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Dear authors and readers!
Dear colleagues!

In the preface, we traditionally inform the authors and readers about the most important achievements
of the Eurasian Physical Technical Journal at the moment. Thanks to our authors and the qualified work of
the editorial board members, the journal continues to be indexed in the Scopus database in all four scientific
areas with a maximum percentile 26% on the Engineering direction. In all other directions, the percentile has
also increased slightly. According to the Scimago Journal & Country Rank (SJR) website our Journal's
Hirsch index is 8. These indicators were achieved thanks to the objective and highly qualified examination of
materials by our reviewers, which guarantees the quality of the articles published in the Eurasian Physical
Technical Journal.

Dr. Aybaba Hangerliogullari, Professor, Doctor, Department of Physics, Kastamonu Universitesi,
Kastamonu, Turkey, has been invited to serve as a member of the Editorial Board. Dr. Aybaba
Hangerlidgullari’s (H-index 12) scientific areas are environmental science and ecology, science and
technology, etc. We hope that his work in the Editorial Board will attract new authors, which will also
contribute to strengthening the rating of the journal.

Let us move on to a description of the contents of this issue.

The Materials Science section presents new original results on the study of material properties under
various external influences. The Institute of Molecular Nanophotonics, Buketov University (Karaganda)
researchers have studied the effect of a heavy atom on the generation of singlet oxygen in the plasmon field
of silver nanoparticles. The authors found that the presence of a bromine atom in a dye molecule increases
the efficiency of singlet oxygen production.

Scientists from the Orenburg State University (Russia) based on the results, a model was developed that
describes "the kinetics of oxygen-dependent photoreactions in the film and the formation of luminescent
response signals during its multi-pulse laser activation, taking into account the diffusion replenishment of
oxygen molecules in the intervals between activating pulses."

In the next article, the authors investigated the optical properties and the distribution of the electric field
strength around silver nanoparticles with a TiO, or SiO; shell. It was found that "the maximum electric field
strength around plasmonic nanoparticles is concentrated radially and predominantly on their surface."

Astana and Almaty researchers used phenomenological and semi-microscopic analysis to determine the
optimal optical potential. Detailed calculations yielded values of "spectroscopic amplitudes for
configurations for different interactions at different energies of 15N incident ions."

The first two articles in the Energy section are devoted to environmental aspects of energy related to the
possibilities of bioenergy. In particular, the authors from Indonesia used "a Cu-doped ZnO sample fabricated
using a green synthesis method with bioreduction from pineapple peel extract" in their study. It was shown
that "the 5% Cu-doped ZnO sample as a photoanode showed the highest efficiency of 1.67% with an electron
lifetime of 12 ms compared to the undoped photoanode." In second article Buketov University employees
together with a Tomsk scientist experimentally studied the optimal values of electrical parameters, "allowing
to increase the degree of extraction of valuable components from organic raw materials with a simultaneous
reduction in the time of electro-hydro-pulse processing."

The Almaty scientists' article presents the results of computer modeling of thermophysical processes
occurring "during spraying and turbulent combustion of biofuel (biodiesel) droplets in the combustion
chamber of an engine with direct injection." The results made it possible to obtain a visualization of the
reacting flow with temperature and concentration characteristics of harmful emissions during the combustion
of biodiesel.

The article by the Institute of Technical Thermophysics (NASU, Kyiv) author is devoted to the
development of measures to improve the thermal efficiency of working surfaces and the coolant supply
system. The results of complex studies of transfer processes in complex conditions of interaction of external
and internal turbulent effects characteristic of thermal power equipment are considered.

Paper of our university employees and Russian scientist (Tomsk) is devoted to the study of the
aerodynamic characteristics of a wind power plant, "equipped with two combined blades combining fixed
profiles and rotating cylinders." The results of numerical modeling in the Ansys Fluent package and
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laboratory tests showed that the use of combined blades allows increasing the aerodynamic efficiency of
wind turbines by 8—10% compared to traditional designs.

The Engineering section articles examine practically important technical developments and solutions to
current problems in the automation of modern technologies and monitoring systems. The Almaty authors
article presents "the technology of Fourier-IR spectroscopy of hydrocarbon materials at low temperatures
and atmospheric pressure", which allows studying the optical properties of various substances in a certain
temperature range without using a vacuum.

