOCJIOHBIX TMOKPBITHIl B YCIOBUSIX BBICOKOTEMIIEPATYPHOrO OKHcIeHHs. OCHOBHAS 1IeNb KCIIEPUMEHTA
— BBIICHHUTb, KaK BO3/ICHCTBHE BBICOKHX TEMIIEPATyp BIMAET Ha COCTOSHUE 3THX MOKPBITHH M MX CIIOCOO-
HOCTb MPEOTBPAIaTh OKUCIUTENIbHBIE IPOLIECChl. B pe3ynbrare HcciaeaoBaHus ObLIO 0OHAPYKEHO, YTO HO-
clie BEICOKOTEMIIEPATYPHBIX HCIBITAHUA B CTPYKTYpE NETOHALIMOHHBIX MHOTOCIONHBIX MOKPBITHH (opMH-
pytotcs 3amutHble dassl, Takue kak NiCr204, Al20s u Cr20s. Bbuto ycTaHOBIEHO, 4TO 3TH (a3l UIPAIOT
KJTFOUEBYIO POJIb B MPEJOTBPAIICHHH HHTCHCHBHOTO OKHCIICHHS METAUTMYECKOW MOBepXHOCTH. OcOOEHHO
Beizessiercs poiib NiCr204, oGecrieunBaroniero yctoiunBocts Metaumaeckoro ciost, u Al203 ¢ Cr203, koro-
pble IeHCTBYIOT Kak 3(deKTHBHBIC Gapbepsl, 3alIUIIAOIINE TOBEPXHOCTh OT BO3ACHCTBHS OKPY)KAroIIeH
cpelpl. BaXKHO OTMETHTB, YTO B MHOTOCJIOMHBIX TOKPBITHAX HE OOHApY)KEHO IPHU3HAKOB PaspyIICHHs WIH
OTCJIOCHHSI B TEYEHHE BCErO SKCIEpHUMEHTa. B omnuume oT 3TOro, B obpasie Oe3 MOKphITHSA (CTajib
12X18HO1T) yxe mocie mepBOro HMUKIA HAOMIOIAIOCh OTCIOCHHE OKCHIHOW IUICHKH, YTO CYIIECTBEHHO
YBEJIMYMIIO TOTEPro Macchl. ONpeaeNeHo, YTO HOTepst MacChl y CTajlu 6e3 MOKPBITHS 3HAYUTENBHO BBILIE, YTO
yKa3bIBaeT Ha Oosiee ObICTpoe 00pa3oBaHUE OKCHUIOB HA €€ MOBEPXHOCTU. TakuMm 00pa3oM, pe3yabTaThl HC-
CIIEZIOBaHMUS TIOATBEPKAAIOT SPHEKTHBHOCTD IETOHAIIMOHHBIX MHOTOCIIONHBIX HOKPBITHI B 3alIUTE OT OKHC-
JIMTEJIBHBIX MPOLIECCOB IIPU BBICOKUX TEMIIEpATYypax, a TAKXKE yKa3bIBalOT Ha TO, YTO OHU HUI'PAIOT BAXKHYIO
pOJb B MOAJCPIKAHUM CTAOMIBHOCTH M MPOYHOCTH MaTepHana B YCIOBHSIX IKCTPEMAIBHBIX TEIUIOBBIX 3(¢)-
(exToB.

Kniouesvie cnosa: JACTOHAIIMOHHOC HAINBUICHUE, CTPYKTYpa, (1)8.30BI)II>1 COCTaB, BBICOKOTEMIIEPATYPHOE OKHC-
JICHHUC, MHOTOCJIONHEIE TIOKPBITUA.
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Investigation of the temperature dependence of the dielectric relaxation of
chlorobenzene, bromobenzene and iodobenzene

This paper deals with the investigation results of temperature dependence of complex permittivity’se* = e —
ie” of chloro, bromo and iodo- benzene at wavelength 11,50 cm and 12,80 cm within the temperature range 20

+-80°. It is established that dielectric properties of given liquids are characteristic of one relaxation time. The
dielectric spectra were studied taking into account other frequencies given in the literature. In all investigated
liquids, a jump appears in the real and imaginary parts of the complex permittivity at the point of the phase
transition. The temperature dependence of the dielectric relaxation time of molecules in the liquid state has
been determined. It was found that with an increase in the amount of the halogen substituent, an increase in
the relaxation time occurs. Macroscopic and molecular relaxation times were calculated from the
experimental values. The thermodynamic quantities characterizing the process of dielectric relaxation are cal-
culated. The activation enthalpy of dielectric relaxation processes is compared. The studies were carried out
using the dielectric spectroscopy method. This method allows a more detailed study of the dielectric proper-
ties of the objects of study due to the large equilibrium (“static”) dielectric constant of the object. It has been
determined that the height of the potential barrier separating the two equilibrium positions of a polar molecule
is greatest in the state of a pure polar liquid and decreases with dilution in a non-polar solvent.

Keywords: dielectric spectroscopy, complex dielectric constant, dielectric properties, benzene, bromoben-
zene, chlorobenzene, iodo-benzene.

Introduction

The study of the dielectric properties of polar liquids is one of the most fundamental and complex prob-
lems of science, which is of great theoretical and practical importance. Interpretation of experimental data on
dielectric relaxation presents difficulties for substances that are characterized by the presence of intramolecu-
lar interactions, hydrogen bonds and other complicating factors. Therefore it is advantageous to investigate
rather elementary molecules. At the moment, the central place in the works involved in the study of intermo-
lecular interactions in liquids is occupied by studies of the molecular structure of a liquid and the dynamics
of its transformation during thermal motion. To solve these problems, modern physical and physico-chemical
research methods are used, such as diffraction and thermodynamic methods, dielectric, acoustic spectrosco-
py, etc. [1].

Among these methods, an important place belongs to dielectric spectroscopy [2-3]. Studies of the die-
lectric properties of polar liquids make it possible to obtain extensive information about their molecular
structure, intermolecular interactions, information about thermodynamic parameters, mechanisms of molecu-
lar processes, as well as the process of absorption of electromagnetic radiation. According to the available
literature the investigation results of relaxation phenomena observed in microwave range are rather limited
and often-contradicted. In particular by data [4-7] in benzene halogen derivatives the distribution of relaxa-
tion time is taken place. Yet the results [8-11] are indicative of presence of one relaxation time. On the base
of experimental data analysis the conclusion has been confirmed by probable presence of additional disper-
sion region at millimetric waves in benzene halogen derivatives.

Various molecular associations are determined in terms of relaxation time T and dipole moment p to es-
timate different molecular interactions among polar molecules or polar-non-polar molecules. Thermodynam-
ic energy parameters are also calculated using Eyring's rate theory to predict molecular dynamics or nature of
molecular environment surrounding the polar molecules DMF, DMA or phenol (p-cresol, p-chlorophenol,
2,4dichlorophenol and p-nitrophenol). The existence of the Debye relaxation mechanism in all the systems
under observation is validated by the estimated Debye factor from both of the measurement methods [15].

Various molecular associations are determined in terms of relaxation time s and dipole moment I in po-
lar-non-polar liquid mixture. Thermodynamic energy parameters are also calculated from Eyring rate theory
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to predict molecular dynamics or nature of molecular environment surrounding the polar molecule TBP. De-
bye relaxation mechanism in all the systems under observation is validated by the estimated Debye factor
from both the measurement methods. A new simple microwave sensor is proposed to design for determina-
tion of TBP concentration from measured penetration depth at different temperatures under microwave
field [16].

The study of the anomalous dispersion of the permittivity of liquids and the strong absorption of elec-
tromagnetic energy associated with it makes it possible to judge the nature of intermolecular forces and the
molecular structure of polar liquids [12-14].

The anomalous dispersion of polar liquids is determined by the relaxation time t, which characterizes
the process of polarization in a dielectric when an external field is applied. The relaxation time is related to
the frequency of the maximum absorbed wave wm by the condition.

Exsperimental

The polar liquids chlorobenzene, bromobenzene, and iodobenzene (United States, Keysight Technolo-
gies) were chosen as the objects of study. Measurements are carried out by method suggested and on assem-
bled installation [3-5] which allows the complex dielectric constant £* = ¢ — ie” of highly absorbed sub-
stances to be determined.

The short-circuited line method [3-6] uses the relationship between the input impedance Zo, and the
complex propagation constant y of a line filled with a dielectric. Since the value of vy, in turn, is related to the
complex permittivity €*, by measuring the value of Z,, one can find the value of the complex permittivity g*.

1
y=atif=iw(e xpx*)z @)
where o is the damping constant characterizing the decrease in the amplitude of the wave propagating
along the line, B is the phase constant characterizing the change in the phase of the same wave, p* is the
complex magnetic permeability. Taking u* = 1, we get:

YA

e=g —ic = ()]
The quantity y is related to the input impedance Z, as follows:
thyd _ ;%o
vyd - lZTrd Z, (5)

where d is the thickness of the dielectric, Z; is the wave impedance of the air part of the line. The input
impedance Z, is expressed in terms of the experimentally determined running coefficient = Emin/Emax (E is
the electric field strength) and the displacement of the node y1 of the standing wave, due to the introduction
of a dielectric into the line before the short circuit:

7 = 7,97Lt9Boys
0T HsiqtgBeyy’ ©)

here Bo=—

It should be noted that in the case of small and medium losses (tgé< 0.1), accurate results are achieved
at thicknesses that are multiples of an odd number of quarters of the wavelength in the sample. For large
losses (tgé> 0,1), the sample thickness has to be taken so small that it itself becomes a source of noticeable
errors. Another disadvantage is the extreme sensitivity of the detector part of the equipment to temperature
fluctuations, which seriously complicates temperature measurements. Both of these shortcomings can be
eliminated in a new modification of the method [5]. The essence of this modification is that the input imped-
ance of a short-circuited line filled with a dielectric is transformed into a measuring line in such a way that
optimal conditions for measurements are created. By measuring the transformed impedance, by the known
transformation coefficient, the required input impedance of the line filled with a dielectric is found [3, 4, 6].

Measurements are made out over a wide temperature range. Mean deviation for values € does not exceed
1%, for values & is 3%. It should be noted that dielectric properties of abovementioned liquids at low tem-
peratures are not clearly investigated.

The essence of the novelty of the proposed method is that the input impedance of a short-circuited line
filled with a dielectric is transformed into a measuring line in such a way that optimal conditions for meas-
urements are created. By measuring the transformed impedance, using a known transformation coefficient,
the desired input impedance of the line filled with a dielectric is found.
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The method proposed in the article can be used in the microwave range and in the temperature range
corresponding to the condition of phase transition from the liquid state of the solutions under study to the
solidification phase of the solutions under study.

Result and Discussion

In present paper there have been given investigation results of dielectric relaxation of three benzene
halogen derivatives (C¢HsC1, CgHsBr, CsHsJ) at wave length 11,50 cm and 12,80 cm within the temperature
range 20 + -80°C. Temperature range is effective in liquid phase as well as in solid one of liquids under in-
vestigation.

In Figure 1 and 2 there have been shown the data of temperature dependence of real ¢’ and imaginary &
parts of complex dielectric constant €* for chlorobenzene, bromobenzene and iodo-benzene. Curve graphs
for chlorobenzene and iodo-benzene have been obtained at wavelength 12,80 cm. Curve diagrams for bro-
mobenzene have been obtained at wavelength 11,50 cm.

, —a3—(1)
3 o (2)
6,5 -
*01 TD——D\D\‘:‘\Q\H
5,54 1
5,0 -
4,54 o—90 -
. .
4,0- o °
3,54
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Figure 1. Temperature dependence of dielectric constant & . 1is the chlorobenzene; 2 is the iodo-benzene
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Figure 2. Temperature dependence of absorption coefficient ', 1 is the chlorobenzene; 2 is the iodo-benzene
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Figure 3. Temperature dependence of dielectric constant & is the bromobenzene
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Figure 4. Temperature dependence of absorption coefficient & " is the bromobenzene

For all substances under examination the phase transition agrees with the complex dielectric constant

jump €. In this case the constant value ¢ settles at several degrees after transition (Fig. 3). Dielectric loss is
retained at the same range which is observed both by cooling and by heating objects under study. Mentioned
pecularities of temperature change of complex dielectric constant values €* may be attributed to the liquid
structure. According to them close to the hardening temperature the clusters of molecule groups have been
occurred (Fig. 4). It is evident that after hardening the dielectric properties over a given temperature ranges
are determined by isolated molecules not included in these clusters. While attaching to the clusters the orien-
tation part of polarization is avoided.

Figure 5 illustrates reducible iodo-benzene diagram. In case of chlorobenzene and bromobenzene the
diagrams have a similar type. Values g, and ¢, have been taken from literature and extrapolated [5].
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Figure 5. Reducible iodo-benzene diagram

It is seen from the diagram that dielectric properties up to the transition temperature is characteristic of
one relaxation time. Therefore relaxation time values have been calculated by the familiar Debye formula. It
should be noted that the factor providing for the presence of internal field is taken to be equal a unit. In this
case this factor is practically independent of the temperature. Consequently obtained values can be used for
interpretation of dielectric relaxation temperature change.

If we suppose that dipole molecule orientation is carried out by its transition through potential barrier
separating two equilibrium position of molecules the relaxation time is defined as follows [6]:

T= exp %(1),
where U is the activation energy, R is the Boltzmann constant, T is the temperature. We note that acti-
vation energy can be evaluated from slope of the dependence /nz on % :

Table lists the appropriate values of activation energy. There have been presented energy magnitudes
established by scattering line width growth values for comparison [7].

Table
Substance Activation energy kcal /mol
Dielectric measurements Measurements of scattering line width growth values
Chlorobenzene 19 2,1
Bromobenzene 2,1 2,3
lodo- benzene 2,3 2,4
Conclusions

The paper presents a new modification of the short-circuited line method, with the help of which it is
possible to study the temperature dependence of the complex permittivity of polar liquids in the microwave
range. This method is based on the transformation of the input resistance of a short-circuited line filled with
the liquid under study. Data on the temperature dependence of the complex permittivity &* of chlorobenzene,
bromobenzene and iodo-benzene in the range of —80°C + +20°C at a wavelength of 11.5 cm are presented.
When passing through the solidification point of these liquids, a sharp change in the value of the complex
permittivity €* was found. The value of the relaxation time over the entire temperature range and the activa-
tion energy for the molecules of liquid chlorobenzene, bromobenzene, and iodo-benzene are found. As a re-
sult of pursuance of research we can state that in all cases the activation energy for dielectric relaxation have
the values rather close to the values established by scattering line width growth.
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C. A3u30B

Xy10p0eH30.J1, OpoMOEH30.1 5KIHE H0T0EH30JIIbIH,
AUIJIEKTPJIK pelakcalUsiChIHbIH TeMIlepaTypara TIyeJAUVIITiH 3epTTey

Kymeicra 20+-80 temmeparypa apansirbiHAaFE 11,50 xone 12,80 cM TONKBIH Y3BIHABIFBIHAAFEI XJIOP, OpoM
JKOHE HOTGCH30MIBIH £\ =g -ig"" Kypem AWPIEKTPIIK OTKI3TiTIKTepiHiH TeMmmepaTypara TOyeIIidiria
3epTTey HOTMXKENepl KeNTipinreH. bysr CYHBIKTBIKTapABIH JHAIEKTPIIIK KacCHETTepi Oip peslakcanus yaKpIThIHA
TOH eKeHMIri Oenrimi Oomabl. JIMANeKTpiiK crekTpiep omeOHeTTe KeNTipiireH 0acka KHLTIKTEpIi ecKepe
OTBIPBII 3ePTTENi. 3ePTTEIreH OApIIBIK CYHBIKTBIKTApAbIH (ha3alblK aybICy HYKTECIHAE KYPACi AUAIEKTPIIK
OTKI3TIITIKTIH HAKTHI XKaHE OoJDKanpl OeiKkTepiHiH cekipici maiaa 6omansl. CyibIK Kyiineri Mosiekynanap-
JIbIH JAWDJICKTPIIIK pellaKcalisl YakpIThIH/a TeMIlepaTypara TOYeNAIiri aHbIKTAIAbL ['ajJoreH alMacThIPFBIII
MeJIILIePiHiH KOFapbUIaybIMEH pellakcallysl yaKbITBIHBIH Y3aKTHIFBI apTa TYCETiHI aiKpIHAanabl. Taxipubenik
MOHJIEPICH MaKPOCKOIHSUIIBIK JKOHE MOJICKYJIANIBIK pelaKcalys yaKpITTapbl TaObUIAbL. J{HAIEKTPUKTEPIiH pe-
JaKCAlMsUIaHy MPOLECIH CHMATTaiThIH TEPMOJMHAMHKAIIBIK IIaMalap ecenTenreH. JIUdIeKTPUKTEepIiH pe-
JIaKcanysl TMPOIECTEPiHiH aKTUBTEHY SHTAIBIHSCH CaJBICTHIPBUIABL. 3epTTeyNep IUAIEKTPIIK CIIEKTPOCKO-
ISl KOMETiMeH Kypri3inai. by omic 0ObeKTiHIH YIIKEeH Teme-TeHIIK («CTaTHKAIBIKY) TUAISKTPIIIK OTiMIiTi-
riHe OailIaHBICTHI 3epTTEY OOBEKTUICPIHIH JUANEKTPIIIK KACHETTEPiH erkel-Terkeilni 3epTTeyre MyMKiHIIK
6epeni. [Tonspabl MONEKyIaHbIH €Ki TeIe-TeH/IIK KaFIalblH 0eJIeTiH MOTSHIMAIIBIK TOCKAYbUIIbIH OUIKTIri
Ta3a MOJIAPJIbI CYUBIKTHIK KYHiH/IE €H YJIKEH JKOHE MOJIPCHI3 EPITKIIINEH CYHBUITBUIFAHIa €H TOMCH 00JIaThI-
HBI HAKTBUIAH/IBL.
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Kinm ce30ep: AMAPIEKTPNIK CIEKTPOCKOMHS, KYPACTi AMAICKTPIIK OTIMIOUIIK, JHANEKTPIIK KacHeTTep,
OeH3oi1, OpomMOeH301, XI0pOeH3011, HoaOeH307.

C. Azusos

xJ10p0eH30./1a, OpoMOeH30.1a U Hoa0eH30/1a

B pabore mpexncTaBieHBI pe3yNbTaThl MCCISNOBAHMS TEMIICPaTypHOH 3aBHCHMOCTH KOMIUIEKCHBIX
JUAIEKTPHUECKHX MPOHMIAeMOCTelH £ *=¢X-ig™" xiopa, GpoMa u Hoxben3ona Ha AnuHax BoH 11,50 u 12,80
cM B MHTepBane temneparyp 20+-80°. YcTaHOBICHO, YTO AMIEKTPUYECKHE CBOIMCTBA JAHHBIX JKUIKOCTEH
XapaKTepHbl AT OJHOTO BPEMEHH penakcaiuu. Ju3IeKTpHuecKrue CHEKTPhl M3y4alMCh C YUETOM JIPYrHX
4acToOT, NPHUBEACHHBIX B JHTeparype. Bo Bcex HCCIENOBAaHHBIX JKHUAKOCTSAX BO3HUKAET CKAdOK
JEUCTBUTENPHOM M MHHMMOI 4acTell KOMIUICKCHOM AMDJICKTPUYECKOH MPOHUIIAEMOCTH B TOYKe (ha30BOrO
nepexona. OmpezeneHa TemiepaTypHasi 3aBHCHMOCTh BPEMEHH AMAJICKTPUYECKOM pellakcallii MOJIEKYJ B
JKUJIKOM COCTOSIHHH. Y CTaHOBIICHO, YTO C YBEJIMYEHHEM KOJIMYECTBA TaJOTEHOBOTO 3aMECTHUTENS BO3PACTaeT
HPOJOJDKATENEHOCTE BPEMEHH pellakcanuy. BpeMst MakpoCKOTMIecKoi M MOJIEKYJIIPHOH pellakcalliy oIpe-
OEeTSIM 10 OKCIIEpUMEHTAIBHBIM ~ 3HA4YeHHsM.  PacCuuTaHbl — TepMOAWHAMHYECKHE  BEJIWYHHBI,
XapaKTepH3yIOIIMe TPOIEecC AMAIEKTpUUeckoid penakcanuyu. CpaBHHBAIach SHTANBIHSA —AaKTHBAIUN
MPOLECCOB AUBIEKTPUUECKON penakcanuu. McciaenoBaHus MpOBOIMINCH METOIOM AUAIEKTPHUECKOH CIIeK-
TpocKonuH. JJaHHBIA METOJ] TO3BOJISET AETATBHO U3YIUTh AUDIEKTPUUECKHE CBOWCTBA 0OBEKTOB HUCCIIEI0Ba-
HUsL Omarogaps OOJIBIION PaBHOBECHOU («(CTaTHUECKOW») MMAIEKTPHUYECKON MPOHUIIAEMOCTH 00BeKTa. YcTa-
HOBJICHO, YTO BBICOTA MOTEHIHAIBHOTO Oapbepa, pa3/elIoIIero /[Ba MOJI0KEHHs PaBHOBECHS HOJLIPHON MO-
JIeKyJIbl, HanOOoJIbIIast B COCTOSTHUM YHMCTOW TOJIIPHO JKMIKOCTH M HaMMEHbIask IpH pa30aBiIeHNH HEMOJsIp-
HBIM PaCTBOPHTEIIEM.

Kniouesvie cnosa: nuANEKTpUYECKas CIHEKTPOCKOIUS, KOMIUICKCHAs IUAJICKTPHUYECKas MPOHHUIIAEMOCTb,
IU3JIEKTPHYECKUE CBOMCTBA, OEH30I1, OpOMOCH30I1, XIIOpOEH301, HOIOEH30II.
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Excitation of transverse and longitudinal thermomagnetic waves in anisotropic

conducting media in the presence of a temperature gradient VT without an external

magnetic field H

In anisotropic conducting media, the excited thermomagnetic waves at different orientations of the magnetic
field and temperature gradient significantly depend on the direction of the anisotropic medium. Theoretical

calculations of the electrical conductivity tensor Tik depending on the frequency of the thermomagnetic
wave are of scientific interest. In this theoretical work, the frequencies of the thermomagnetic wave at
K | VT and at K L VT were found, and it was proven that at longitudinal (IZ | VT ) and at transverse
( KLVT ) the direction of the frequency and growth rate of these waves depends differently on the external

magnetic field. The work theoretically studies the conditions for the excitation of thermomagnetic waves. It is
indicated that the directions of external fields play a significant role in the appearance of growing waves in

the sample. It is shown that, depending on the value of the electrical conductivity tensor Tik

thermomagnetic waves are excited in the longitudinal (i.e. kK [| ﬁT) and transverse (i.e.IZ J.@T)

directions. The frequencies of these thermomagnetic waves in both the longitudinal and transverse directions
have been calculated. The growth rates of these waves are determined by the values of the inverse electrical

conductivity tensor Tik - It has been proven that the excited wave is mainly of a thermomagnetic nature. In
theory, the dispersion equation obtained is of algebraically high powers relative to the oscillation frequency.
The dispersion equation in both cases (longitudinal K [ VT and transverse k L VT ) contains terms in
which there are thermomagnetic frequencies in a low degree of frequency. It has been proven that if the value
of the electrical conductivity tensor Tik is the same, then the propagation frequencies of thermomagnetic

waves are different. The theory is constructed without an external magnetic field HO = 0. In the presence

of an external magnetic field, the conditions for the excitation of thermomagnetic waves, and of course the
conditions for their growth, will change significantly.

Keywords: frequency, increment, thermomagnetic waves, transverse waves, longitudinal waves, growth,
electrical conductivity tensor, inverse tensor.

Cepus «dusukay. 2024, 29, 2(114)

43


https://doi.org/10.31489/2024PH2/43-52

E.R. Hasanov, Sh.G. Khalilova, R.K. Mustafayeva

Introduction

In works [1-4] it was proven that hydrodynamic movements in a plasma in which there is a constant
temperature gradient give rise to a magnetic field. In this case, the plasma has oscillatory properties that are
noticeably different from ordinary plasma. In such a plasma, thermomagnetic waves are excited, in which
only the magnetic field oscillates. In the presence of an external magnetic field, the wave vector of thermo-
magnetic waves is perpendicular to the magnetic field or lies in the plane A,v7. The speed of thermomag-

netic waves is comparable to the speed of sound and the speed of the Alfvén wave. The temperature gradient
does not depend on time or coordinates. The Larmor frequency of charge carriers is less than the frequency
of their collisions, i.e.
Qr<<1,Q:£. (1)
mc
It has been suggested that magnetic fields exist for explaining the production of cosmic rays and cosmic
radio waves. Such fields are based on both the Fermi’s statistical mechanism for the acceleration of charged
particles and bremsstrahlung at radio frequency by relativistic electrons.
However, the mechanism by which sufficiently strong magnetic fields can be created remains unclear.
In [1] it is shown that hydrodynamic motion in a nonequilibrium plasma, in which the existence of a temper-
ature gradient leads to the formation of magnetic fields. Under such conditions, ions arise for which the Lar-
mor frequency of ions is comparable to the oscillation frequency. An increase in parametric resonance and,
possibly, resonant acceleration of ions is realized. In sufficiently weak acoustic waves, parametric resonance
occurs for electrons. In a hot plasma with high radiation pressure, much stronger magnetic fields arise in a

turbulent nonequilibrium plasma. In [1] it is shown that plasma with a temperature gradient VT has oscilla-
tory properties that differ from normal plasma. In the absence of an external magnetic field and hydrodynam-
ic motion, transverse “thermomagnetic” waves are possible in the plasma. Magnetic field oscillations occur
in them. If there is a constant external magnetic field H, then the wave vector of the thermomagnetic wave
must be perpendicular to it.
In addition, the Alfvén wave is split up into “hydrothermomagnetie” waves in which the vectors v and
H are perpendicular to VT . The spectrum of magnetic sound waves can be modified. The speed of propaga-
tion of the thermomagnetic waves is comparable to the velocity of sound and velocity of the Alfvén wave.
In this work, the magnetic fields are divided as follows H, =H,, +H/.
2 '
v,k? 0 Hzi“’ —ki[(mruT —u—us)Hm]:ckﬁ
o¢ o¢ o¢
’ 2 '
o, —Ume%—ki[(muT ~u)H']=0.
ot o0& o0&
Here u, is speed of sound propagation, v,, is magnetic viscosity, from the solutions of these equations

_ cTA[VINT, k] kv, cos& +v,VInT sin&

)

H : 3
. ke (U —U; —0, COSE +U,) ®)
At condition V(§)<<u—ur +u;
2
1~V Tc(o
H =-A—-|2 4
T2 e s[sj )

was obtained.
Showing estimates relate to the case v, <<s and A<<L are valid at v,~s and A~L.

Q=~Nw/n under a condition Q~S/A~w. Oscillation and Lamor frequencies can be equal in sound waves.
It can likely produce in strong magnetic fields. For |V, |>[u—u; +u,| (u—u; +ug<s) H, can be
large than Qi . The magnetic fields excited by these processes can be amplified further by of the magnetic

field lines.
In [1] the damping of the turbulence that arises from the conversion of part of the energy of turbu-
lence into magnetic energy was estimated. Then for frequency
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Q, =eH,; /mc>v (5)
was obtained.
In the hydrodynamic movements, in this work the oscillation frequency

w(k)=%[1/4a)i + ol o, J (6)

(coz — ww, —wi){w“ oX —a)zkz(s2 +u,2\)+

was obtained

7
+ 0lk?s%o; + k20, (K[uy, )]+ 0202} =0. 0

The second factor in (7) is the frequencies of the magnetic sound waves determines at o, =0[2]. At
conditions W, << @, << @; or @y <O, ®, < a)Tz/a)S the solution is @ = *®, and the roots are o ~ w;,

o= a)f\/a)T . For large radiation pressure

ﬂ:lﬂ le, (8)

o. Ln\im

S
| is the mean free path of the electrons and N is the number of protons in a unit volume.
In rarefied plasma radiation pressure of the gas and the interaction of electrons with photons is
much stronger than Coulomb scattering. The Compton scattering predominates over bremsstrahlung

and its corresponding inverse process for electron collisions [3]. The velocity U; in (7) is increased
roughly by N/n times. If N/n is so large that the velocities s and u; are much smaller than

(ului)% .
In the presence of an electric field £, a temperature gradient VT =const , a gradient of charge carrier
concentrations Vn and hydrodynamic movements with speed 9(F,t), the electric current density has the form

j=oE* +o|E*A|-avT —a[VTH]
[ga] 1 wn ©)

E*=E+ +——,e>0.
c en
The definition £ from the vector equation (9) is reduced to solving the vector equation
X = a{ﬁﬂ (10)
From (10) .
(6%)=(ba) x :a+[65}+[6[67<ﬂ
At b2 <<l
£ =M ARTA] S rotH -
c dro
co’ TV (11)
- 62 [rotl—T, I:|]+——p+AVT
Aro Cp
was obtained.
To obtain expression (11), Maxwell's equation rotH :4% ijas used. Here A :% , N :@,
o

o is the electrical conductivity coefficient, A is the differential thermopower, A’ is the Nerst-

Ettinizhausen effect coefficient. Substituting (10) into the equation %—H:—crotﬁ, we obtain an equation
e

containing H andVT. It was proven in [1-2] that at kLH'a thermomagnetic wave with a frequency is
excited
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g =—cAKVT, (12)

In anisotropic media with an electronic type of charge carriers, an increasing thermomagnetic wave is
excited under certain conditions. Analytical formulas are found for the frequency and for the increment of
this wave. The analytical formulas for the tensor of electrical conductivity of the medium are indicated in the
form of a table. A formula is found for the ratios of the temperature gradient [5].

In [6] using the kinetic equation for a nonequilibrium process, analytical values of the critical electric
field are obtained without an external magnetic field. The estimate of this critical electric field is consistent
with Gunn's experiment in which energy is emitted from the sample.

[7] is proved that in anisotropic conducting media of electric type of charge carriers, different waves of

a thermomagnetic nature are excited. With the longitudinal k || VT and transverse k L VT orientation of

the wave vector relative to the temperature gradient, waves of a thermomagnetic nature with different fre-
guencies and increments are excited.

From the conclusions [8], it follows that in anisotropic conducting media, it is possible to excite a num-
ber of thermomagnetic waves with frequency frequencies. However, at present, there are no experimental
data on thermomagnetic waves in the public domain. In [8] frequency is three times less than the frequency

of thermomagnetic waves in plasma (i.e., than the frequency ;).
In this theoretical work, we will prove
- to determine the frequencies of thermomagnetic waves, when the wave vector of thermomagnetic

waves is directed along the temperature gradient k || VT (longitudinal wave);

- to prove that at IZ|| VT (longitudinal wave) and at KLVT (transverse wave) thermomagnetic waves
can grow (instability).
The growth rate of the thermomagnetic wave differed significantly at K || VT andatk LVT .

Materials and Methods

In the presence of a temperature gradient and an external magnetic field in an isotropic solid, the total
electric field [4] has the form:

E=g+c[jH ]+ (GA)A +A‘2_T+Af[vm]+m(@m)ﬁ.
X
In an anisotropic solid, all coefficients in equation (13) are tensors. Then for an anisotropic solid body

(13) will have the form:

oT

g,ka+[JH]kJ,k+§,k<JH)Hk+Akax .k[VTH]k+ (VTH)Hk (14)

Here jj is the tensor of the reciprocal value of the ohmic resistance g, L , Ay is the differential
Oik
thermopower, Aj, is the Nerist-Ettinizhausen coefficient [8-9]. We will consider an external magnetic field
H, =0 in an anisotropic solid. Then in equation (14) the terms containing ¢}, ¢k, A} equal to zero. Then for
our problem the system of equations has the form

= G Ji + Ay |_§TH Jk

rote’ = — 19 (15)
c ot

rotH’=4—ﬁf’ 1€
c c ot

Let us assume that all variables have the character of a monochromatic wave. Then from (15)
Ei =G Jk + Al [VTH ]k
(16)

j'= lll.jm) [E[kE ]]+4—E,’k
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was obtained.
From joint solution (16) for the electric field tensor we obtain the equation

. 2 (2 2,2
ic - ilw” -c“k
Ei =——q. \KE'K, + B+
' 47ra)g'k( ) k 4rw CikK a7
CASY .

+

CA!
VTE'K, ——K (VT !
e e - e e
was obtained.
The solution of equation (17) is generally impossible, and therefore we will consider excitations of
thermomagnetic waves in both the transverse and longitudinal directions. To determine the direction of the

wave vector K , you need to choose a coordinate system.

Results and Discussion

Transverse thermomagnetic waves kLVT

At K L VT coordinate system
k%0, ky=ky =0, k T = (kvT)=0, T 20, T _p . (18)
0%y 0%y X3

With this choice from (17)

El = (Agilklkk +Bgy + CAy i ﬂ]EL
w OX

k

e s E S Lati=Kk
'=6.E, S, = ) 19
PoTREe TR0 ati 2 k (19)
) S 2 21,2
PR ’B:I((o —Ck)
dro dro
was obtained.
Let's denote
CA; oT
ow = Agykik, +Bg;, + : Kk —- (20)
@  OX
From (19)
io . o . w* —c%k?
(23] :4—§111¢12 =1Q6, +—=,013=1Qg3,Q =
T 1) Ao
i . .
P = 4£§217€022 =106 +%,(ﬂ23 =1Q6,3 (21)
T w
iw . .
P31 :4—9'311(032 =1Q63 +&:¢33 =1Q¢3;
va W

was obtained.
Substituting (21) into (19), we got follow dispersion equation in tensor form

|(§0|k —5ik) =0 (22)
or
P ProPo3 T PP Prz +
+ ((Pn - 1)((022 - 1)((P3s - 1) -
~ P3Pz ((/’22 - 1) -
~ P32P2 ((011 - 1) ~ PnPr2 ((033 - 1) =0

(23)

was obtained.
Dispersion equation (23) taking into account (21) has the form
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5
> U@, +U, =0. (24)
i=1
The fifth degree relative to the purity of vibrations of equation (24) has a very complex form. Simplify-
ing equation (24) requires a lot of mathematical approximations. However, equation (24) is easily simplified

depending on the tensor g;, .
If
C12 =613 =62 =63 =63 T 6
S11 =621 = Gare

(25)

The dispersion equation has the form:

i[lgll +g22ja)2 "{Igll (‘013 + —0)22)—1}60+
27\ 2 A7 (26)
s 22

ick
t Wy + W33 — o7 G =0.