The article by our university authors “the factors affecting the strength and corrosion rate of aluminum-
magnesium alloys in sea water” is examined. It is shown that "the more aluminum cells contain the Mg2Al4
group as a thombic subsystem, the higher the strength of these alloys".

Scientists from the Karaganda Industrial University (Temirtau) present the results of "finite element
modeling of a new technology of combined deformation of radial-shear drawing and traditional drawing" in
their article. Using the DEFORM program, it was established that the optimal conditions are the 30-25-20
scheme at a temperature of 900 °C”.

In the paper, researchers from Al-Farabi Kazakh National University (Almaty) and the School of
Electronics and Information Engineering, Northwestern Polytechnical University (Xi'an, China) evaluated
"the performance of YOLOv8n/v8s, YOLOv11n/vlls, and YOLOvI2n/v12s models in extracting features
from terrestrial thermal infrared images and videos captured by long-range infrared cameras."

The Physics and Astronomy section in the article by the authors from Fesenkov Astrophysical Institute
(Almaty), Institute of Astronomy (RAS) and Sternberg Astronomical Institute, Moscow State University (Russia) the
results of an analysis of “reflectance spectra of asteroids based on observations made at the Assy-Turgen
Observatory (code 217) at an altitude of 2658 meters above sea level (77°.87114 E, 43°.225527 N) are
shown. These results were obtained using “a long-slit spectrograph based on volume-phase holographic
gratings installed at the main focus of the AZT-20 telescope with an aperture of 1.5 meters.”

The next article by scientists from Jordan universities developed a description of “a nonlinear equation
that controls the oscillations of charged particles under the influence of an electric field using the homotopic
perturbation method.”

An article by Almaty researchers devoted to the problems of astrophysics, the results of the analysis of
the light curve of the star IRAS07080+0605, belonging to the FS CMa class, are presented using data from
the ASAS SN survey in the period from 2014 to 2025. It is assumed that "the appearance of asymmetries in
the phase curves indicates a possible change in the orbit, which may be associated with the dynamics of the
system, including a change in the separation between objects."

We hope that the presented articles will be of interest to scientists, teachers and doctoral students.

In order to increase the international recognition and citation of your scientific articles published in the
journal "Eurasian Physical Technical Journal", the editors recommend that authors register on the scientific
platform ResearchGate (www.researchgate.net). Posting articles on ResearchGate will help expand the
scientific audience of readers; increase the citation index of the author and the journal; establish new
professional contacts; increase interest in your publications.

We will be glad to see you among our readers and authors of the following issues, in which it is planned
to publish articles by leading scientists on the most relevant and priority areas of modern physics and
technology.

We also invite authors and readers to visit our Facebook (https://www.facebook.com/groups/
1103109540750967/members), where announcements and news about the Eurasian Physical Technical
Journal are posted, and write your opinions and wishes.

With respect and best wishes for health and well-being to our authors and readers,

Editor-in-Chief, Professor Sakipova S.E.
June, 2025


https://www.facebook.com/groups/%201103109540750967/members
https://www.facebook.com/groups/%201103109540750967/members
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THE EFFECT OF THE INTERNAL HEAVY ATOM ON SINGLET OXYGEN
GENERATION IN THE PRESENCE OF PLASMONIC NANOPARTICLES

Ibrayev N.Kh.*, Menshova E.P.

Institute of Molecular Nanophotonics, Buketov University, Karaganda, Kazakhstan
*Corresponding author: niazibrayev@mail.ru

Abstract. The heavy atom effect on singlet oxygen generation in the plasmon field of silver nanoparticles
was investigated. The dyes rhodamine 123 and dibromrhodamine 123 in polyvinyl butyral films were used as
sensibilisers. The dye films were deposited by spin-coating onto silver island films synthesised on the quartz
surface. The results showed that the presence of bromine atom in the dye molecules increased the singlet oxygen
generation efficiency. The calculated Stern-Follmer constants demonstrate the enhancement of molecular oxygen
quenching of triplet states of dibromorhodamine 123 dye molecules in the presence of Ag nanoparticles.

Keywords: heavy atom effect, intersystem crossing, singlet oxygen, nanoplasmonics, photosensitiser.