Substituting for frequency
o=0y+iy, y << @,.
We can get from (26) next two equation for definition @, and
1 1 S
zgaﬁ _EQWOV _E(a)lii + @y, _a’zz)y_
— Wy + @y, + 53 =0

(27)

1 1 S
— Gy + Sy + (a)ls T Wy — Wy )a)o -
A7 27 A7 (28)

From (28)

1 S c’k’c
V :ngg +E(a)13 + _a)zz)a)o - or
Substituting (29) into (27)
1 g
—ga)g —4—((013 + @y, _wzz)[
T
k

(29)

L+
2 47zg 0
S |_

c c2k?
+—— (a)13 t @, — Wy )a)o -
A 2r

(30)

— Wy + 0,y + Wy =0.
- T
From (30) is shown, at wy, =3+ @y, 6 = 77—
2(6022 + wss)
Thus, real part of frequency of thermomagnetic wave is
Wy = 2(a)zz + Wy ) (31)

Substituting (31) into (29)
2k2

1 1 c
== _= 32
4 2(@22*@33) 2 0y + 053 (32)

was obtained.
From (32) it is shown wave with frequency (31) will rise is

Wy, + @y >> CK.
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Longitudinal thermomagnetic wave k || VT

At condition IZ|| VT axis can be chosen like

oT
ki =k ky=ky =0, T g1 T Lo Lo < =0 (33)
OX,  OXg %4 ER 0X,

At this choose, tensors ¢, are

iw . w .
Oy =——6, ¢, =100, +—12,§013 =1Q6; +—
47 10
%) . w
Py = 4_g21' Py =126, +—2, Py = 1065 + Do (34)
T w ()]
iw . . .
Pz = —— Gy Pz = 1026, +£’¢33 =1Q6,; +—
A 0]

Substituting (34) into (23) we got follow dispersion equation

o 4 1 ,
_ 64,0 (§31§21§23 + $31613632 )0) + _—647r2 (gnggz + §11§33)a) +
—i i
’ [6472'3 (§31§21g23 + 265161362 )C2k2 + i (§11 tGpt g33)+

1
16 a2 (§11§33 + 2g31g13)}a) "{ 647[3 (gngzz +§11§33)C2k2 -1+ (35)

@ ic’k?( 1
+—2 (§11 _§21) - 2 §31§13§32C2k2 —Gp ~6G3 |~
T A7 \ 64rx

1
64 5 0C ’k (§11§33+§13§31) w,, =0.

Solving (24) in general is difficult and almost impossible, so we choose the following value. The ten-
sors have the same values in all directions ¢, , then from (35)
X* +167X® + (— 4877 +127i,,¢ ]X? +
36
+647% —1+1 225 |x - @,,c = 0 (30)
2r
@ = Ckgx
ckg <<1
was obtained.
Assuming x = X, +ix;, X, << 0 and separating real and imaginary parts in (36), we got
Xg —A487x2X, — A8 XE — 247,y cX X, +

3 WG (37)
+ 64r . —22 %, +647°X, —@,,6 =0

AXSX, +167X5 — 967X X, +127@,,6xG — 38)
—647°x, —327°w,,c%, =0
From (37-38) it is shown, at x, >>1 thermomagnetic wave doesn’t exist. Thermomagnetic waves exist
at X, <<1 (26-27)
— 2870,,cX X, + 321 0,,cXy + 647°X, — ¢ = 0. (39)
Then we got
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—967%X,X, —6471°%, —327°w,,cx, =0. (40)
Xo :_%Xp Xo <ia’22§
From (40) 27 37 was obtained.
Substituting into (39) values of imaginary and real part of the frequency are
o2
173
2r 1
=—— (41)

2r 3 3
From (41) it is shown, wave with frequency e, = —% IS growing.

&:%.ﬁz a)ZZg <<1
@, 3 2r 2rx (42)

0,6 << 21

Conclusion

Thus, thermomagnetic waves with different frequencies are excited in anisotropic conducting media.

These waves can be longitudinal IZ|| VT and transverse K L VT . Condition (31) is one of the practically

possible conditions for solving systems of equations (27-28) in anisotropic media. The conditions we chose
proved that the propagation of thermomagnetic waves significantly depends on the chosen directions. These
directions are different for transverse and longitudinal thermomagnetic waves. The characteristic dispersion

equations for transverse thermomagnetic waves kLVT (30) and for longitudinal thermomagnetic waves

k|| VT (35) under other selected conditions ¢ and k can change significantly. We studied transverse and
longitudinal thermomagnetic waves in specific values of the tensors ¢ and k . The work theoretically studies
the conditions for the excitation of thermomagnetic waves. The excited wave is increasing. The directions of
external fields play a significant role in creating growing waves. Thermomagnetic waves are excited in the
longitudinal and transverse directions depending on the value of the inverse conductivity tensor and the fre-
guencies of these thermomagnetic waves were calculated in both the longitudinal directions and the trans-

verse directions. The growth increments of these waves are determined. In both cases (longitudinal IZ|| VT

and transverse IZL%T) the thermomagnetic frequencies are low. With the small value of the electrical
conductivity tensor, the frequency of propagation of thermomagnetic waves is different. The theory is con-
structed at conditions Ho =0
Thus, the excitation of longitudinal k || VT and transverse k L VT thermomagnetic waves in aniso-

tropic conducting media occurs in selected directions in the media. To experimentally observe thermomag-
netic waves, it is sufficient to measure the conductivity of the medium in various directions.

, i.e. without an external magnetic field.
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3.P. I'acanos, lII.I". Xanunosa, P.K. Mycradaesa

ChIPpTKBI MATHHUT OPICi 2KOK TeMIepaTypa rpaJueHTi 00JIFaH Ke3/e
AHM30TPONTHI OTKI3TII OPTAA KOJAEeHEH KIHe OOMJIbIK TEePMOMATHUTTIK
TOJKBIHIAPABIH KO3YbI

AHM30TPOINTH! OTKI3TINI OpTajapJa MarHUT Opici MEH TeMIlepaTypa I'PaJueHTIHIH dpTYpli OarbITTapbIHIAFbI
KO3FaJIFaH TEPMOMArHMUTTIK TOJIKBIHIAP aHH30TPONTHI OPTaHBIH OarbIThIHA aWTapibIKTall Toyenai. Tepmo-
MarHUTTiK TOJKBIHHBIH JKUUTIriHE OalIaHBICTHI 3JIEKTP OTKI3TIIUTIK TEH30PBIHBIH TEOPHSIBIK ecenTeyiepi

FBUIBIMHU KbI3BIFYIIBLIBIK TYABIpaabl. Makanaaa TONKBIHHEIH sKUiMikTepi Tabbutran, 6oinbik (K || VT ) xone
xonaener (K L VT ) Garbitrapars! 6ys1 TONKBIHAAP/IBIH KUITIKTEPI MEH OCY JKBUIIAMIBIFBI CHIPTKBI Mar-
HUT epiciHe OPTYpJi Toyenai OONaTHIHBI ASJENICHII. ABTOpPIAp TEPMOMATHHUTTIK TOJIKBIHAAPABIH KO3Y

JKaFIailIapelH TEOPUSUIBIK TYPFBIIAH 3epTTedi. YJrige ecim Keie sKaTkaH TOJNKBIHIAPIbIH Maiaa 6omybiHaa
CBIPTKBI ©picTepIiH OAaFBITHl MaHbI3BI POJT ATKAPATHIHBI KOPCETITeH. DIEKTP OTKI3TIIITIK TeH30PBIHBIH MO-

HiHe GaiIaHBICTH TEPMOMArHUTTIK TonKsIHAap 6oitbik (sran K || VT ) sxone xennener (srmu K L VT )

TOJIKBIHABIK OaFBITTa KO3FAJaThIHBI aHBIKTaNFaH. OCBl TEPMOMArHUTTIK TOJKBIHAAPIBIH JKUUTIKTEpi OOMIIBIK
JKOHE KOIZICHeH OarbITTa Jla €CenTeN . ByJl TOMKeIHAapIBIH 6Cy KBUIIaAMIBIFEl KEPi NIEKTP OTKI3TIITIK TeH-

3OPBIHBIH Oy MoHZIepiMeH aHbIKTanapl. KOo3FaH TONKBIHHBIH TaOUFaThl OOMBIHINIA HETi3iHEH TePMOMAarHUT-
TiK eKeHi JonenneH . TeopusIblk TYpFbIIaH albIHFaH IUCTIEPCHs TEHJIEYi TepOertic KUTIriHe KaThICTHI all-
reOpalblK YIKeH KyaTTapra ue. JJucrnepcusuibiK TeHACYIIH €Ki KaraaibiHaa (OOMITBIK k [| VT sxome KeJe-
HEH KLVT 0arpITTap) TEPMOMATHUTTIK XKUUTIKTEP TOMEH XHLTIKTe O0NaThIH MyIenepai kKamtuasl. Erep

ANIEKTP OTKI3TIIITIK TEH30PBIHBIH MOHI Tik Oipzeii 6oica, TEPMOMArHHUTTIK TOJKBIHAAPBIH Tapaiy JKUiTIK-

Tepi opTyp:ti OonaTeIHbl qonenaenai. H 0= O TeopwusCHI CBIPTKBI MarHuT epiciHci3 Kypactoipsutrad. Chip-

TKBI MarHuT epici OoiFaH Xarjaiila TEPMOMArHNTTIK TOJNKBIHAAPABIH KO3y IIapTTapbl XKOHE ONApABIH ecy
JKarJaiyiapsl alTapibIKTal e3reperi.

Kinm ce3dep: Xuilik, 6Cy, TEePMOMArHUTTIK TOJKBIHIAP, KOJACHEH TOJKBIHAAP, OOWMIBIK TOJNKBIHIAP, 6CY,
INEKTP OTKI3TILITIK TEH30PbI, KEPi TEH30D.

3.P. T'acanos, III.I". Xanunosa, P.K. Mycragaesa

Bosﬁymenne MONMEPECYHBbIX U MPOAOJBHBIX TCPMOMAIHUTHBIX BOJIH
B AaHU30TPOIMHBIX MPOBOAAIIIUX Cpeaax NpPpUu HAJTHYHUHU TEMIIEPATYPHOIo rpaaiueHTa
0e3 BHEIIHEr0 MArHUTHOI'O MOJIs

B AHU3O0TPOINHBIX MPOBOAALIUX CpE€aax 3036y>|<11aeMbIe TEPMOMArHUTHBIC BOJIHBI NIPU PA3JIMYHBIX OPUCHTA-
OUAX MAarHuTHOI'O IIOJISI U I'paJUEHTa TEMIEPATYpPhl CYHIECTBEHHO 3aBUCAT OT HAIIPAaBJICHUS aHH3OTpOHHOﬁ
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E.R. Hasanov, Sh.G. Khalilova, R.K. Mustafayeva

Cp€AEblL. HaquBIfI HUHTEPEC NPEACTABIIAIOT TEOPETUICCKUEC PACUEThI TEH30Pa 3JICKTPOIIPOBOAHOCTH O'Ik B 3a-

BUCHMOCTH OT YacCTOThl TEPMOMAarHUTHOW BOJIHBL B HacTosimiei craThe ObLIM HalJEeHBI YaCTOTHI TepMOMar-
HUTHOH BOJHEI U JI0KA3aHO, uTO npu mpogonsHoM ( K || VT ) u nonepeunom (K L VT ) manpasnenusx ua-

CTOTBI U CKOPOCTb POCTA 3TUX BOJH I0-Pa3HOMY 3aBUCAT OT BHEIIHEr0 MarHUTHOIO MOJs. ABTOpaMu Teope-
THUYECKHU UCCIICZIOBAHBI YCIOBHUS BO30YKICHHS TEPMOMAarHUTHBIX BOJIH. YKa3aHO, YTO HAIlpaBJICHUE BHEITHUX
TMoNei UrpaeT CyIECTBEHHYIO POJIb B BOSHHKHOBEHHMH PacTyIIUX BOIH B oOpasie. Iloka3aHo, 4To B 3aBUCH-
MOCTHU OT 3HAYEHHs TEH30pa 3JIEKTPONPOBOJHOCTH TEPMOMArHUTHBIE BOIHBI BO30Y)KHAIOTCS B MPOJOTBHOM

(1o ects K || VT ) u nonepeunom (1o ects K L VT ) nanpapnenusx BojHbl. PaccumTaHbl 4acTOTHI 3THX
TEPMOMATHUTHBIX BOJH KaK B IIPOJIOJIbHOM, TaK M B IONEPEYHOM HarpasiieHud. CKOPOCTb pocTa 3TUX BOJIH

olpenensieTcs 3HAYCHUSIMH 0OpPAaTHOTO TEH30pa JIEKTPONPOBOAHOCTH Tik - JlokazaHo, 4TO BO30yXIaeMast

BOJIHA MMEET IMPEUMYIIECCTBEHHO TEPMOMArHUTHYIO IpUpoay. TeopeTudecku MOIyd4eHHOE OUCIEPCHOHHOE
ypaBHEHHE HMeEeT anreOpandecku OOJbIINE CTENEeHH OTHOCHUTENBHO YacTOThI KoyiebaHus. JlucrepcuoHHOe
ypaBHenne B oboux ciydasx (mpogoisHoMm K || VT u nomepeunomk | VT mampapnenusx) comaepxur
4WIeHbl, B KOTOPBIX IPUCYTCTBYIOT TEPMOMArHUTHBIC YACTOTHl B HU3KOH cTeneHu 4acToTsl. Jloka3aHo, 4TO

€CJIM 3HAYCHUE TEH30pa IJICKTPOIIPOBOTHOCTHU O'Ik OJMHAKOBOEC, TO YaCTOTHI PAaCIIPOCTPAaHECHUA TE€pMOMar-

HHUTHBIX BOJIH Pa3IW4HBI. Teopust mocTpoeHa 0e3 BHENIHEro MarHUTHOTO mons H 0= 0. Tpu Hanuuun

BHCIIHETO MAarHuTHOTO IIOJIAA YCJIOBUSL BO36y)KZ[eHI/I$I TEPMOMArdMTHBIX BOJIH U, KOHEYHO, YCJIOBHA UX POCTa
CYHIECTBEHHO MCHAIOTCA.

Kniouegvie croga: 4acToTa, IpUPAICHHE, TEPMOMATHUTHBIE BOJIHEI, IIONEPEYHbIE BOJHBI, IPOIOJILHBIC BOJI-
HBI, POCT, TEH30P JIEKTPOIPOBOIHOCTH, OOpPATHBIIT TEH30P.
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Optimal choice of the geometric shape rotor blade wind turbine using the numerical
method

To increase the energy efficiency of wind turbines, it is necessary to optimize and improve the shape and size
of power elements. In this work, in order to improve the output energy indicators, as well as increase the lift-
ing force, a combined blade in the form of a rotating cylinder and a fixed blade was created and numerically
studied. The novelty of the work lies in obtaining the results of the influence of a fixed angle of inclination of
the blade on the overall aerodynamic characteristics of the entire combined blade at wind speeds from 3 to 12
m/s. Based on three-dimensional modeling, 4 variants of the combined blade with different angles of location
are designed. Three-dimensional patterns of the distribution of velocity vectors and pressure fields are ob-
tained. Linear graphs of the dependence of aerodynamic coefficients on the Reynolds number are shown. It
was found that at an angle of 0 degrees, the combined blade has a maximum lift coefficient of 10 and a mini-
mum drag coefficient of 4.5 at Reynolds 1-10* The numerical results obtained will be useful in the develop-
ment of wind power plants with combined blades operating on the basis of Magnus.

Keywords: wind turbine, combined blade, cylinder, Magnus effect, geometric shape, aerodynamic force,
three-dimensional modeling, Reynolds number.

Introduction

When designing and creating a wind turbine, the main goal is to achieve maximum output power under
specified atmospheric weather conditions. From a physical point of view, this is achieved by creating blades
with optimal parameters and shapes. Changing the shape and linear dimensions of the blades affects the aer-
odynamic coefficients of a blade wind turbine. In the making of the blade, about 15-20% of the total cost of
production of a wind turbine is spent. Nevertheless, the profit received from improving the structural model
of the blade is tangible [1-2].

The selection and finding of a suitable blade shape and its material is a difficult task because the math-
ematical description of aerodynamic behavior is a complex process and requires several actions.

Currently, there are 3 types of wind turbine design (Fig. 1).

Design methods of wind turbine

* \
Engineering method Analytical method Numerical method using a
computer

Figure 1. Design methods of wind turbine

Figure 1 shows that the first and third methods are often used in engineering practice when creating el-
ements and wind turbines themselves. The analytical method can determine the characteristics of wind tur-
bines, such as torque, shaft power, etc. The engineering method allows you to create a wind turbine with the
best electrical characteristics. A numerical method can be used to obtain a picture of the airflow around
wind turbines.

One of the most popular wind turbines in the world is the blade wind turbine. Nevertheless, in addition
to the undeniable benefits, the wind generator has a major disadvantage in the form of a direction to the
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wind. Designers and producers purposely hide this fact from consumers and only inform them about the ben-
efits of the setup. But in practice, it turns out this way: the power of the wind turbine is defined on the basis
that the wind direction always corresponds to the axis of rotation of the wind turbine, that is, the wind blows
directly on the calculated surface of the blade. As a result, the calculated power of the wind turbine is re-
ceived but in real life, the wind direction is not known to be constant [3].

Another type of wind turbine is installed with cylindrical blades, working based on the Magnus effect.
Compared with vane wind turbines, these installations have the advantage of generating energy at low wind
speeds ranging from 2-3 m/s, and there is no need for wind orientation. Thanks to the cylindrical blades, the
wind potential of the air is captured, both from the windward side and the windward side, so there is no need
for orientation in the wind direction [4].

The work’s authors [5] modified the blade, which is a combination of blades in which an ordinary mod-
el in the shape of a circle is combined with a concave elliptical model. It was found that thanks to the com-
bined blade, the power factor of the wind turbine (C max) increases to 11%, thereby improving the character-
istics of the wind turbine.

It was determined in the work that after a certain length of the separation plate, a secondary vortex ap-
pears on the tail edge. It is determined that the rotation of the vortex is opposite to the main vortex and af-
fects the formation of the primary vortex, as well as the formation of the shear layer [6]. However, these
studies were conducted at low Reynolds numbers equal to 485.

The authors also found [7] that the longer the plate, a large value of the initial jump velocity is ob-
served, the reason for this is a jump in the amplitude of vibration and fluctuations in lift. With the introduc-
tion of an upstream plate, boundary layers are formed along the plate before attaching to the surface of the
cylinder.

In the work, the authors [8] investigated a cylinder equipped with three different separation plates and
capable of oscillating across the incoming flow, with a range of Reynolds numbers from 1,500 to 16,000.
The conducted studies confirm that the transverse jump mechanism is responsible for bringing cylinders with
separation plates into high-amplitude vibrations.

The work [9] is devoted to the experimental study of the aerodynamic characteristics of round cylinders
with small end plates and elongation in the critical range of Reynolds numbers. However, it is necessary to
perform numerical control of the two-dimensional flow in the subcritical range.

Also, many works are devoted to the numerical study of cylinders of various shapes, such as square,
rectangular and triangular [10-12]. In [13], the proposed approach allows us to quantitatively study the
unsteady behavior of lifting force on vertical bodies with a complex shape.

Nevertheless, many works are devoted to the study of the flow around a cylinder with a plate, with the
influence of the length and width of the plate [14-16]. But the works devoted to the study of the angle of the
plate relative to the circular rotating cylinder at high Reynolds numbers are not enough.

Based on this, using design methods, the creation of a combined blade containing a cylinder and a tradi-
tional fixed blade, thereby combining two lifting forces, a fixed and cylindrical blade, and reducing the de-
pendence of the cylinder rotation speed on wind speed, with subsequent investigation of the influence of the
plate angular arrangement is an urgent issue [17-20].

There are known data on the effect of the relative length of the cylinder on the values of lift and drag. It
is established that with the transverse flow of the cylinders, the influence of cylinder elongation on the coef-
ficient of drag and lift is sufficiently exerted [17]. In this paper by the authors [18-19], if L/D=40, the value
of the aerodynamic coefficient differs by 18% from the date of the infinite cylinder. Based on this, it can be
concluded that to design optimal blade sizes, it is necessary to select optimal values of the length and diame-
ter of the cylinder, and the angle of the fixed blade, based on previous work.

This article presents the results of a numerical study, focusing on the representation of aerodynamic co-
efficients depending on the Reynolds number and wind speed for 4 variants of the fixed blade relative to the
cylinder.

The aim of the work is to conduct a numerical study of a combined blade containing a rotating cylinder
and a fixed blade.

In accordance with the purpose of the study, the following tasks are formulated:

— development and creation of 4 versions of blades with tilt angles of 0, 30, 45 and 60 degrees;

— creation of computational domains with the setting of boundary conditions;

— obtaining the results of the pressure distribution fields and velocity vectors around the studied layout;

— obtaining dependencies of aerodynamic coefficients on the Reynolds humber.
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Geometry features

Based on the existing works of well-known authors and engineers, 4 numerical models of blades with
different angles of fixed blade arrangements were created using numerical modeling (Fig. 2). Focusing on
the highly effective results of the well-known works of such several authors as N.K.Tanasheva and
Dyusembaeva [19, 21-22], an optimal cylindrical blade with a diameter of 50 mm and a length of 300 mm
was created. The width of the fixed blade was 33 mm, and the length was 300 mm.

A numerical simulation was carried out to find the optimal angle of the fixed blade relative to the
cylinder in the ANSYS WORKBENCH software. Using the three-dimensional modeling system, 4 variants
of blades with angles of 0, 30, 45, and 60 degrees were designed. The airflow velocity varied from 3 to
12 m/s [19].

a) 0 degree

b) 30 degree

C) 45 degree
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d) 60 degree

Figure 2. Options for the location of the fixed blade relative to the cylinder

Numerical study

Computing area

The authors used a method for modeling turbulent flows based on solving averaged Navier Stokes equa-
tions (RANS).

With the help of the Enclosure program, a cylindrical computational subdomain was created around the
combined blade, with a radius of 0.05 m to set the rotation conditions around the y-axis. To set the boundary
conditions around the swept space, a subdomain was created that simulates a wind tunnel in the form of a
parallelepiped with dimensions of 1m; 1m; 1.5 m; 1;1;2 m minus the cylindrical subdomain [19] (Fig. 3).

. Wall d

Mm_ Mm—_»_‘ o

Figure 3. Calculation area

Boundary conditions

The following boundary conditions were used in the model [19]:

Wall (no-slip). The boundary conditions of the wall (BC) are used to bind the liquid and the solid area.
In our case, it will be the surface of the blade and atmospheric air.

The speed at the entrance. It is used to determine the set airflow velocity, and it will (3, 5, 7, 10,
12 m/s) together with all the corresponding scalar properties of the flow, as a turbulent model at the entrance
to the flow. The total pressure is not fixed but will rise to any value necessary to ensure the necessary veloci-
ty distribution.

Rotation of the blade. Is a periodic boundary condition, and is equal to 300, 500, and 700 rpm.

Turbulence model

The problem was solved in a stationary setting. To solve the problem of computer modeling, three-
dimensional Reynolds-averaged Navier-Stokes equations were numerically integrated. To close the
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equations of motion, the Realizable k-¢ turbulence model, which proved itself well on a wide class of
problems, was taken, and a viscous incompressible gas (air) was used as a working medium.

Aerodynamic coefficients

An indicator of the efficiency of an aerodynamic element is the aerodynamic coefficients. Using formu-
las (1) and (2), the aerodynamic coefficients are calculated by numerical method [4].

The drag coefficient is calculated by the formula (1):

c, - pzquxs .
D
The lift coefficient is calculated by the formula (2):
2F
C,=—
y mZS !
)

where, F_ isthe drag force, H; F, — lifting force, H; p — air density, kg/m®; u — flow rate, m/s; S
— the area of the midsection, m?.
Results and Discussion

As a result of numerical simulation, the results of the distribution pattern of velocity vectors around the
combined blade at u=7 m/s, n=500 rpm are obtained (Fig. 4).

In the upper left corner, there is a color gradation from blue (minimum) to red (maximum), which is a
panel of symbols.

From Figure 4 defined, the angle of inclination of the fixed blade has a great influence on the overall
picture of the time-averaged velocity vectors. As the angle of inclination of the blade increases, the
turbulence between the cylinder and the blade increases. The so-called closed space is created, which, with
increasing angle, becomes more closed and gives more resistance when flowing around the airflow. It is
determined that when the fixed blade is positioned at an angle of O degrees to the cylinder, a maximum flow
velocity of about 11.71 m/ s is observed, which is an assumption about the most effective location of the
fixed blade.

Figure 5 shows the results of the static pressure distribution field (pst = p — pam) around the combined
blade at u=7 m/s, n=500 rpm.

From the Figure 5 defined, when the angle of the fixed blade is O degrees, the so-called additional re-
pulsion of the entire combined blade occurs, due to the formation of high pressure behind the fixed blade.
Thus, an additional lifting force of the most stationary blade is formed.

a) 0 degrees
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_ d) 60 degrees

Figure 4. Time-averaged velocity vectors around the combined blade at U =7 m/s, n=500 rpm
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: g LA

60 degrees

Figure 5. Pressure fields around the combined blade at U =7 m/s, n=500 rpm

Figures 6 and 7 present the results of the numerical calculation of the lift coefficient and drag force
from the Reynolds number for various variants of the fixed blade relative to the cylinder.
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Figure 6. Line graph showing the change in drag coefficient from Reynolds
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Figure 7. Line graph showing the change in lift coefficient from Reynolds
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From the Figures 6 and 7 it is set, when the fixed blade is positioned relative to the cylinder at 0
degrees, the optimal values of the lift and drag coefficients are obtained: 10 and 4.5 with a Reynolds number
of 1 - 10% Compared with the other three samples at 30°, 45° and 60°, at 0°, the combined blade produces
maximum lift and minimum drag force. Compared with the experimental results of cylinders of different
shapes (with a porous surface, with a deflector) [21-22] the obtained numerical data of the lift coefficient is
almost 2 times higher, which makes it possible to assert that a combined blade is much more efficient than a
single cylindrical blade and a blade from a cylinder with a deflector. Below is the dependence of the number
of revolutions of the blade on the wind speed at different angles of attack (Fig. 8).

2000
N,rpm 1900 / —8—0 degree
1800 = == — 30 d;gree
1700 45 degree
1600 60 degree
1500
1400
1300
1200
1100
1000
3 5 7 9 11 13
v, m/s

Figure 8. Dependence of rotation speed on wind speed

As can be seen from Figure 8, the number of revolutions of the combined blade is much higher than the
number of revolutions of a single cylinder, this is because, during its rotation, the blade carries away adjacent
layers of air as a result, the surrounding air receives, in addition to translational motion, rotation around the
cylinder, thereby increasing the number of revolutions of rotation.

Conclusion

The authors of the article conducted numerical studies using the ANSYS program to determine the op-
timal location of the fixed blade to the cylinder.

Based on the conducted numerical research:

- the geometry of the combined blade with different angles of the fixed blade: 0° 30° 45° and 60° have
been created. The Realizable k- model was used as a turbulence model. The flow rate varied from 3—-12 m/s;

- three-dimensional pictures of the velocity distribution and the static pressure field around the blade are
obtained. It is established that with an increase in the angle of the fixed blade, the turbulence between the
cylinder and the blade increases. It is determined that as the angle increases, the pressure in the space be-
tween the cylinder and the blade disappears, which is also an additional lifting force;

- from the dependence of the coefficient of lift and drag force on the Reynolds number, it was found
that at an angle of 0 ° degrees, there is a maximum lifting force of 10 and a minimum drag force of 4.5 at Re
=1-10%

- It is established that at a wind speed of 12 m/s and an angle of attack of 0 degrees, the number of revo-
lutions of the blade is 1932 rpm.

- It was found that with the angle of the fixed blade 0 ° degrees, the indicators of the entire combined
blade are the most effective.
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CanabIK 9icTi KOJ1IaHA OTBIPBII JKeJl FHEPTreTHKAJIBIK KOHIABIPFbICHIHBIH
POTOP KAJAKIIACBIHBIH F€OMETPHUSIJIBIK MiliHIH OHTAIJIbI TAHAAY

Ken TypOuHaNapbIHBIH HEPTUs] THIMIUIITIH apTTHIPY YIIiH KalakTap TYpiHAETi KYLITIK 3JIeMEHTTEepiHiH mi-
IIiHI MEH eJIIeMIepiH OHTANIAHIBIPY JKOHE JKaKcapTy KakeT. JKyMmbIcTa alblHFAaH HEPreTHKANBIK KOHE
IIBIFY KOPCETKILITEPiH XKAKCAPTY HKIHE YIKSHTY, COHIali-aK KoTepy KYIIiH apTThIpy MaKcaThIH/a aiiHaIMalIbl
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LMIMHAD JKOHE KO3FAIMAMTBIH Kalakila TYPiHIeri Kypamalbl KaJakKia j)Kacajl/ibl XKoHe CaHABIK TYPIE 3epT-
Tenai. JKyMBICTBIH jkaHaNbIFbl 3-TeH 12 M/c-Ka JeiiHri aya aFbIHBIHBIH JKbUIIAMABIFBI Ke3iHae 0apbiK Oipik-
TIpIATeH KanaKThIH (LIIHHADP *KOHE KO3FaIMalTBIH KalaKIla) >Kallbl a3pOANHAMUKANBIK CHIIaTTaMallapbiHa
KeJ0ey OeKITIIreH Kajdak OYphINIBIHBIH oCepiHiH CaHIBIK HOTIKETIEePiHiH aIBIHYBIHAA. YII OJIIeMAl CaHIbIK
MOJeINb/Iey HeTi3iHe KO3FaIMalThIH KaJlaKIIaHBIH dPTYpJIi OpHasacy OypeImTapsl 6ap Kypamaibl Kaslakiia-
HBIH 4 HYCKachl xobananrad. TypOymentTinik Momerni peringe Realizible k-¢ Mmomeni KommaubULsl, 01 ecer-
TepAiH KeH KJIachlH/Aa ©3iH JoNeNeni, all )XYMbIC OpTachl PeTiHAe TYTKHIP CHIFBIMANTHIH ra3 (aya) Koima-
HBUIABL. JKBUIIaMIBIK BEKTOPJIapbl MEH KBICBIM ©PICTEpiHiH TapalybIHBIH YII JIIEMAl CypeTTepi albIHABL.
Hotmwxenepaen xo3ranmaiTeiH Kanakma 0° OypbllTa OpHaJackaH Kes[e KYWBIHABUIAPABIH €H a3 Ty3ilyl
GaiiKanaThlHbl aWKBIHAAIABL AJPOAMHAMHKANIBIK KO3()GHUUEHTTepAiH PeiHOoNbAC caHblHA TOYEeNALTITiHIH
CBI3BIKTHIK Tpadukrepi kepcerinreH. 0 rpagyc Oyphlln Ke3iHae Kypamalbl KaJIaKIIaHBIH €H KOFaphl KeTepy
KymiHiH ko3ddurmenti 10 xone PeitHOMbIC 1-10% ke3iHme eH TOMEH MaHIAIBIK kenepri kodddurpenti 4,5
0O0JIaTBIHBI AaHBIKTAIBL. AJIBIHFAH CaHABIK HOTIDKenep MarHyc addekTici HerisiHae >KyMBIC iCTeHTiH Kypa-
MaJIbl KaJIaKIagapsl 6ap el 3HepTreTHKaIBIK KOHIBIPFBIIAPEIH a3ipiiey e maiaansl 6oa bl

Kinm ce3dep: xen sHepreTHKAIBIK KOHABIPFBI, KypaMaisl Kajlakia, TimHap, Marayc addexrici, reomet-
PHSUIBIK MIITiH, a9pOANHAMHKAIBIK KYII, YII €JIIEMIl MOAeINbeY, PeHHOIbIC CaHbL.

A.H. [TrocembaeBa, H.K. Tanamesa, A.JK. Tney6eprenona, A.P. baxteioekoBa,
XK.B. Kyrymona, A.P. Tycynxanosa, H.T. A6nupoBa

OnrumManbHbIA BHIOOP reoMeTpu4YecKoil popMbl JIONACTH POTOPa
BETPOIHEPreTHYeCKOH YCTAHOBKH € HCIO0Jb30BAaHUEM YHCJIEHHOT0 METOAa

Jl1s moBbILIEHHST SHEProd(peKTHBHOCTH BETPSHBIX TYPOMH HEOOXOAMMO ONTHMH3MPOBATh M YIIy4LIUTh
(hopMy U pa3Mepbl CUIIOBBIX JICMEHTOB B BHJE JionacTell. B naHHON paboTe ¢ LeNblo yay4lleHHs 1 yBeIude-
HHMS TIOJy4aeMBIX SHEPreTHYECKHUX U BBIXOJIHBIX MOKa3aTeNeH, a TakkKe POCTa IMOJEMHON CUIIbI OblIa cO371a-
Ha ¥ YHCIICHHO HCCIeIoBaHa KOMOMHUPOBAHHAS JIONACTh B BUJIC BPAIAIONIETOCs LIWIMHIPA U HETIOIBU)KHON
nonactu. HoBu3HA paboTHI 3aK/II0YaETCs B ITOJYYCHHH YHCICHHBIX PE3YJBTATOB BIHMSHHUS (UKCHPOBAHHOTO
yIila HaKJIOHa JIONACTH Ha OOLIME a’dpOAMHAMHYECKHE XapaKTEePUCTUKM BCel KOMOMHHPOBAHHOH JOMacTu
(UITMHIpa 1 HENOABYIKHOM JIOIACTH) IIPU CKOPOCTAX BO3AYIIHOrO Haberaromiero nmoroka ot 3 mo 12 m/c. Ha
OCHOBE TPEXMEPHOI'0 YHCIEHHOT'O MOJEIHPOBAHUS CHPOSKTHPOBaHBI 4 BapHaHTa KOMOMHHPOBAHHOM Jioma-
CTH C Pa3HbIMH yIJIAMH PACIIOJNIOKEHHUS HEMOJBIKHON JonacTH. B kayecTBe Mozenu TypOyJISHTHOCTH HC-
nonb3oBanack Realizible k- Mozenb, KoTopas XopoIo 3apekoMeHI0Baa ce0sl B IMUPOKOM Kilacce 3a1ad, 1 B
KadecTBe paboueil cpebl HCIONb30BANICS BA3KHI HEC)KUMAEMbIi Ta3 (Bo3ayx). [lomydeHsl TpexMepHbIe Kap-
THHBI pacripe/ieNieHHs] BEKTOPOB CKOPOCTH U MoJIeH naBieHus. M3 pe3ynbTaToB YCTaHOBJICHO, YTO MPH PacIo-
JIOKEHUH HEMOABIKHOM JlonacTu nox yriiom 0° HaOmoqaeTcsi HauMeHblee oopa3oBaHue Buxpeid. [lokazaHbl
JMHeWHbIe TPadUKH 3aBUCHMOCTH a3pOJMHAMUYECKHX Kod(duimeHToB ot yucna PeitHonbaca. beiio oOHa-
pyxeHo, uto npu yrie 0 rpagxycoB KOMOMHUPOBAHHAS JIONACTh NMEET MaKCUMAJIbHBIH KOA(Q(HUIMEHT Moab-
eMHOM cuiibl 10 1 MUHHMABHBIA K03 uiMenT 106080r0 conporusienus 4,5 npu Peiinonsace 1-104, Tlo-
JIy4eHHBIE YHCIICHHBIE PEe3yJIbTaThl OYAyT MOJIE3HBI PU pa3paboTKe U CO3/IaHUH BETPOIHEPTEeTUUECKUX yCTa-
HOBOK ¢ KOMOHMHHPOBAaHHBIMH JIONIACTAMHM, PaOOTAIOIIMX Ha OCHOBE Marnyc.

Kniouesvie crosa: BeTposHepreTHdeckasl yCTaHOBKA, KOMOMHHPOBAaHHAS JIOMACTh, IMIHHIP, d(dexT Marmy-
ca, reomMeTprdeckas (hopma, a3poJrHaAMIYECKas CHIIa, TPEXMEpHOe MOAEIUpOBaHue, unucio PeitHonbca.
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An overview of light ray deflection calculation by magnetars
in nonlinear electrodynamics

Due to the lack of experimental confirmation of the effects of nonlinear electrodynamics (NED) of vacuum
on the electromagnetic wave, it remains the most pressing issue. One of the most optimal media for studying
these effects, occurring in astrophysics, are magnetars. Various methods of studying the bending of a wave
passing through the magnetospheres of magnetars play a key role in a deeper understanding of vacuum NED.
This article reviews modern methods for determining the angle of bending of the electromagnetic wave under
the effect of NED of vacuum and gravity, with special attention paid to NED of vacuum in intense electro-
magnetic fields, which is a characteristic feature of magnetars. The article discusses various methods and
techniques used to measure these angles, as well as their potential astrophysical applications.