1. Introduction

Singlet oxygen O»('Ag) is the most stable excited state of molecular oxygen O,(°Z,) which plays an
important role in biological, chemical and industrial processes, acting as the main oxidant. It is highly sought
after for photodynamic therapy, which is used in the therapeutic and/or palliative treatment of various
cancers and benign diseases. The mechanism of cell destruction underlying photodynamic therapy combines
the activation of sensitising molecules by light irradiation and the formation of singlet oxygen and cytotoxic
reactive oxygen species (ROS). In addition, O»('A,) and ROS can act as oxidants in biological objects [1,2]
and in organic synthesis [3,4], be used for light inactivation of proteins using chromophores [S] and
photodegradation of organic contaminants [5,6], disinfection of drinking water [7], sterilisation of gases and
solids, and self-cleaning of filter membranes [8].

To study the processes of molecular oxygen O.(°Z, ) activation, photosensitizers (PSs) based on organic
dyes with high quantum yield to the triplet state and the ability to transfer energy to O.(°Z,") oxygen are used
[9]. One of the factors that increase the probability of intersystem crossing (ISC) and, consequently, the
transition of sensitising molecules to the triplet state [10], is the adding of heavy atoms to the structure of dye
molecules. This approach found wide application in the development of new PSs for photodynamic therapy
and other fields requiring efficient generation of reactive oxygen species [11].

Much attention is also paid to the study of the interaction of organic photosensitisers with plasmonic
nanoparticles (NPs), which can significantly enhance the luminescence intensity and shorten the
phosphorescence lifetime due to the Purcell effect [12]. In the presence of silver or gold NPs, the local
electromagnetic field is enhanced, that increases the probability of radiative transitions and accelerates the
deactivation of excited states of the sensitiser [13]. Plasmon NPs can also increase the sensitivity and
selectivity of sensitisers to oxygen due to more efficient energy transfer from the triplet state of the sensitiser


mailto:niazibrayev@mail.ru

Eurasian Physical Technical Journal, 2025, 22, 2(52) ISSN 1811-1165; e-ISSN 2413-2179 6

to the oxygen molecule [14]. In particular, the use of silver island films (SIFs) allows achieving enhanced
luminescence due to the generation of localised surface plasmons and increasing the overall signal intensity
[15]. In [16,17] a correlation between the effect of the heavy atom in the dye molecule and the degree of
influence of the plasmon effect of silver NPs on the phosphorescence properties of a series of halogen-
substituted xanthene and fluorescein dyes was carried out. A theoretical model is proposed to estimate the
quantum yield of phosphorescence of dye molecules in the vicinity of plasmonic NPs. To this end, the rate
constants of radiative and non-radiative intramolecular transitions of dyes were calculated.

This study is an extension of [16] using brominated rhodamine derivatives and silver plasmonic
structures to improve the efficiency of singlet oxygen generation. The use of heavy atoms together with
plasmonic NPs opens up the prospect of creating more efficient and precise photosensitisers for the targeted
generation of reactive oxygen species [18].

2. Experimental part

The dyes rhodamine 123 (Rh123) and dibromhodamine 123 (Rh 123-2Br), which were purchased from
Sigma-Aldrich, were chosen to study the effect of spin-orbit interaction on O»('Ag) generation. The
molecular structure of the dye molecules studied is shown in Figure 1. The dye films in polyvinyl butyral
(PVB) were deposited by spin-coating at 1,500 rpm for 30 sec. The concentration of dyes in 7 wt% polymer
was 5-10* mol/L. Micro-weighing was used to control the thickness of films deposited on different
substrates. The mass of the dye films on the surface was almost the same. The oxygen permeability of PVB
is 0.95 x 107'% cm*-cm/(cm?-s-atm) [19].

Rh123 Rh123-2Br

Fig. 1. Molecular structure of the investigated dye molecules

To study the effect of plasmonic NPs on O»('A,) generation in the presence of heavy atom, substrates of
SIFs were prepared by chemical deposition [20]. Analytical grade purity chemicals from Sigma Aldrich and
ultrapure water obtained using a Smart S15 UVF system (Drawell) were used to SIFs synthesise. SIFs were
annealed at 240°C for 30 min. This in turn helps to stabilise and improve the structural and functional
properties of the silver films. According to scanning electron microscope (Mira 3LMU, Tescan) data,
spherical islands of size 105 — 375 nm were uniformly distributed on the film’s surface of the (Fig. 2a).
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Fig. 2. (a) SEM image of SIFs obtained by chemical deposition on quartz glass, (b) XPS spectra of SIFs and (c)
Absorption spectra of SIFs (red line), Rh123 (blue solid), Rh123-2Br (green solid) and fluorescence spectra of Rh123
(blue dashed), Rh123-2Br (green dashed) in PVB film on quartz glass (Aexc = 510 nm, Areg = 540 nm)
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Energy dispersive X-ray spectroscopy analysis of the SIFs surface showed the presence of silver, silicon
and oxygen, where silicon and oxygen are related to the composition of quartz glass (Fig. 2b). The
absorption spectrum of SIFs is broadened and has two peaks at 365 nm and 605 nm (Fig. 2c). The
broadening is due to the large variation in the size of the islands.

Cary 300 and Eclipse spectrometers (Agilent Technologies) were used to record absorption, fast and
delayed fluorescence spectra. Delayed fluorescence (DF) and phosphorescence (Phos) measurements of
Rh123 and Rh123-2Br films were carried out under varying pressure conditions using an Optistat DN
vacuum cryostat (Oxford Instruments).

A FLS1000 spectrometer (Edinburgh Instruments) with UV, Vis-PMT and NIR-PMT photomultipliers
(Hamamatsu) was used to record the attenuation kinetics of long-lived luminescence of dyes and singlet
oxygen phosphorescence. Photoexcitation of samples at A.xc=510 nm was carried out by a laser system based
on Nd:YAG laser LQ529 with OPO LP604 and second harmonic generator LG305 (SolarLS).

3. Results and Discussion

From the normalised absorption and fluorescence spectra of Rh123 and Rh123-2Br in the polymer
films, it can be seen that the spectra of Rh123-2Br are bathochromically shifted, due to the presence of two

bromine atoms (Fig. 2c). The maximum of the absorption spectrum (/13;’,( ) of Rh123 falls at 516 nm, Rh123-

2Br — at 520 nm. The maximum of fluorescence spectrum (l_r;,'ax ) is at 535 nm for Rh123 and at 540 nm for

Rh123-2Br. Figure 3 shows the long-lived luminescence spectra of the dye films, where two luminescence
maxima are expressed. The first maximum at 540 nm coincides with the fast fluorescence and refers to DF.
Whereas the maximum at around 670 nm is Phos of the dyes (Fig. 3).

60

£ Rh123-2Br

40

, LU

20

I iR A

0
500 £50 600 650 700
rnm

Fig. 3. Long-lived luminescence spectra of Rh123 and Rh123-2Br (5*10 mol/L) in PVB film (7 wt%) (Aexc = 510 nm)
at cryostat air pressure of 103 mB and T =293 K

From the Ips/Ipnos, intensities ratio, which is 2.5 for the first dye and 3.2 for the second dye, it can be
stated that Rh123-2Br has more pronounced phosphorescence than Rh123. DF and Phos intensities of the Br-
substituted dye are an order of magnitude higher than those of Rh123. The shorter lifetime of DF and Phos of
Rh123-2Br (Table 1) is due to the faster decay of the S; state not only to the ground state, but also to the
nearby triplet state T due to the increase in the probability of ISC due to the effect of the internal heavy
atom [17].

The effect of oxygen concentration on the DF and Phos of Rh123-2Br was studied (Fig. 4).
Dibromorhodamine molecules have a high probability of transition from the excited singlet state (Si) B to the
triplet state (T1) due to ISC, which is characteristic of molecules containing heavy atoms.
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Fig. 4. The dependence of the intensity of DF (a) and Phos (b) of Rh123-2Br in PVB films
on the cryostat pressure (Aexe = 510 nm, Aweg = 540 nm for DF and Arg = 670 nm for Phos) at T = 293K

According to [21], the following processes can occur in the collision complexes of molecular oxygen
and triplets of the sensitiser:

Tz, > [r.22 17 5 8,44, (1)
T+4, >[1..4[ - 5,422, 5 8,45, +hv,, )
U5 + v, 3)

where S, S,, T — ground, excited singlet and triplet states, 32(;, IAg — molecular and singlet oxygen,
_ 3.5 . . .. . T
[T ) g]' — intermediate complex between the sensitiser and oxygen, where the total spin multiplicity

can be 1 (singlet), 3 (triplet), or 5 (quintet), [T ...'Ag]3 — excited complex of the sensitiser with singlet

oxygen, forming a triplet state, /#v,, — photon emitted as DF of sensitiser, /v, . — photon emitted during

phosphorescence of singlet oxygen.

Process 1 is singlet oxygen sensitisation reaction; process 2 — singlet-triplet annihilation reaction;
process 3 — generation of singlet oxygen phosphorescence.