Keywords: nonlinear electrodynamics of vacuum, magnetic dipole field, magnetars, gravitational and magnet-
ic lensing.

Introduction

NLED are divided into two different fields: nonlinear optics, which deals with nonlinear electrodynam-
ic phenomena on the surface of materials, and vacuum nonlinear electrodynamics, which examines similar
phenomena in vacuums influenced by strong electromagnetic fields. Presently, nonlinear optics and its re-
sultant effects are extensively employed in a multitude of theoretical and empirical investigations across di-
verse branches of physics. Instruments that leverage these effects have been integrated into practical applica-
tions. On the contrary, the nonlinear electrodynamics of the vacuum have been comparatively less explored
and understood. Maxwell’s electrodynamics within a vacuum, as is widely acknowledged, functions as a lin-
ear theory. The predictions of this theory, which span a wide array of topics, are continually validated with
increasing precision. Indeed, the exploration of Maxwellian electrodynamics laid the groundwork for the
formulation of the special theory of relativity, which revolutionized existing notions of space and time that
prevailed in Newtonian mechanics. Yet, a series of foundational physical considerations indicate that Max-
well’s electrodynamics merely constitutes an initial approximation of a more expansive, nonlinear electrody-
namics of the vacuum. This approximation is true in scenarios of weak electromagnetic fields, specifically
when the intensities of electromagnetic fields B and E are considerably lower than the characteristic quan-
tum electrodynamical threshold B, = m§c3/eh = 4.41 - 10'3G. Here, my denotes the mass of the electron, e
its charge magnitude, and # represents Planck’s constant. Werner Heisenberg and Hans Heinrich Euler pio-
neered the concept of NLED in a vacuum, an advance based on the fundamental electromagnetic principles
originally established by Gustav Mie. As high-power laser technology has advanced, numerous experiments
have been designed to investigate these effects and have shown that the electrodynamics of the vacuum is
definitely a nonlinear theory [1]. Despite such numerous ground laboratory experiments aimed at observing
non-linearity in the presence of a strong magnetic field, conclusive evidence remains elusive.

An alternative method to explore is to study the effects on a cosmic scale, where celestial occurrences
could shed more light on this phenomenon. Consequently, it is not surprising that the past decade has seen a
wealth of proposals for NLED. Models such as rational, arcsin, arctangent, Mod-Max, and others [2], have
unique features and implications that are worth further investigation. The main properties of non-linear vac-
uum electrodynamics and its recently proposed theories, as well as studies of light coupling, which is one of
its phenomena, are reviewed [3]. Observationally, currently identified galactic pulsars and the characteristics
of their magnetic fields are also obtained [4]. Identification of magnetars, possessing magnetic fields be-
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tween 10'° and 10! Tesla, was a result of the 1979 discovery of a massive flare from SGR 0526-66. This
finding was instrumental in introducing the term “magnetar”, credited to Duncan and Thompson, and is fur-
ther elaborated in various studies [5]. There are also studies of the formation of virtual particles in the mag-
netosphere of growth symmetric pulsars using the global kinetic model [6]. The study of nonlinear electro-
dynamics in vacuum, particularly within the strong magnetic fields of magnetars, is often conducted in con-
junction with an examination of gravitational effects due to their similar scales [7]. In compact astronomical
bodies such as magnetars and black holes, non-linear electrodynamics provides fresh perspectives on astro-
physical events. These studies delve into the interplay between electromagnetic and gravitational forces, con-
tributing to black hole theories similar to the Reissner-Nordstrom model and addressing singularities in elec-
tric fields at their cores [1].

Research in the field of nonlinear electrodynamics of vacuum encompasses various aspects, including
photon self-interaction and quantum electrodynamics considering loop corrections, leading to nonlinear elec-
trodynamics. Special attention is paid to the phenomenon of vacuum birefringence in an external magnetic
field, which finds experimental confirmation in various models of NLED. Research on vacuum birefringence
sheds light on the relationship between the refractive indices and the phase velocity of electromagnetic
waves, which influences our interpretation of black hole imagery, shadows, and rotational dynamics [8], thus
enhancing our comprehension of these extreme cosmic conditions. An important aspect is also the study of
pair-creation effects and polarization of the vacuum of particles of arbitrary spin with electric dipole and
magnetic moments in a constant electromagnetic field, leading to nonlinear corrections in the Maxwell La-
grangian [9]. The work dedicated to Born-Infeld-type electrodynamics presents a new NLED model, which
also considers the phenomenon of vacuum birefringence in an external magnetic field. Another study dis-
cusses various aspects of nonlinear electrodynamics, including its influence on phenomena in vacuum, un-
derscoring the importance and diversity of emerging effects [2]. The spectral and polarization properties of
magnetar radiation are also examined, considering models of condensed surface and magnetized atmosphere.
The primary focus is on the influence of vacuum birefringence on polarization characteristics observable at
infinity. There is considerable interest in exploring how nonlinear electrodynamics in vacuum behaves
around strong-field astrophysical objects like pulsars and magnetars [10]. One of the significant discoveries
in the study of nonlinear electrodynamics of the vacuum, particularly in the context of strong magnetic fields
characteristic of neutron stars and magnetic white dwarfs, is the confirmation of vacuum birefringence. In-
vestigation of the neutron star RX J1856.5-3754 using the Very Large Telescope (VLT) provided convincing
evidence of this phenomenon, which is an important testament to quantum electrodynamics (QED) in strong
fields and improves our understanding of the processes that occur under extreme astrophysical conditions. In
addition to birefringence, considerable attention is paid to the effects of vacuum polarization. In strong mag-
netic fields, the vacuum behaves like an anisotropic medium, influencing the propagation of electromagnetic
radiation and altering its spectrum. Particularly interesting is the change in the shape of cyclotron lines and
the emergence of “vacuum lines” in X-ray spectra [10]. These studies broaden our understanding of physical
processes in strong magnetic fields and provide important experimental data for the development of theoreti-
cal models in the field of QED.

Moving on to another significant aspect of nonlinear electrodynamics in vacuum, it is important to con-
sider the phenomenon of electromagnetic beam deflection in the magnetosphere of magnetars. This effect,
associated with the influence of the strong magnetic fields of magnetars on the propagation of electromagnet-
ic waves, represents a crucial manifestation of the non-linear electrodynamical properties of the vacuum and
is key to understanding electromagnetic phenomena under extreme astrophysical conditions. In-depth studies
and observations on the birefringence and polarization of light in compact celestial bodies [10] focus on ex-
amining the deflection angles and the time delays of polarized light during gravitational lensing [10]. This
research includes both detailed analytical and comprehensive numerical calculations of the deflection angles
in the weak electric and magnetic field regimes, mainly focusing on the equatorial plane of the magneto-
sphere by using both the geometrical optics and one-loop effective action methods. Utilizing the principles of
geometrical optics, the research has determined the deflection angles of rays passing through magnetic and
electric fields and compared these findings with similar measurements in gravitational fields [11]. Further-
more, by applying the effective geodesic equation for individual photons, the study has analytically deter-
mined the impact parameter values for different ratios of this parameter to the radius of a magnetar, compar-
ing them in the context of both gravitational and magnetic fields [12]. Also, there is the work [13-14] of
studying the effective potential and deflection angles on the equatorial plane by using the polynomial Max-
well Lagrangian of some models. Additionally, analytical calculations of deflection angles of light have been
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carried out using the optical medium methods used in the Gauss-Bonnet theorem [10]. In these studies, the
deflection of a beam passing through the strong magnetic fields of compact objects is calculated within the
framework of the generalized Born-Infeld theory in the equatorial plane. Nevertheless, there are works where
the deflection angles of the electromagnetic wave fronts coming to the magnetar are numerically calculated
for different impact parameter values using the Newman-Penrose (NP) formalism [15] for the Euler-
Heisenberg theory, without birefringence. These studies have defined the spatial distribution of the deflection
of deflection angles for various values of the dipole magnetic field of magnetars.

However, analytical and numerical calculations of the angle of light deflection in cases where regions
outside the equatorial plane of compact objects in a vacuum under the influence of strong electromagnetic
and gravitational fields and light birefringence are considered remain a difficult task. However, the study of
these problems plays a significant role in predicting and understanding the effects NLEDof vacuum. Thus, in
this article we are going to review the latest methods for obtaining the deflection angles of an electromagnet-
ic beam passing through compact objects, taking into account the NLED of vacuum and gravity.

Methods

Numerous techniques are available to determine both the approximate and precise angles of light de-
flection. These include methods like the null geodesics approach, which employs either perturbation tech-
niques or directly integrates the null geodesic equations. In a study by Jusufi et al. [16], a different computa-
tional approach was presented.

This method incorporates the notion of refractive index in optical materials alongside the Gauss-Bonnet
theorem applied to isotropic optical metrics. This combination yields a precise determination of the deflec-
tion angle in both Kerr and Teo wormhole geometries. This approach has proven effective across various
studies, even in scenarios involving diverse spacetime characteristics. When a gradient in refractive index is
present, geometric optics techniques can be utilized to ascertain the extent of deflection angle. This approach
allows for highly accurate descriptions of how the light’s direction changes in various spacetimes [13, 17].
As a result, we can effectively assign a refractive index to the surrounding field.

Effective geodesic motion

As described in contemporary theoretical astrophysics, magnetars possess a magnetic dipole field, char-
acterized by properties related to quantum electrodynamics induction B= 4.41 - 10* G. In strong magnetic
fields, vacuum non-linear electrodynamics becomes significant, influenced by various physical phenome-
na [10], described by the corresponding Lagrangians. By using polynomial Maxwell Lagrangians of the arbi-
trary model, it can be shown that the photon follows the null geodesic of its effective geometry:

9bis = Lrg" — 4LpzFy gF®. (1)

For weak electromagnetic wave fronts in strong external fields Fi, the eikonal equation is used, as pre-
viously defined in literature [18]. It is demonstrated that these waves in nonlinear electrodynamics follow the
geodesics of an effective pseudo-Riemannian space-time, influenced by the metric tensor gn and external
electromagnetic field. The effective spacetime metric tensor Gk is dependent on g and the electromagnetic
field tensor Fnig™Fm. With different 51 and #,, non-linear electrodynamics induces two types of polarization.
Effective metric tensors for each normal wave polarization are defined as [19]:

Gr(;c) = Gnk — 418 Fnig"™ Frnte (2

G2 = g — 412 Fpi g ™ Fpnge. ©)

According to the Lagrange-Charpy theorem, to determine the paths of weak electromagnetic wave mo-
mentum in external fields and their motion, the isotropic geodesic equations in the effective spacetime with

metric tensor G 4 must be solved:

aK' | i empp
+ LinK™KP = 0, @
GAPKTK™ = 0.
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Here, I'mn are the connection coefficients of space-time with effective metrics Gr(li) or G,(li), depending
on the polarization modes, X is an affine parameter and K¢ = dx'/dZ is a four-vector tangent.

Initially, the components of the effective pseudo-Riemannian space-time metric tensors G,(l}c’z) for the
problem are determined as follows:

GoP =1
00 -
Gog? = —8ap[1 — 4napEB2 ()] + 41y ,EBo (1) Ba (). ®)

The magnetic dipole field vector B in these equations is approximated by Maxwellian precision Figure.
These effective geodesic equations are solvable by selecting the coordinate z as an independent variable in-
stead of the affine parameter. Under this approach, the geodesic equations can be expressed as follows:

d?ct {1 —ﬂlﬂ }ﬂdxm
dzz mP 4z "™P) 4z dz '’
d?x 1 dx ;3 4 dxP dx™ 6
dzz {Fmp dz Fmp} dz dz '’ ( )
d’y  _ 2 dy 3 dxPdx™
dz2 {Fmp dz Fmp} dz dz '
The system’s first integral is represented as [16]:
(1,2) dx® dxP _ 7
an dz dz = ( )

Geodesic equation (6) is independently solved, and the deflection angles of the light front are deter-
mined using an expression that is defined as the ratio of velocities:

aresin| |2 dx dz\?_ (dy dz\?
e arcsm( ¢ > 180-arcsin( 7(11_;11_?) +(d_}zld_§) ! (8)

¢ — — C

A T

where c is the speed of light. By applying this equation, the distribution of the deflection angles of the
electromagnetic ray front was obtained throughout the region by solving effective geodesic equations numer-

ically [19], as well as specifically for the equatorial plane, was obtained. Additionally, the results were com-
pared with previous works [17].

Figure. Diagram depicting the deflection of light by a magnetic dipole

The magnetic dipole is situated at the coordinate center. The photon’s path is shown as a dotted line,
while the projection of the outgoing photon’s trajectory onto the xz-plane is illustrated with a dashed line.
The angles of deflection in the horizontal (¢;,) and vertical (¢,,) directions are also indicated [22, 24-25].

Optical medium approach

Another method to compute the deflection angle of light is the optical medium. The process of deriving
the equation for the light deflection angle in an arbitrary space-time through the refractive index encom-
passes multiple stages. This refractive index, denoted as (n(r)), can be interconnected with the corresponding
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arbitrary metric parameters, notably, for example, the black hole mass (M) and its angular momentum pa-
rameter (a) as for Kerr spacetime. Using this refractive index, the Gaussian optical curvature K is then de-
termined [20]:

_ 1 @) _ 1 [dp d (dp)df , (dp)?dif
K= fa dr2  f) [dr* dp (dr*) dp + (dr*) dp?|’ ©)

Moreover, the concluding equation can be articulated using the refractive index it yields:

_ n(p)n”(p)p—(n’(p))2p+n(p)n’(p)

n*(p)p (10)
One can derive for the Kerr spacetime metric the following Gaussian optical curvature as [3]:
2M 18aMb
K = =+ ==+ 0(M?,a?). (11)

In addition, for the Born-Infeld Generelized NLED mode, the Gaussian curvature can be derived
as [14]:

¥ =8 (12)

- B2rs’

The deflection angle of the ray, in addition to being found using equation (10), can also be applied for
calculation and comparison using the effective metric method derived from the Newman-Penrose formal-
ism [15]. Therefore, the equation for the bending angle in generalized Born-Infeld electrodynamics is de-
fined as [14, 21-25]:

157 [1.2

40 = =T e

(13)

here, b represents the impact parameter, and the negative sign signifies that the bending is directed to-
wards the magnetic dipole.

Discussion and summary

This review focuses on investigating the behavior of vacuum NLED, specifically in relation to the de-
flection of light around compact celestial objects like magnetars. The importance of studying NLED of vac-
uum in an astrophysical context is emphasized, highlighting its relevance in understanding such environ-
ments. The paper presents a comparative analysis of different theoretical frameworks of nonlinear electrody-
namics, including the optical medium and the Newman-Penrose formalism. This analysis demonstrates the
wide range and complexity of theoretical approaches needed to comprehend light deflection in strong elec-
tromagnetic fields. At the same time, scientific works presents that both calculations are reduced to the same
value of deflection angles. Although this depends on the limitation of calculations. The conclusions drawn
from these models enhance our understanding of electromagnetic phenomena in extreme settings and make
significant contributions to the field of quantum electrodynamics. Understanding these interactions is crucial
for understanding the behavior and characteristics of such entities. Additionally, the article highlights the
importance of observational astrophysics in validating theoretical predictions and establishing a foundation
for future astronomical observations and experiments. By connecting theoretical principles with their poten-
tial real-world applications, this review bridges theoretical physics with observational astronomy. It repre-
sents a significant advancement in unraveling complex phenomena in the universe and stimulates further re-
search and discovery. The exploration of nonlinear electrodynamics in a vacuum and its implications for our
understanding of the universe offers a fresh perspective in the field of astrophysics. As a result, this review
contributes substantially to astrophysics by presenting innovative approaches to studying nonlinear electro-
dynamics in a vacuum and its implications for the cosmos. The authors advocate for further research and val-
idation of the complex dynamics of astrophysical environments, particularly around magnetars, using both
theoretical and empirical methods. This review serves as evidence of the ongoing evolution of our under-
standing of the cosmos, driven by the interplay between theory and empirical data.
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H. Beiicen, M. ©O6imeB, C. Tokrapbaii,
T. Epnazapos, M. Xacanos, /I. Yrenosa, M. Anumkynosa, A. AGayanu

ChI3bIKTBIEMeC JIeKTPAUHAMUKAIBIK MarHeTapJapAarbl
JKAPBIK cdyJlesiepiHiH Oypbl1y OYphIIITAPBIH ecenTeyre Moy

BakyyMHBIH CBI3BIKTBIEMeC 3neKTpanHaMUuKachiHblH (CEDJ) 3lIeKTpMarHuTTiK coynere 9CepiHiH IKCHEpH-
MEHTAIIB! pacTalMayblHA OailIaHBICTEI OJI €H ©3eKTi Maceie OOJBII caHamaxbl. AcTpodH3HKagarbl OCHI
acepiepi 3epTTey/iH eH OHTaIIBl OpTachHBIH 0ipi — MarHerapniap. MarserapiapIslH MarHuTchepanapsl
apKBUTBI OTETIH COYJICHIH KUCAIOBIH 3epTTEYAIH apTypii axictepi Bakyymaslk CEDJI-HEI TepeHipek TyciHyae
IIenyni peJ aTkapaapl. Makanaia MarHerapiiapra TOH KachueT OOJbI TaObUIATBIH KapKBIHIBI 3JIEKTpMar-
HUTTIK epictepae Bakyymaslk CEDJI-Fa epekie Hazap ayaapa oThIpbIN, BakyyMmaslk CED/I skoHe aybIpibIK
KYILUiHIH OCEpiHEH 3JEeKTPMArHUTTIK COYJICHIH KUCHIK OYPHIMIBIH aHBIKTAyABIH 3aMaHAayH SAiCTepiHe LIy
JKacairaH. ABTOpJap OChl OYPHIITAPABI OJIIIey YIIIH KOJAAHBIIATEIH 9PTYPIIl 9[icTep MEH TOCUIAepal Kapac-
TBIPFaH JKOHE OJIap.IbIH NOTEHINAIIBI aCTPO(U3UKAIBIK KOJIJaHOaNaphlH TaJIKbUIAFaH.