Under the influence of an enhanced plasmon field, the intensity of all types of luminescence increases,
as the probability of transition between energy levels increases and more dye molecules return to the ground
state with the emission of light photons [22]. The intensity of fast fluorescence increased 2.6 times for Rh123
and 2.18 times for Rh123-2Br. Also, in the presence of plasmon, there is an increase in DF intensity by 2.4
and 2.18 times and Phos intensity by 3.5 and 3.81 times for Rh123 and Rh123-2Br, respectively (Table 1).
While the luminescence lifetime decreases (Table 1).

This phenomenon is described by the Purcell effect, according to which near metallic nanostructures
possessing plasmons, the lifetime of excited states decreases as rates of radiative transitions are amplified
due to the local plasmon field. As a result, the long-lived luminescence becomes more intense, but its
lifetime decreases [14, 23, 24].

Figure 4 shows the dependences of the intensity of DF and Phos of Br-substituted dye without the
influence of plasmons and in its presence on the air pressure in the cryostat. For DF (Fig. 4a) on quartz glass
and on SIFs, an increase of the luminescence intensity with pressure changes from 0.1 to 10 mB, and then a
decrease is observed, that is a confirmation of singlet-triplet annihilation. While the Phos intensity (Fig. 4b)
decreases monotonically. It is worth noting that the deactivation process of triplet states is more pronounced
for Rh123-2Br in the presence of plasmon. The Phos quenching constants by oxygen molecules were
calculated on the basis of the Stern-Folmer equation [25]:
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Iy,
“rhos = 1+ k7, - [0, (4)

Phos

where [j, ~— Phos intensity in the absence of O,, [

s — Phos intensity in the presence of O, k, —

extinction coefficient, 7,— Phos lifetime in the absence of O, a [Q]— O concentration.

Table 1. Spectral-luminescence parameters of Rh123 and Rh123-2Br in PVB films

A" s D A g I Ipr TDF Iphos Ths I/ Ipe/  ToF/  Iphos/  Tphos/
(nm) (nm) (ru) (ru) (ms) (r.u.) (ms) Ino Ipro  ToFo0  Iphoso  TPhoso
Rh123
uartz 0.12 163 5  87%02 2 7403 - - - - -
Quartz_ 516 535
SIFs 0.16 423 12 8.5+0.1 7 57+£0.7 133 260 24 097 35 0.77
Rh123-2Br
uartz 0.13 93 67 5.0+:0.4 22 5.9+0.1 - - - -
520 540
SIFs 0.15 204 146 4.8+0.2 84 3.6£0.2 1.13 2.18 2.18 096 3.81 0.61

Figure 5 shows that a stronger quenching of the triplet state of the dye by oxygen molecules is observed
in the plasmon field. For Rh123-2 films on glass k, =6,2 10° M"'s™!, and on Ag island films k,6=9,1 10

M s

Rh123-2Br on SIF

Rh123-2Br

(0], Mim’

Fig. 5. Stern-Follmer quenching constants of R123-2Br phosphorescence by O, molecules
on quartz (red line) and on SIFs (black line)

The value of the quenching constant (k ;) can be used as an indicator of the efficiency of singlet oxygen
generation. Since k , reflects how efficiently oxygen quenches the triplet state of the dye-sensitiser. Its value

can be indirectly related to the singlet oxygen yield. The higher kq , the more triplet states of the sensitiser

transfer their energy to oxygen molecules as a result of heteroannihilation, that leads to an increase in the
singlet oxygen yield ‘A,.

Upon photoexcitation, phosphorescence of singlet oxygen was observed in the absorption band of
Rh123-2Br, while Rh123 does not contribute to its effective generation. Under the influence of plasmonic
field of SIFs the singlet oxygen generation sensitised by Rh123-2Br increased by 2.49 times (Fig. 6).

The kinetic of singlet oxygen phosphorescence is represented by two phases: rise and decay (Fig. 6) and
can be approximated according to a two-exponential equation:

t t
e - ®
Tdecay z-rise

where /() — phosphorescence intensity of Ox('Ag) per second, /, — pre-exponential multiplier, T gecy DA

I(t)=1,| exp| —

7., — time constants of the decay and rise phases [26].

rise
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The rise phase is determined by the rate of singlet oxygen formation as a result of energy transfer from

the triplets of Rh123-2Br to O, (32;) , the decay phase — by the process of singlet oxygen deactivation.