Kinm ce30ep: BakyyMHBIH CBI3BIKTBIEMEC JICKTPIUHAMUKACHI, MAarHUTTIK JTUITIOb ©pici, MarHeTapiap, rpaBu-
TaIMSUIBIK JKOHE MarHUTTIK OypMaany.

H. beiicen, M. A6umies, C. Tokrapbai,
T. Epnazapos, M. Xacanos, /JI. Yrenosa, M. Anumkynosa, A. AGayanu

O030p pacuera OTKJIOHEHUS JIy4eil CBeTa MarHeTapamMu
B HEJIMHEHHOH 3JIEKTPOIUHAMUKE

H3-3a OTCYTCTBUSI IKCIEPUMEHTAIBHOTO MOATBEpKIeHHS 3((dekToB HenuHeitHoH anexTpoauHamuku (HD/T)
BaKyyMa Ha 3JIEKTPOMArHUTHBIH JIyd OH SIBIISIETCSI CaMbIM aKTyaJlbHBIM BompocoM. OXHOHM U3 caMbIX ONTH-
MaJbHBIX CpeJl I M3ydeHUs 3THX 3P(EeKToB, MPOUCXOAAMUX B aCTPOdH3UKE, SBIAIOTCI MarHerapsl. Pas-
JIMYHBIC METOJBI M3y4YEeHHs HCKPHBICHHMS JIyda, MPOXOMSIIETO Yepe3 MarHeToc(epbl MarHeTapoB, UIPAIOT
KIIFOUEBYIO poJib B Ooliee TyOokoM nmoHMMaHuu BakyyMHoit HOJI. Hacrosimast cratest mpencraBisier co0oi
0030p COBPEMEHHBIX METOJOB OIpENeTICHHs YIila MCKPUBICHUS SJIEKTPOMArHUTHOTO JIyda 1moj 3(QexTom
H3/1 Bakyyma u rpaBuTanuu, ocoboe BHUMaHue ynenss HOJ[ BakyyMa B HHTEHCHBHBIX 3JIEKTPOMarHUTHBIX
HOJISIX, YTO SBJIAETCS XapaKTepHOH uepToif MarHerapoB. ABTOpaMU PacCMOTPEHBI pa3IMYHbIe METOABI U TeX-
HHKH, UCTIONb3yeMble IS M3MEPEHNUs 9THX YIJIOB, a TaKXKe 00CYXKJEHBI HX ITOTEHIHAIbHbIE acTpodu3nuec-
KH€ IPIMECHEHHSI.

Kniouesvie cnosa: HeTMHEHHAs QJICKTPOAWHAMUKaA BaKyyMa, MAarHUTHOC JUIIOJIBHOC MOJIE, MAarHETAPHhI, TPaBU-
TAllTUOHHOC U MAarHUTHOC JINH3UPOBAHUE.
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Mathematical model and numerical calculation of the movement of oil products in
helicoidal heat exchangers

Heating of oil and oil products is widely used to reduce energy losses during transportation. An approach is
developed to determine the effective length of the heat exchanger and the temperature of the cold coolant (oil)
at its outlet in the case of a strong dependence of oil viscosity on temperature. The method of the log-mean
temperature difference, modified for the case of variable viscosity, and the methods of computational fluid
dynamics (CFD) are used for calculations. The results of numerical calculations are compared with the data
obtained on the basis of a theoretical approach at a constant viscosity. When using a theoretical approach with
a constant or variable viscosity, the heat transfer coefficients to cold and hot coolants are found using criteri-
on dependencies. The Reynolds-averaged Navier-Stokes (RANS) and a turbulence model that takes into ac-
count the laminar-turbulent transition are applied. In the case of variable oil viscosity, a transition from the
laminar flow regime to the turbulent one is manifested, which has a significant effect on the effective length
of the heat exchanger. The obtained results of CFD calculations are of interest for the design of heat exchang-
ers of a new type, for example, helicoidal ones.

Keywords: heat transfer, numerical calculation, helical heat exchanger, oil, hydrodynamics, coolants, heat
flow, laminar-turbulent transition, Navier-Stokes equation, flow turbulization.

Introduction

Helicoidal heat exchangers are designed with profiled pipes and fans with a screw profile, which im-
proves the conditions for heat exchange. In works [1-2], modeling and calculation of the hydrodynamics of
heat carriers (water, oil) flowing through smooth pipes are given. The obtained results of numerical
calculations are used to find optimal ways to intensify the heat transfer process [3-5]. Research shows that
the influence of the viscosity of the pumped oil on the hydraulic properties of the pipeline decreases when
pumping in a developed turbulent regime.

Heat exchangers are used in many applications, with efficient heat exchangers being a basic
requirement of the industry. Efforts to increase heat transfer, increase heat transfer rates, reduce the size of
heat exchangers and improve efficiency since the beginning of global industrialization. The higher heat
transfer potential of spiral coils is of interest to many researchers who study the fluid dynamics inside the
spiral tubes of the heat exchanger they serve. The bending of the pipe causes the application of centrifugal
force, which leads to the formation of a secondary flow due to the curvature of the pipe. The centrifugal
force is controlled by the centrifugal force, which is determined by the curvature of the coil, and the twisting
caused by the liquid is affected by the pitch or angle of the coil. Liquids arising from the outside of the pipe
move at a higher speed than those flowing inside the pipe, which is caused by the curvature affecting the
speed of movement [6]. In work [7], spiral coils in heat exchangers of various shapes and operating
conditions were analyzed and compared with straight-tube heat exchangers, and their performance and
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efficiency were analyzed by studying factors affecting the performance and efficiency of a spiral heat
exchanger, such as the coefficient of curvature and other factors. The helical coil in heat exchangers (HCHE)
provides higher heat transfer speeds and efficiency than straight pipes and other heat exchangers due to the
development of secondary flow inside the spiral tube, while the heat transfer coefficient increases with
increasing curvature coefficient (HCHE) at the same flow rates.

This article discusses the numerical calculation of a helicoidal heat exchanger. Exactly, the results of
calculating the oil temperature and heat flow at the outlet of the pipe winding on the surface are presented.
When solving this problem, the number of twists N, the heat transfer coefficient, the flow velocity and the
temperature of the oil at the pipe inlet varied as input parameters.

Calculation method

The problem is solved in the Ansys Fluent software package, which uses stationary Navier-Stokes equa-
tions averaged by Reynolds (Navier—Stokes equations averaged by Reynolds).

The numerical calculation was carried out by the finite Volume method FVM (Finite Volume Method)
using an uneven grid in the computational domain. Schematically, the calculated pipe with windings and the
calculated grid on it is shown in Figure 1.

-

Figure 1. Calculation grid of the pipe with windings Figure 2. Calculation grid for a quarter of a pipe

To save computing resources (time and memory), the calculation was carried out on the fourth part of
the pipe, since the pipe is axisymmetric. Figure 2 shows a quarter of the calculated grid, which shows the
thickening of the grid at the pipe boundary, where there are the greatest gradients of flow parameters. More
details about unstructured grids are described in [8].

The basic Navier-Stokes equations and the k-o SST equations were used for the calculation [9-10].

The continuity equation:
av;

2%, 0. 1)
The equation of momentum:
, 0vi _ _10p | 0 vi
Yj axj  pox; + ox; [(V +ve) axj]’ )
The energy equation:
;0T _ 0 | (¥4 Yy 9T
Yj oxj  Ox; [(Pr + Prt) ax]]' ®)

Here p is the density, and v; is the component of velocity in the direction of coordinates — x;, p —
pressure, T — temperature, v, v, — molecular and turbulent viscosity of liquid, Pr, Pr; — Prandtl number
for laminar and turbulent, respectively.

The k- turbulence model takes into account two more transport equations. The Reynolds number Reg;
and the momentum of the transition beginning are two equations written for it, and the second one is ob-
tained for the flow regime intermittency y of the transformation process. Transmission equation for pulse
thickness and Reynolds number and intermittency transport equation are as follows:

Transmission equation for pulse thickness and Reynolds number:

aRegt _ i aReet
i Tox; Po¢ + ox; oot (V +V¢) ox; ] (4)
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Intermittency transport equation:
o _p _ 9 Yey Oy
v; ox; B —E, + o, [(V + 5, 6x]-]' (5)
Here Py, — time derivative of the Reynolds number with respect to the momentum loss thickness, P,
and E, — time-specific formation and dissipation of intermittency conditions, g4, and o, are constants of
the model.

Results of calculations and discussions

Since the system of initial equations is nonlinear, an iterative approach was used for their numerical so-
lution, in which the linearized Navier-Stokes equations were solved. According to the results of calculations,
the average mass temperature and heat flow of oil at the outlet of the pipe are obtained. To solve this prob-
lem, the following initial parameters were used: the radius of the pipe R; = 0,006 m, the radius of the
groove R, = 0,001 m, the length of the pipe L; = 1m, the heat transfer coefficient a; = 1000 W /(m? -
K ), the temperature of the washing liquid (water) T, = 423K, the speed oil flow v; =4m/s, oil
temperature at the pipe inlet T;,,, = 313K.

Boundary conditions of the third type were applied (heat transfer coefficients and the washing liquid's
temperature were measured on the pipe's surface). The number of windings on the pipe surface is determined
by the number of twists N, which in this problem ranged from 1 to 40 with an interval of 5.

A graph illustrating the relationship between the number of twists N and the average mass temperature
of oil at the pipe's exit is presented in Figure 3. The image illustrates how the temperature of the oil at the
outlet rises as the number of twists increases, intensifying the heat exchange between the heat carriers.
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Figure 3. Dependence of the average mass temperature at the outlet of the heat exchanger on the twist N

A graph illustrating the relationship between the number of twists N and the heat flow Q through the
pipe's surface from the side of the washing liquid is displayed in Figure 4. Here, the amount of heat flow also
increases with an increase in the number of twists on the pipe.

The increase in the average mass temperature of oil at the outlet of the heat exchanger (Fig. 3) and the
increase in the value of the heat flow (Fig. 4) with an increase in the number of twists of the N tube is
explained by turbulence of the flow due to its twisting. When the flow is turbulated, the process of diffusion
of liquid particles intensifies and the heat exchange between particles intensifies. This process will occur the
more intensively, the more the number of twists of the tube.

Further, heat transfer coefficients a were set in the range from 1000 W/(m? - K ) to 6000 W /(m? -
K ) with a constant number of twists equal to 10.
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Figure 4. The dependence of the heat flow Q on the twist N

Consequently, Figure 5 displays a graph that illustrates how the heat transfer coefficient a and the aver-
age mass temperature of oil at the heat exchanger's outlet rely on each other. The graphic illustrates how the
average mass temperature at the outlet climbs dramatically as the heat transfer coefficient rises. This is ex-
plained by the natural process of increasing the temperature of the liquid (oil) with increasing heat transfer
from the external washing liquid (water) to the surface of the inner tube, and from it to the inner liquid,
which increases its average mass temperature.
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Figure 5. Dependence of the average mass temperature at the outlet of the heat exchanger on the heat
transfer coefficient o

The influence of the heat flow through the pipe surface on the heat transfer a is shown in Figure 6. A
rise in the heat transfer coefficient causes the heat flow to increase three times from its starting value. The
intensification of heat transfer between heat carriers is well described by this process. This happens in a simi-
lar way to the previous case, i.e. with an increase in heat transfer from the external washing fluid (water) to
the surface of the inner tube, the heat flow towards the oil increases.
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Figure 6. The dependence of the heat flow on the heat transfer coefficient

3168

3168

3164+

3162 4

31604

3158 4

Mass average outlet temperature K

31564

3164 4¢ T T T T T
4 5 6 7 8 8 10
Oil inlet velocity, m/c

Figure 7. Dependence of the average mass temperature at the outlet of the heat exchanger on the oil flow rate at the inlet

Figures 7 and 8 show graphs of the dependences of the average mass temperature and heat flow through
the surface on the oil flow velocity v at the inlet. With an increase in the oil flow rate at the inlet to the pipe,
the diffusion process decreases, and, as a result, the main flow rate will increase compared to the fluctuation
component at a given number of turns N. This in turn leads to a decrease (slightly) in the flow velocity along
the tube, including at the outlet of the tube (Fig. 7). Based on the above, the heat flow will, on the contrary,
increase depending on the increase in the flow rate of oil at the inlet (Fig. 8). Both figures show that at
approximately a speed of v = 6 m/s, there is a sharp change in the graph. This is due to the fact that at a
velocity of v = 6 m/s, the Reynolds number Re reaches 2880, where a laminar-turbulent transition mode
occurs.

The oil temperature at the heat exchanger's outlet increases when the temperature at the pipe's input is
changed from 313 K to 363 K. Figure 9 displays the dependence diagram for this change. The graph indi-
cates that this dependence is linear. This is physically explained very simply — with a higher oil temperature
at the inlet, we get a higher oil temperature at the outlet.
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Figure 9. Dependence of the average mass temperature at the outlet of the heat exchanger on the temperature at the inlet

Figure 10 illustrates the opposite situation by demonstrating how the inlet temperature affects the heat
flow on the pipe surface. It is evident that when the oil inlet temperature rises, the heat flows the difference
between the oil's temperature and the washing liquid's temperature decreases. Since the heat flow is deter-
mined by the temperature difference of the media, with an increase in the temperature of the oil at the inlet,
the temperature difference between the two liquids decreases (at a constant water temperature), which leads
to a decrease in the heat flow on the surface of the tube.

Figure 11 shows comparative graphs of the dependence of the mass-average temperature of oil at the
outlet for a tube with a smooth [11] and helicoidal surface with a number of twists N from 10 to 40 with a
step of 10. It can be seen from the figure that the temperature of oil in a tube with coils is higher along its
entire length compared to a tube with a smooth surface, while reaching a maximum temperature difference of
up to 9.5%, which is explained by turbulence of the flow, as well as with an increase in heat flow through the
surface due to a slight increase in the surface of the tube due to recesses.
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Figure 11. Comparison of the dependence of the average mass temperature of oil at the outlet for a tube with a smooth
and helicoid surface with a number of twists N =10-40.

Conclusion

After using a coiled tube as an example, we can thus deduce from the foregoing facts that heat exchang-
ers with helicoid geometries have superior heat transfer capabilities than heat exchangers with smooth tubes.
This is because the turbulence caused by twisted windings in the oil flow increases the heat exchange be-
tween liquid layers as a result of the diffusion process. Moreover, the oil temperature may rise as a result of a
tiny rise in the tube's surface brought on by recesses, which enhances heat transfer through the surface. It can
also be noted here that with variable viscosity of oil, the transition from laminar to turbulent mode is mani-
fested, while this effect is not taken into account when calculating for constant viscosity.
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H.K. XKoitmri6ekos, /I.E. Kypmanosa, A.C. )Kyman6aesa

I'etMKOMATHI KBLLY AJIMACTBIPFBIIITAPAAFbI MYHAH OHIM/IEPi KO3FaIbICHIHBIH
MaTeMAaTHKAJIBIK MO/EJII KIHe CAHABIK ecedi

Makana TeIMKOMATH! JKBUTYy aIMAaCTBIPFBINITAFEI JKBUTYy aaMacy MPOLECTepiH CAHABIK €CenTeyre apHaFaH.
Keuty Gepyni jkakcapTy YIIiH TeTHMKOUITHI JKBITY aJMacTBIPFBIITAP MPOQIIIBALI KYOBIpIapAbl xKoHe OypaH-
Jajibl KBIPIIBl Mpoduiibai naiaananaael. TackiManiay Ke3iHAe SHeprusl MIBIFBIHBIH a3aiiTy YIIiH MyHail MeH
MyHaii OHIMJIepiH KbI3ABIPY KEHiHEH KOJJaHbuIaabl. MyHall TYTKBIPJIBIFBIHBIH TEMIEpaTypara KaTThl Toyell-
IUTri  KargalblHIa JKBUTY ajIMAcCTBIPFBIIITHIH THIMAI Y3BIHIBIFBIH JKOHE OHBIH INBIFYBIHIAFBl CYBIK
CaJIKBIHJIATKBIITHIH (MYHaWBIH) TEMIEpaTypachlH aHBIKTayFa apHAJIFaH Tacin a3ipnenni. Ecenteynep yiuin
TYTKBIPJIBIKTBIH, ©3TepMelli JKar[aiiblHa e©3TepTIAreH TEeMIEepPaTypaHbIH OpTama aWbIPMAalIbUIBIFBIHBIH
norapudMIik oici xkoHe ecenrey runpoanHamukace! (CFD) onmictepi naiinanansurad. CaHABIK ecenTeyep-
IIiH HOTIKeTepi TYPaKThl TYTKBIPIBIK Ke31HIe TCOPHSIIBIK TOCLUT HETi3iHAe albIHFaH MAJIIMETTEpPMEH CallbIC-
THIPBUTFaH. TypaKThl HeMece ©3repMelli TYTKBIPIBIFE 0ap TEOPHSUIBIK TOCLUIAI KOJJaHFaH Ke3Je CYBIK JKoHe
BICTBIK CAaJKbIHAATKBII CYWBIKTBIKTAp/bIH JKbUTy Oepy Kod((GHIMEHTTEpi KpUTEpHalAbl TOYeIILTiKTepi
KOJIJaHy apKbUIbl aHBIKTaNaabl. PeiiHonbac GoitbiHina opramma HaBbee-Croke aaici (RANS) xxoHe taMuHapIIbI-
TYpOYJIEHTTI aybICy[bl €CKepeTiH TypOyIeHTTUIIK MOAeni KoiiaHbUIFaH. MalablH e3repMeni TYTKBIPIBIFbI
KarJalblHOa JIAMHHApIIbl aFblH  POXHUMIHEH TypOYNEHTTI peXHuMre aybicy KepiHemi, Oyl Kbuly
QIMACTBIPFBIIITBEIH THIMII Y3BIHIBIFBIHA alTapibeikTail ocep erenmi. Ansmran CFD  ecenteynepiHig
HOTIDKEJIepl JKBUTYy alMacTBIPFBINITApABIH JKaHa TYPiH, MBICAIBI, TEIMKOMATHI K0OanayFa KbI3BIFYIIBUIBIK
Tyasipansl. JKyMbIcTa aFbIHHBIH NTapaMeTpiiepiHe, COHaii-ak TYTIKTiH Oypary caHblHa OailIaHBICTHI TYTIKTiH
MIBIFYBIHAFB] MYHAIIBIH MacCalIBIK-OpTalla TeMIepaTypackl, Kipic *KoHe IIBIFBIC TEMITEPaTypachl, *KblIJaM-
JIBIFBI, KYOBIp OCTiH/IeT] JKBbUTY aFBIHBIHBIH €CEIITey HOTIKeIepi OepinreH.