100

| Rh123-2Br on SIF

r.u.

T, us

Fig. 6. Kinetics of singlet oxygen phosphorescence (A = 1270 nm) sensitised by R123 and R123-2Br dyes
on quartz and SIFs at atmospheric pressure (Aexe = 510 nm)

According to the fitting results, the duration of the rising phase was 16.13 ps and the duration of the
decay phase was 75.60 ps. Under the action of plasmon, the duration of these phases decreased by 14% and
3%, respectively. (Table 2). The decrease of the lifetime of O,('A,) phosphorescence is associated with the
enhancement of the radiation transition ‘Ag — 7%,

Table 2. Plasmon effects on the intensity and lifetime of singlet oxygen phosphorescence (Arg = 1270 nm at
atmospheric pressure (Aexc = 510 nm)

I ru. Trise, WS Tdecay, IS /1o Trise/ Trise 0 Tdecay/TdecayO
Ox("Ay) on quartz 60 16.1320.77 | 75.6020.91 - . .
O1('A,) on SIFs 112 12.25+1.61 71.89+0.61 2.49 0.76 0.95

4. Conclusions

In this study, a comparative analysis of the singlet oxygen O2('A,) generation efficiency by Rh123 and
Rh123-2Br dyes in polymer films in the presence of plasmonic silver NPs was carried out. The addition of a
heavy bromine atom into Rh 123 molecules leads to a significant increase of the probability of ISC and
singlet oxygen generation, as evidenced by an increase of the intensity and decrease in the phosphorescence
lifetime. The presence of silver plasmonic NPs further enhances the luminescence processes due to the
Purcell effect, reducing the lifetime of excited states and increasing the luminescence intensity. The Stern-
Volmer constants for Rh123-2Br on SIFs substrates show a higher quenching coefficient, indicating an

increase of the energy transfer efficiency of oxygen molecules and singlet oxygen generation in the plasmon
field.

Conflict of interest statement
The authors declare that they have no conflict of interest in relation to this research, whether financial, personal,
authorship or otherwise, that could affect the research and its results presented in this paper.

CRediT author statement
Ibrayev N.Kh.: supervision, resources, conceptualization, validation; Menshova E.P.: formal analysis, investigation
writing - original draft, visualization. All authors have read and agreed to the published version of the manuscript.

Acknowledgements
This research is funded by the Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant No. AP23490195).)




Eurasian Physical Technical Journal, 2025, 22, 2(52) ISSN 1811-1165; e-ISSN 2413-2179 11

References

1  Sagadevan A., Hwang K.C., Su M.D. (2017) Singlet oxygen-mediated selective C-H bond
hydroperoxidation of ethereal hydrocarbons. Nature Communications, 8(1), 1812. https://doi.org/10.1038/s41467-017-
01906-5

2 Schmidt R. (2006). Photosensitized generation of singlet oxygen. Photochemistry and Photobiology, 82(5),
1161-1177. https://doi.org/10.1562/2006-03-03-1R-833

3 Ishchenko A.A., Syniugina A.T. (2023) Structure and photosensitiser ability of polymethine dyes in
photodynamic  therapy: A4  review.  Theoretical —and  Experimental — Chemistry,  58(6), 373-401.
https://doi.org/10.1007/s11237-023-09754-9

4 Singleton D. A., Hang C., Szymanski M. J., Meyer M. P., Leach A. G., Kuwata K. T., Chen J. S., Greer A.,
Foote C.S., Houk K.N. (2003) Mechanism of the reactions of singlet oxygen: A two-step no-intermediate mechanism.
Journal of the American Chemical Society, 125(5), 1319-1328. https://doi.org/10.1021/ja027225p

5 Aerssens D., Cadoni E., Tack L., Madder A. (2022) A photosensitized singlet oxygen (102) toolbox for bio-
organic applications: Tailoring 'O, generation for DNA and protein labelling, targeting and biosensing. Molecules,
27(3), 778. https://doi.org/10.3390/molecules27030778

6  Bregnhgj M., Prete M., Turkovic V., Petersen A. U., Nielsen M.B., Madsen M., Ogilby P.R. (2019) Oxygen-
dependent photophysics and photochemistry of prototypical compounds for organic photovoltaics: Inhibiting
degradation initiated by singlet oxygen at a molecular level. Methods and Applications in Fluorescence, 8(1), 014001.
https://doi.org/10.1088/2050-6120/ab4edc

7  Pibiri L., Buscemi S., Palumbo Piccionello A., Pace A. (2018) Photochemically produced singlet oxygen:
Applications and perspectives. ChemPhotoChem, 2(7), 535-547. https://doi.org/10.1002/cptc.201800076

8 Wang Y, Lin Y., He S.,, Wu S., Yang C. (2024). Singlet oxygen: Properties, generation, detection, and
environmental applications. Journal of Hazardous Materials, 461, 132538. https://doi.org/10.1016/j.jhazmat.
2023.132538

9 Khan A., Alam M., Rehman S. U., Khan G. S., Khan F.A., Khan M., Zhang Y. (2019) Rhodamine-based
fluorescent  probes  for  bioimaging  applications. Chemical  Reviews, 119(19), 10504-10555.
https://doi.org/10.1021/acs.chemrev.9b00230

10 Rao D., Singh P., Jain R. (2020) Applications of singlet oxygen in photodynamic therapy enhanced by
plasmonic nanostructures. Journal of Biomedical Nanotechnology, 16(5), 843-856.
https://doi.org/10.1166/jbn.2020.2914

11 Ogawa K., Kobuke Y. (2016) Heavy atom effects in photochemical and photobiological applications.
Accounts of Chemical Research, 49(5), 712—721. https://doi.org/10.1021/acs.accounts.6b00027

12 Lakowicz J.R. (2006) Principles of fluorescence  spectroscopy (3rd ed.).  Springer.
https://doi.org/10.1007/978-0-387-46312-4

13 Chowdhury M.H., Ray K. (2008) Plasmon-controlled fluorescence towards high-sensitivity optical sensing.
Advances in Biochemical Engineering/Biotechnology, 116, 29-72. https://doi.org/10.1007/10_2008_9

14 Ray K., Chowdhury M.H., Zhang J., Fu Y., Szmacinski H., Nowaczyk K., Lakowicz J.R. (2009) Plasmon-
controlled fluorescence towards high-sensitivity optical sensing. Advances in Biochemical Engineering/Biotechnology,
116, 29-72. https://doi.org/10.1007/10_2008 9

15 Zhang Y., Xu C., Hao Y. (2015) Influence of heavy atoms on intersystem crossing and singlet oxygen
generation in photodynamic systems. Journal of Photochemistry and Photobiology A: Chemistry, 306, 44-52.
https://doi.org/10.1016/j.jphotochem.2015.04.006

16 Ibrayev N.K., Valiev R.R., Seliverstova E.V., Menshova E.P., Nasibullin R.T., Sundholm D. (2024)
Molecular phosphorescence enhancement by the plasmon field of metal nanoparticles. Physical Chemistry Chemical
Physics, 26(20), 14624—14636. https://doi.org/10.1039/d4cp01281j

17 Ibrayev N., Seliverstova E., Valiev R., Aymagambetova A., Sundholm D. (2024). The effect of heavy atoms
on the deactivation of electronic excited states of dye molecules near the surface of metal nanoparticles. Physical
Chemistry Chemical Physics, 26(40), 25986—25993. https://doi.org/10.1039/D4CP02621G

18 DeRosa M.C., Crutchley R.J. (2002). Photosensitized singlet oxygen and its applications. Coordination
Chemistry Reviews, 233-234, 351-371. https://doi.org/10.1016/S0010-8545(02)00034-6

19 Kamalova D.I., Abdrazakova L.R., Salakhov M.Kh. (2020) Poly(vinyl butyral)/poly(ethylene glycol) blends
for gas separation membranes: Coefficients of diffusion and permeability of oxygen. Journal of Non-Crystalline Solids,
532, 120304. https://doi.org/10.1016/j.jnoncrysol.2020.120304

20 Ibrayev N., Seliverstova E., Temirbayeva D., Ishchenko A. (2022) Plasmon effect on simultaneous singlet-
singlet and triplet-singlet energy transfer. Journal of Luminescence, 251, 119203. https://doi.org/10.1016/
j.jlumin.2022.119203