Kinm co30ep: xbuly Oepy, CaHObIK eCelTey, PeIMKOMATHI JKbUTY aIMACTBIPFBILI, Ma, THAPOIHHAMHUKA, Call-
KBIHAATKBIII CYHBIKTBIKTAp, XKbUTY aFbIHBI, JAMUHAPIBI-TYpOyIeHTTi aybicy, HaBbe-CTOKC TeH/eYi, aFbIHHBIH
TYpOyIN3aLHsAChL.
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H.K. [Ixaitun6exos, [I.E. Kypmanosa, A.C. )Kyman6aeBa

MartemaTuyeckass MOJeJb M YMCJICHHBIM pacyeT ABUKCHUS HePTEeNPOIyKTOB
B TEMJIOOOMEHHBIX annaparax reJJMKouAHoi GopMbl

CraThsl TOCBSIIEHA YHCICHHOMY pPacueTy TeIIOOOMEHHBIX IIPOLECCOB B TEINIOOOMEHHUKE TeIMKOHMTHOM
¢dopmbL. B renMKoUIHBIX TEMIO0OMEHHUKAX HCIOIb30BaHbI MPO(UIHPOBaHHbIE TPYOKU U pedpa BUHTOBOTO
npoduIIs, 4To yiydiaeT TerioooMeH. HarpeB HedTH U HeQTEIPOIYKTOB IIMPOKO IIPUMEHSAETCS JJIsl CHIKE-
HMS TIOTEpb SHEPIUH NpPH TPAHCIOPTHPOBKE. PazpaboraH moaxon mns ompeneneHust 3GPEeKTUBHON JUTHHBI
TEIUIOOOMEHHUKA U TEMIICPATYPhl XOJIOJHOTO TEIIOHOCHTENS (Macyia) Ha ero BBIXOJE B Cllyyae CHIBHOM 3a-
BHCHMOCTH BSI3KOCTH Macila OT TeMIepaTyphl. s pacueToB HCIONIB3YIOTCS METO JIOTapu(pMIUIECKOH cpea-
Hell pa3HOCTH TeMIlepaTyp, MOJUGUIMPOBAHHBIN Ul CITydasi HEPeMEHHOH BS3KOCTH, W METOIBI BEIIHCIIH-
tenpHON THApoanHaMuky (CFD). Pe3ynpTaThl YHCIEHHBIX pacdeTOB CPAaBHUBAIOTCS C JAHHBIMH, MOJy4YEH-
HBIMH Ha OCHOBE TEOPETHYECKOTO ITOJX0Ja MPH MOCTOSHHOHN BS3KOCTH. IIpH NpHMEHEHHH TEOPEeTHIECKOTo
MOAXO0/a C TOCTOSTHHON WJIM NEPEeMEHHOHN BSI3KOCTHI0 KOX((UIMEHTH! TEIUIOOTAaYH XOJIOAHBIM M TOPSTYNM
OXJIKAAIOLINM KUJIKOCTSM OIPENEIAIOTCS ¢ UCHOJIb30BAHUEM KPUTEPHAIBHBIX 3aBUCHMOCTEH. Mcnonb3y-
I0TCsl ycpeqHeHHbIH o PeitHonbacy meron HaBre-Crokca (RANS) u Monens TypOyleHTHOCTH, YIUTHIBAIO-
11ast JJAMMHApHO-TYpOYJICHTHBIN nepexoA. B ciydae nmepeMeHHOH BS3KOCTH Macia MPOSIBIAETCS EPexol] OT
JaMHHAPHOTO PeXHUMa TEUCHHs K TYpOYJICHTHOMY, YTO OKa3bIBaeT CYIIECTBCHHOE BIHAHNE Ha 3()(ECKTHBHYIO
UIMHY TermoooMenHuKa. [Tomydennsie pesynsraTel CFD-pacyeToB MpeAcTaBIsIIOT HHTEPEC IS IIPOSKTHUPO-
BaHUS TEINIOOOMEHHUKOB HOBOTO THIIA, HAIIPHMEpP T'elIMKOMIAIbHBIX. B paboTe nmpuBeneHbl pe3ybTaThl pac-
YEeTOB CPEJHEMACCOBON TeMIlepaTypsl HeTH Ha BBIXOJE M TEIUIOBOTO ITOTOKA Ha ITOBEPXHOCTH TPYyOKH B 3a-
BHCHMOCTH OT ITapaMeTPOB ITOTOKA, a TAKXKE OT YHCIIA 3aKPYTOK TPYOKH.

Knrouesgvie cnosa: Temonepenaya, YUCICHHBIA pacyeT, FeIMKOMAHBIA TEMII00OMEHHHK, Macllo, THAPOIMHA-
MHKa, OXJIAXKIAIONINE )KUIKOCTH, TEIUIOBOH MOTOK, JIAMHHAPHO-TYpOYJICHTHBIH nepexol, ypaBHeHue Hasbe-
Crokca, TypOynu3anus moToka.
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Evaluation of influence of thermoplastic slurry flow conditions on heat transfer
coefficient during beryllium ceramic formation

The article presents the results of calculation of the influence of thermoplastic slurry flow conditions on the
total heat transfer coefficient when forming ceramic products. Methods of detailed description of casting pro-
cesses and thermal calculations have been developed to ensure reliable correspondence of calculated data and
experimental results implemented on the basis of calculational experiment. The modeling of physical pro-
cesses occurring during the formation of products allows you to discover new opportunities for improving the
quality of castings by allowing you to more closely track the change in the temperature-phase fields of the
process and clearly present the solidification kinetics depending on the casting modes. The speed of heat re-
moval from the casting during the solidification period determines the rate of movement of the slurry, along
with the temperature field on which the width of the transition region depends. These factors have a direct in-
fluence on the formation of the structure of beryllium ceramics.

The study of the heat exchange process in the formation of ceramic products depending on temperature, heat
at phase transition is the main task, since they largely determine the technological and operational characteris-
tics of beryllium ceramics. The design data allows to determine the optimal conditions of the ceramic casting
process and to obtain a solidified product with a uniform structure at the outlet.

Keywords: thermoplastic slurry, beryllium oxide, hydrodynamics, heat exchange, casting process, formation,
solidification process, ceramics.

Introduction

High-density ceramics made of beryllium oxide are widely used in various fields of modern technology
due to a number of valuable properties and, above all, unique thermal conductivity. The slurry used to make
MIM (Metal injection molding) ceramics is a dispersion system in which one phase is a solid mineral powder
and the other is a thermoplastic binder [1]. The high thermal conductivity of the beryllium oxide powder
during the molding step results in increased “rigidity” of the casting systems, which makes it difficult to
control structure formation during slurry movement. The complexity of the process under study is that
consideration should take into account factors such as the dependence of thermophysical properties on
temperature, the phase transformations of liquid suspensions into a solid state, the heat of crystallization, and
a sharp change in the temperature boundary conditions on the cooling circuits [2].

Creation of an effective method of controlling the process of forming thermoplastic slurry from
beryllium oxide with uniform properties is a fundamental problem of foundry [3, 4]. The relevance of the
problem lies in determining the optimal conditions for obtaining high-quality ceramic products in the casting
process by mathematical modeling. The use of a mathematical model of physical processes occurring during
the formation of products makes it possible to discover a new resource for improving the quality of castings
due to the possibility of more detailed tracking of changes in temperature-phase fields during cooling [4] and
to clearly present the kinetics of solidification depending on casting modes and casting configuration
features.

In this regard, the tasks of evaluating the effect of the thermoplastic slurry flow conditions on the total
heat transfer coefficient from the hot slurry to the cooling agent have been considered, in particular, heat
transfer coefficients of external and internal convective flows have been determined for calculating the total
heat transfer coefficient.

Mathematical description of the concentric cylinder molding process

The flow and heat exchange of beryllium oxide thermoplastic slurry in the space between two concen-
tric cylinders with radii r; and r, is considered (Fig. 1). Liquid slurry with initial temperature of 80°C flows
into forming cavity, moving along annular gap, is cooled by water washing spinneret from outside [5]. Spin-
neret cooling circuit is divided into two parts, hot circuit temperature is indicated by ¢, cold circuit t,. As it
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moves, the slurry mass begins to gradually solidify, and at the exit from the cavity it acquires a structural

shape in the form of a tube.
0 r

z '
Y 5 RS

a)

Figure 1. a) diagram of the slurry flow in the annular cavity of the casting unit
b) external diagram of the experimental installation: 1 — solidified slurry; 2 — mandrel;
3 — thermocouples; 4 — cooling circuit; 5 — hot slurry; 6 — solidification zone

The problem is investigated in a cylindrical coordinate system with zandr axes. Axis OZ is directed
along axis of cavity, and axis OR is directed radially to it. The casting speed is directed vertically down the
0Zaxis. The transverse component of the speed arises from the heat exchange of the liquid slurry with the
walls of the annular cavity. Heat exchange with the inner wall of the annular cavity is determined by the
thermal conductivity of the mandrel material. Heat exchange with external wall of annular cavity is deter-
mined by heat transfer between slurry and cooling water in circuits through the spinneret wall [5]. In cooling
circuits there is intensive circulation of water at the specified flow rate.

The rheological properties of the slurry depend on the temperature. During the solidification of the slur-
ry, the heat of the phase transition is released [6-7]. Cooling of the slurry can lead to unequal temperature
profile and rheological properties of the extruded casting. Solidification will begin on the side of the walls of
the annular cavity, while in the central part of the cavity the slurry may be in a liquid state. As a result, the
liquid slurry may be fed to compensate for the internal shrinkage of the volume in the cooled zone of the
forming cavity. The following is a mathematical model of the process of forming the slurry in the annular
cavity.

The movement of the slurry in the annular cavity is considered stationary, and a system of equations of
hydrodynamics closed by the Bingham model of non-Newtonian fluid in a narrow channel is used to study
it [5].

ou Ju dp 10 duy 120 1
P TP = dz+rar<“ar>+ 7 (7o) @

dpu 1drpv

(2)

9z r or

In the limit of the solid plastic state of the slurry, the equation of motion (1) expresses the extrusion of
the casting from the cavity and takes the form:

-, = (7” 0)-
ror
In the steady-state process of slurry solidificatlon the energy equation is as follows:
at _d at
pucpa tPvep o = az(’1 )+¥5( ’15) )

In equations (1)—(3), the following designations are taken: z, » — axial and radial coordinates; u, u are
speed vector components; p, p, t, T, ¢, 4, A — pressure, density, temperature, shear stress, apparent
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heat capacity, viscosity and thermal conductivity coefficients of the slurry, respectively [6]. The condition
for maintaining the mass flow rate determines the pressure gradient for extruding the slurry from the annular
cavity [7]:

2m f:lz purdr =n(rf — r#)pouo, (4)

where ry, , — radii of mandrel and spinneret, respectively.
Distribution of speed and temperature at the inlet of the annular cavity are taken as constant over the
section, accordingly, all thermophysical properties of the slurry will be constant [5].
atz=0: u=uy v=0, t =t,. (5)
On the walls of the cavity in the area of the liquid state of the slurry for speed, the sticking conditions
are set:
atz>0r=r:uy;=v,=0,i=1,.2 (6)

and in the area of the solid plastic state — conditions of non-flow and sliding:

atz>0,r=ri:v1=0,(3—1:) = 0. @)
Ti

It is considered that heat from the hot slurry is transferred to the walls of the spinneret and mandrel.
Then the adiabatic condition can be set on the wall of the mandrel:

atz>0, r=mn, %:0. (8)

Indicating the temperature of water in the hot and cold circuits through the t,, t, boundary conditions
can be set on the wall of the spinneret in the form of:

atz>0, r=r, -AZ=k(t—t) i=12 (9)

where k — coefficient of heat transfer on the spinneret wall [8—11].
At the outlet section of the cavity for temperature the condition is set:

atz =1, PP 0 (10)

The rheological properties of the slurry at the content of the bindingw = 0,117 depend on temperature,

and are expressed by empirical formulas [6-7]. The heat of the phase transition to the energy equation (3) is
determined by the method of apparent heat capacity:

cp=c-(I—a()+c-a)+ Hl_,ZZ—f , (11)

where ¢, — heat capacity of the slurry in solid state, ¢c; — heat capacity of the slurry in liquid state,
a(t) = 0 for the slurry in solid state and a(t) = 1 for the slurry in liquid state, ¢ — dimensionless tempera-
ture of the slurry [9].

According to the experimental data of a slurry of oxide of beryllium the function a(t) has an appear-
ance a(t) = 5.714 - t — 2.857. The method of apparent heat capacity allows taking into account the heat of
the phase transition, and is convenient for calculations, since the positions of the transition zone are unknown
in advance, and are determined as a result of calculations [7, 12].

Equations (1)—(4) were solved by fully coupled finite element method using commercial software
COMSOL Multiphysics version 5.6. The area in question is divided into unit cells with Az;, Ar; sides [13-
14]. The pressure gradient is determined by splitting to maintain mass flow (4). To obtain a finite difference
analogue of the system of equations of transition (1) and energy (3), an implicit Crank-Nicolson difference
scheme has been used, approximating differential equations with a second order of accuracy [14]. Difference
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analogue of continuity equation (2) is solved by two-layer scheme of the second order of accuracy. When
switching to differential analogues for a circuit channel, the following designations are used:
Az =zp11 — 2, Ar =T —Tjog, Ary =T -1, A =11,

where Az, Ar change within the 0 < 4 < 1 interval. System of linear equations is presented in vector-
matrix form and is solved by run-through method [13-15].

Results and discussion: One of the important goals of numerical modeling of the process under
consideration is to determine the optimal conditions for creating beryllium oxide products by hot casting. In
practice, this process is mainly controlled by the casting speed and hot slurry temperature [6]. The results of
numerical calculations of the solidification zone of the slurry and the flow velocity profile at different casting
speeds are given in Figure 2. The process of molding beryllium ceramics itself occurs in the temperature
range of 80+20°C, i.e., a thermoplastic slurry — a suspension with an initial temperature of 80°C — flows in
and moves into the forming cavity. As it moves, the slurry mass cools and hardens, acquiring a structural
shape at the outlet of the pipe. Generalization of the experimental results take into account the dependence of
the rheological and thermophysical properties of the thermoplastic slip on temperature in the required range
of the hot casting method from 80°C to 20°C.

As can be seen from Figure 2, the slurry flow is fully developed in the hot circuit, in which the slurry is
practically not cooled, and the speed has a parabolic profile. As the slurry cools intensively in the cold path
of the spinneret, the speed profile becomes rectangular in shape corresponding to the sliding speed on the
wall, and the flow of the slurry becomes a solid mass motion at a constant speed.
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Figure 2. Slurry solidification zone and flow rate profile at different casting rates: a) u=20 mm/min; b) u=40 mm/min;
€) u=60 mm/min; d) u=80 mm/min; e) u=100 mm/min.

The graphs show the solidification zone of the hot slurry as a function of the casting speed. The zone of
solidification of the slurry is defined as the zone between two isochores — the lower (40°C) and upper
(54°C) boundaries of crystallization of the slurry [6, 7]. The slurry is still liquid at temperatures above 54°C,
and becomes solid at temperatures below 40°C, so more accurate determination of the solidification zone
depending on the casting conditions is an important task. As can be seen from Figure 2, the position of the
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solidification zone is transferred (extended) by the flow of the slurry. It becomes wider, especially near the
inner wall of the spinneret with an increase in casting speed (Fig. 2, a-€). The results of the calculations show
that an increase in the casting speed of more than 200 mm/min is not optimal, since part of the solidification
zone can leave the spinneret, which leads to incomplete solidification of the slurry [16-17].

Analysis of influence of thermoplastic slurry flow conditions on total heat transfer coefficient from hot
slurry to cooling agent has been performed. An important step in hot casting beryllium ceramics is to cool
the hot slurry with a layer of circulating water [18-19]. When simulating the hot slurry flow, cooling can be
mathematically described by the following equation of the heat flow from the slurry to the cooling agent
(water)

q= kAl(Th - TL')!

whereA; — the area of the inner wall of the spinneret with a length of L, T,uT, — the temperature of
the hot slurry and cooling water, respectively, k — the total heat transfer coefficient from the hot slurry to
cooling water, which according to Figure 1 is calculated by the following formula [8-11, 20]

1
k=1 (12)
h‘i A ri Toho

Where h; and h, — internal and external coefficients of convective heat exchange, respectively, r;, 7,
— internal and external radii of the spinneret, A — thermal conductivity of the material of the spinneret wall.
The h; and h,coefficients are usually determined experimentally for a particular system and are calculated
using different empirical formulas for internal and/or external fluid flow conditions. The thermal conductivi-

ty of the wall material of the spinneret 1, made of steel, grade 12X18H10T, is 15 %at 20°C. Like other ox-

ide materials, the thermal conductivity of beryllium oxide decreases sharply with increasing temperature.
The thermal conductivity of thermoplastic beryllium oxide slurry at temperatures of 40 and 60 °C are 254.3
and 181.5 W/(m-K), respectively.

Thus, in order to calculate the total heat transfer coefficient k, it is necessary to determine the convec-
tive heat exchange coefficients. To this end, consider the inner and external flows for the circular spinneret
— the cooling water flow (external) in the shell by the inner and external radii 7,7, and r;, respectively, and
the hot slurry flow of beryllium oxide in the spinneret by the radius of r;. Heat is first transferred from the
hot slurry to the inner wall of the spinneret due to internal convection, then it is transferred to the external
wall of the spinneret, only then enters the cooling water (Fig. 3). It is believed that there is no thermal contact
layer with a certain thermal resistance between the slurry and the inner wall, external wall and water.

I cooling fluid
| wall of the spinneret

[ | BeO slurry

Figure 3. Schematic representation of heat flow from hot slurry to cooling water

The coefficient of external convective heat exchange can be calculated from the condition of cooling

water flow in the external casing of the spinneret, which is the external flow for the spinneret. To do this, we
will use the known empirical formulas for the Nusselt number Nu, = h"lD" when cooling the cylinder with

an external stream of water, where the external diameter of the spinneret D, Empirical formulas for calcu-
lating the Nusselt number are usually searched as dependencies on the Reynolds and Prandtl numbers [18].

In most cases in hot casting, all parameters except the temperature and flow rate of the circulating water
are constant values. The temperature and flow rate of the circulating water (Reynolds and Prandtl numbers,
respectively) may vary from series to series of experiments, but they remain constant during each series of
experiments. Figures 4, 5 show the dependence of the average coefficient of external convective heat ex-
change on the Reynolds and Prandtl numbers. Design and physical data from experiments given in [1] have
been taken as data for calculation of average coefficient of external convective heat exchange. This paper
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examines an experiment to study the solidification of a hot slurry in a concentric cylinder cooled by the cir-
culation of water in two circuits with temperatures of 20 and 80°C, respectively (Fig. 1). These temperatures
are maintained by changing the hot and flow of coldwater. The height of the circuits is 8 and 20 mm, respec-
tively, and the slurry casting speed varied from 20 to 100 mm/min, and the cold circuit water flow rate varied
from 250 to 1500 I/hr., while the hot circuit water flow rate was maintained at a constant value of 500 I/hr.

In Figures 4 and 5, the coefficients of external convective heat exchange for cold and hot circuits de-
pending on the Reynolds number have been calculated using the first and third formulas of the Nusselt num-
ber at Pr(20°C) = 7.02 and Pr(80°C) = 2.22. Note that the Reynolds number corresponds to the flow rate
of cold water of 1000 to 1900 ml/min, and hot water from 100 to 1000 ml/min. As shown in Figures 4 and 5,
the coefficients of external convective heat exchange calculated by both formulas increase with the Reynolds
number, that is, the flow rate of water in two circuits.

Three empirical formulas are considered — Hilpert's (Nu,,), Zukauskas (Nu,,) and Churchill-
Bernstein (Nu,3) formulas Table 1 [18]. As can be seen from Table 1, the first two formulas work in limited
intervals of Reynolds and Prandtl numbers, while the third formula works in a wide range of these numbers.
The coefficients C;, C,, and the indicators m, n are functions of the numberRe,, and are shown in Tables 2
and 3.

o 20°C

£ £ 26000 - 80°C
& 14000 - z
3 I .
= ° S o
g & 20000 A .
= 12000 gl o e o
- . - =
¥ A % W
] ) 14 J
§ 10000 o " il 5 RN 3 & Nuo (1)
s o - i - o
2 -#-Nuo (3) 2 4 -&-Nuo (3)
¥ 8000 & = 8000 - ¥
- v Y
: : v
E 6000 T T - T 1 b 2000 T T T T
F 60000 73000 86000 99000 112000 125000 ;_ 20000 100000 180000 260000 340000
[ Reynolds number g Reynolds number

Figure 4. Dependence of external convective heat exchange coefficient h,, for a) cold circuit (Pr(20°C) = 7.02) and
b) hot circuit Pr(80°C) = 2.22 on Reynolds number calculated from formulas 1 and 3 of Nusselt number

Table 1
Empirical correlations of Nusselt number for cylinder

Note
0.4 S Rep S 4-10% Pr=0.7

Empirical formula
Nu,, = C;Re*Pr'/3

1/4

P
Nuy, = C,RelPrd (P ) 15 Rep < 105,07 < Pr < 500

0.62Re/>pr1/3 5/8 45
Nitos = 0.3 + [ 2/3l /4[ 282000 ] RepPr = 0.2
1+
Tab. 2. Values of Cl_ and m for the formula Nug, Tab. 3. Values of C; and n for the formula Nuy,
Rep Cy, m Rep C, n
0.4-4 0.989 0.330 1-40 0.750 0.4
4-40 0911 0.385 40-1000 0.510 0.5
40-4000 0.683 0.466 1000-200000 0.260 0.6
4000-40000 0.193 0.618 200000-1000000 0.076 0.7
40000-400000 0.027 0.805
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In addition, the difference in the coefficients of external convective heat exchange increases with an in-
crease in the Reynolds number, and the maximum difference is 10 and 25% at 20 and 80°C, respectively.
This shows that both formulas (the Hilpert and Churchill-Bernstein formulas) are suitable for calculating the
coefficient of external convective heat exchange, but it is preferable to use the third formula (Churchill-
Bernstein) as it operates over a wide range of changes in Reynolds and Prandtl numbers.

In the case of internal flow, the Reynolds, Prandtl and Nusselt numbers are determined by the following
formulas
UcastDo HUsiCpsl hiD;

Vst » Pr= Asf;Ni:/l_sl.

U.qst — casting speed, D; — inner diameter of the spinneret, vg;,ug; — kinematic and dynamic viscosi-
ty of slurry, c,5,A5; — heat capacity and thermal conductivity of slurry.

In the internal flow of the fluid, correlation dependencies of the Nusselt number are used, as in the case
of external flow. There are various dependencies of the Nusselt number on the Reynolds and Prandtl number
for laminar and turbulent currents. Works [18-21] give empirical formulas for calculation of Nusselt number
at flow of various liquids between concentric cylinders (coaxial tube). In this case, we will confine ourselves
to calculating the coefficient of internal convective heat exchange based on the Nusselt number on the flow
of the thermoplastic slurry in the cylindrical tube.

As it is known, in the case of a fully developed laminar flow with a uniform heat flow on the cylinder
wall and a uniform distribution of the wall temperature, the Nusselt number is constant and equals 4.36 and
3.66, respectively [18]. But, when the thermoplastic slurry flows in the cylindrical tube, its intensive cooling
takes place, moreover, uneven, through the wall, which leads to a possible change in the speed profiles along
the cylinder, which dictates the use of a non-constant Nusselt number, at least along the length of the tube.
Since the slurry is a highly viscous liquid, its flow in the cylinder differs with a large Prandtl number, which
leads to the choice of empirical formulas for calculating Nusselt, working for such a flow. For the case in
question, i.e. for a course with Prandtl number Pr = 5 the following Nusselt equation is suitable

ReD =

D
0.0668TR€DPT

S 27 (13)
1+0.04(7LRepPr)

Slurry casting occurs when the temperature changes from 80 to 20°C, which corresponds to the Prandtl
number of 1300-22000. Casting speed varies from 20 to 100 mm/min [1], which corresponds to Reynolds
number on the order of ~10-107. Figure 6 shows the change in the internal convective heat exchange coef-
ficient of h;, calculated from the Nusselt number Nu;,, according to the Reynolds number atPr(50°C) =
5700 and Pr(60°C) = 3584. The coefficient of internal convective heat exchange increases with an increase
in Reynolds number and a decrease in Prandtl number, but it is significantly lower than the coefficient of
external convective heat exchange (Fig. 4 a-b). Figure 7 shows the dependence of the Nusselt number for the
inner current on the Reynolds number for Pr(50°C) = 5700 and Pr(60°C) = 3584. The Nusselt number
calculated using the last formula (13) varies around the Nusselt number values for a fully developed laminar
flow with uniform heat flow on the cylinder wall and uniform wall temperature distribution.

Nu;, = 3.66 +

s 620

=
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Figure 5. Dependence of the coefficient of internal convective heat exchange h on the Reynolds number for
Pr(50°C) = 5700andPr(60°C) = 3584
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Figure 6. Dependence of the Nusselt number for the inner flow on the Reynolds number for

Pr(50°C) = 5700 and Pr(60°C) = 3584.

The dependence of the total heat transfer coefficient k on the hot slurry to cold water on the Reynolds
number of the internal flow at different Reynolds numbers of the water flow in the cold circuit, calculated
using the formula (13), is presented. This factor is used in modeling the flow of a hot slurry that cools
through the walls when the temperature changes in the spinneret wall material is neglected, which is not al-
ways a correct assumption. This means that in some cases, especially when the heat transfer rate through the
wall material is of the same order with the heat transfer rate in the layers near the wall, or when the spinneret
wall is not thin.
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Figure 7. The dependence of the total coefficient on hot slurry to cold water on the Reynolds number of the internal
flow at different Reynolds numbers of the water flow in the cold circuit

As shown in Figure 6, the heat transfer coefficient k increases as the Reynolds number of internal and
external flows increases. It is also noted that k is mainly controlled by internal convective heat exchange, for
which the coefficient of heat exchange is significantly lower than the coefficient of external heat exchange.

Conclusions

Thermal calculations of the laminar flow of the slurry in the cavity formed by two concentrically
arranged pipes during the formation of beryllium ceramics have been carried out. From analysis of
experimental data and calculations having obtained during movement of viscoplastic slurry in concentric
circular channel, it is established that with increase of cooling water flow rate in two circuits, external
convective heat exchange coefficients increase. Heat exchange and heat transfer coefficients on the walls of
the annular cavity have been estimated according to special criterion relationships.

Experimental data having obtained from the study of hydrodynamics and heat exchange of the casting
process of ceramic products have been analyzed and generalized using a mathematical model. The system of
equations of the laws of conservation of impulse, mass and energy of non-Newtonian fluid is considered
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together with the Shvedov-Bingham rheological model. Rheological and thermophysical properties of the
slurry have been found on the basis of experimental data, and express dependence on temperature.

Zones of solidification of hot slurry depending on casting speed have been identified. The zone of
solidification of the slurry is defined as the zone between two isochores — the lower (40°C) and upper
(54°C) boundaries of crystallization of the slurry. The structure of the slurry crystallization front shows that
the crystallization rate depends on the mode parameters and channel design data. The use of constructive and
experimental data for calculating the average coefficient of external convective heat exchange and the
Nusselt number in dependence on the Reynolds and Prandtl numbers makes it possible to obtain temperature
and speed profiles explaining the physical essence of the phenomenon, i.e. the process of solidification of the
thermoplastic slurry in the annular cavity.
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3. CatunoBa, b. Acunoekos, Y. JKanbacoaes, I'. Pamazanosa, I'. CarelnasikoBa

Bepuniumii kepamukachiH (popMasiay npouecinie TepMoOILIACT HVIMKePiH
arbIC LIAPTTAPBIHBIH JKbLIY TaChIMAJ/IAY HIAMAaChIHA dcepiH Oaranay

Makainana KepaMuKajblK OyHbIMIap/bl KJIbINTAY Ke3iHAe TepMOIUIACTUKAIIBIK HIIMKEpP aFbIHBI XKaFiainapbl-
HBIH JKaJITIBI )KBUTYy Oepy koa(duieHTiHe acepin Oaranay HoTbKenepi kentipinren. Ecenrey skcrepuMeHTi
HETI31H/Ie JKY3eTre achIPhUIATHIH ECENTEY ACPEKTEePi MCH IKCIICPUMEHTTIK HOTHIXKENEPIiH CCHIMJII COMKECTITiH
KaMTaMacChI3 €TETiH KYIO POIIECTEPi MEH JKbUTY €CENTeYICPiHIH eMKeH-TerKEMITi CHIaTTay dicTepi 93ipiacH-
Iii. OHIMJIEePi KaubInTay Ke3iHje maiiia 60maThiH (U3UKAIBIK MPOLECTEP/Ii MOJICIBICY MPOIECTIH TeMIlepa-
TypanbIK-(a3anblK epicTepiHiH e3repyiH emkeH-Terkelni Oakpulay MYMKIHIIT apKpUIbl KyliMa camachlH
JKaKCapTYIbIH KaHA MYMKIHAIKTEPiH aHBIKTayFa oHE KYIO peXHMIepiHe OailylaHbICTH KaTar0 KHHETUKACHIH
KOpHEKI TypJe maiigananyra MyMKiHIIK Oepeni. Karaio ke3eHiHae KanblTaynaH KbUTyIbIH O6JiHy KbUITaM-
JBIFBI CYCTICH3HUsI KO3FAJIBICBIHBIH JKbUIIAM/bIFbIH, COHBIMEH KaTap eTHeli aiMaKThIH eHi Toyenai GoiaThlH
TeMIIeparypa epiciH aHbIKTaiinbl. by dakropiap Oepriunii KepaMUKaChIHBIH KYPBUIBIMBIH KQJIBIITACTBIPYFa
Tikenel acep etexni. Pazanblk aybICy Ke3iHIe TeMIlepaTypa MeH XKbUTyFa OaillIaHBICTBI KePaMHKAIBIK OYHbIM-
Japasl KajblTay Ke3iHIe XKbUIy ajMacy HMpOLECiH 3epTTey Heri3ri MiHxeT OOoJbIn TaObuIapl, OUTKEHI oiap
Oepriunii KepaMHUKaCBHIHBIH TEXHOJOTHSUIBIK JKOHE IMalfanaHy CHIaTTaMajapblH aiTapiibIKTal aHBIKTaHIbL.
Ecenrik mepexTep KepaMHKaHBI KAIBIITAy MPOLECIHIH OHTAWIBI MIapTTapblH aHBIKTAayFa XXoHe OIpTEeKT Ky-
PBUIBIMBI Oap KaTalThUIFaH OHIMII OIBIFApyFa MYMKIHAIIK Oepeni.

Kinm ce30ep: TepMOIIIaCTHKAIBIK MITUKEP, OCPHIUINI OKCHIIl, THAPOAMHAMUKA, JKBUTY ajMacy, KYIo Iporeci,
KaJIbINTay, KaTao.

3. CarunoBa, b. Acunbekos, Y. )Kanbac6Oaes, I'. Pama3anoBa, I'. CarsIHIBIKOBa

OueHnka BJIMSAHUSA YCJIOBHH TeYEHUS TEPMOILIACTHYHOIO HIJIMKEPa HA KO3 PuuueHT
Terionepeaayu npu ¢popMoBaHum GepuLINEeBOl KEPaAMUKHU

B craTpe mpezncraBieHsl pe3yNbTaThl PACUETOB OICHKU BIMSAHUS YCIOBHHA T€UECHHS TEPMOIIACTHYHOTO HITH-
Kepa Ha oOmmi koG uIHeHT Terutonepeaayn npyu GOpMOBaHUH KepaMHUIECKHX u3lenanii. Paspaboransl Me-
TOJIBI ICTAILHOTO OIMCAHHS MPOLECCOB JIUThS M TEIUIOBBIX PAacyeTOB, 00ECIIEUHBAOIINE TOCTOBEPHOE COOT-
BETCTBUE PACUETHBIX AAHHBIX M IKCIIEPUMEHTAIBHBIX PE3YJIbTATOB, PEAIN3yEeMbIX HA OCHOBE BBIYMCIUTEIb-
HOTO JKcIepuMeHTa. MozenupoBanye (GU3MYECKUX MPOLECCOB, MPOUCXOAAIINX NPH (GOPMOBAHHU H3IEIHI,
MO3BOJIIET OOHAPYKUTH HOBBIE BO3MOYKHOCTH TOBBIIICHHUS KauyecTBA OTJIMBOK 3a CYET BO3MOXKHOCTH OoJjiee
JIETATBHOTO OTCIIEKUBAHHS W3MEHEHUS TeMIIepaTypHO-(a30BbIX IMOJIEH Mpollecca W HAITSIHO TPEICTaBUTH
KAHETHKY 3aTBEPJCBAHUS B 3aBHCUMOCTH OT PEKUMOB JIUThA. CKOPOCTH OTBOZA TeIIa OT (JOPMOBKH B TIEpH-
O]l 3aTBEPIICBAHUS ONPEICIAET CKOPOCTh IBIKEHHS CYCIICH3UH, HApsAy C 3TUM U TeMIepaTypHOe IoJie, OT
KOTOPOTO 3aBHCHUT IIMPHHA MEPEXOTHON 00IacT. DTH (PaKTOPBI OKA3BIBAIOT HEMOCPEACTBEHHOE BIMSIHAE HA
(dhopMHupoBaHUE CTPYKTYpHI OepuiuineBoil kepamuky. MccnenoBanue mporiecca TemioooMena mpu Gopmosa-
HHUU KePaMHUYECKUX M3JeNHi B 3aBUCUMOCTH OT TEMIEPATyphl, TEIUIOTHI NpH ()a30BOM Mepexoje SIBIsIeTCS
OCHOBHOM 3aJaueii, TOCKOJIbKY OHH BO MHOTOM ONpPENEINAIOT TEXHOJOTHYECKHUE U 3KCIUTyaTallMOHHbIE XapaK-
TEPUCTUKU OepHUINEBOM KepaMHKH. PacueTHble TaHHBIE MO3BOJIAIOT ONPENEIUTh ONTHUMAJIbHBIE YCIOBUS
nporecca GopMOBaHHS KEPaMUKH H MOJIYYHTh Ha BBIXOJE 3aTBEpAEBIICE M3ZETHE C OJHOPOIHON CTPYKTY-
PO

Kniouesvie crosa: TepMOIITACTHIHBIHN MIITMKEP, OKCHJ OSpHUILIHS, THIPOJHHAMIKA, TEINIO0OMEH, POIece JIH-
ThsI, (HOPMOBAHUS, 3aTBEPACBAHIISL.
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