21 Minaev B.F. (2007) Electronic mechanisms of molecular oxygen activation. Russian Chemical Reviews,
76(11), 988—1010. https://doi.org/10.1070/RC2007v076n11ABEH003720



https://doi.org/10.1038/s41467-017-01906-5
https://doi.org/10.1038/s41467-017-01906-5
https://doi.org/10.1562/2006-03-03-IR-833
https://doi.org/10.1007/s11237-023-09754-9
https://doi.org/10.1021/ja027225p
https://doi.org/10.3390/molecules27030778
https://doi.org/10.1088/2050-6120/ab4edc
https://doi.org/10.1002/cptc.201800076
https://doi.org/10.1016/j.jhazmat.%202023.132538
https://doi.org/10.1016/j.jhazmat.%202023.132538
https://doi.org/10.1021/acs.chemrev.9b00230
https://doi.org/10.1166/jbn.2020.2914
https://doi.org/10.1021/acs.accounts.6b00027
https://doi.org/10.1007/978-0-387-46312-4
https://doi.org/10.1007/10_2008_9
https://doi.org/10.1007/10_2008_9
https://doi.org/10.1016/j.jphotochem.2015.04.006
https://doi.org/10.1039/d4cp01281j
https://doi.org/10.1039/D4CP02621G
https://doi.org/10.1016/S0010-8545(02)00034-6
https://doi.org/10.1016/j.jnoncrysol.2020.120304
https://doi.org/10.1016/%20j.jlumin.2022.119203
https://doi.org/10.1016/%20j.jlumin.2022.119203
https://doi.org/10.1070/RC2007v076n11ABEH003720

Eurasian Physical Technical Journal, 2025, 22, 2(52) ISSN 1811-1165; e-ISSN 2413-2179 12

22 Seliverstova E., Ibrayev N., Omarova G., Ishchenko A., Kucherenko M. (2021) Competitive influence of the
plasmon effect and energy transfer between chromophores and Ag nanoparticles on the fluorescent properties of
indopolycarbocyanine dyes. Journal of Luminescence, 235, 118000. https://doi.org/10.1016/j.jlumin.2021.118000

23 Kanapina A., Seliverstova E., Ibrayev N., Derevyanko N., Ishchenko A. (2023) Features of the decay of
excited states of ionic dyes in the near field of metal nanoparticles. Eurasian Physical Technical Journal, 20, 2(44),
106—-111. https://doi.org/10.31489/2023N02/106-111

24 Temirbayeva D., Ibrayev N., Kucherenko M. (2022). Distance dependence of plasmon-enhanced
fluorescence and delayed luminescence of molecular planar nanostructures. Journal of Luminescence, 243, 118642.
https://doi.org/10.1016/j.jlumin.2021.118642

25 Gehlen M. H. (2020) The centenary of the Stern—Volmer equation of fluorescence quenching: From the
single line plot to the SV quenching map. Journal of Photochemistry and Photobiology C: Photochemistry Reviews, 42,
100338. https://doi.org/10.1016/j.jphotochemrev.2019.100338

26 Krasnovsky A.A. (2008) Luminescence and photochemical studies of singlet oxygen photonics. Journal of
Photochemistry and Photobiology A: Chemistry, 196(2-3), 210-218. https://doi.org/10.1016/j.jphotochem.2007.12.015

AUTHORS’ INFORMATION

Ibrayev, Niyazbek — Doctor of Physics and Mathematical Sciences, Professor, Professor-researcher, Director of the
Institute of Molecular Nanophotonics, Buketov Karaganda University, Karaganda, Kazakhstan; SCOPUS Author ID:
9333698600, https://orcid.org/0000-0002-5156-5015; niazibrayev@mail.ru.

Menshova, Evgeniya — Master (Eng.), Junior Research Fellow, Institute of Molecular Nanophotonics, Buketov
Karaganda University, Karaganda, Kazakhstan; SCOPUS Author ID: 57283853000, https://orcid.org/0000-0003-3646-
3763; menshovayevgeniya@gmail.com



https://doi.org/10.1016/j.jlumin.2021.118000
https://doi.org/10.31489/2023No2/106-111
https://doi.org/10.1016/j.jlumin.2021.118642
https://doi.org/10.1016/j.jphotochemrev.2019.100338
https://doi.org/10.1016/j.jphotochem.2007.12.015
https://orcid.org/0000-0002-5156-5015
mailto:niazibrayev@mail.ru
https://orcid.org/0000-0003-3646-3763
https://orcid.org/0000-0003-3646-3763
mailto:menshovayevgeniya@gmail.com

Eurasian Physical Technical Journal, 2025, 22, 2(52) ISSN 1811-1165; e-ISSN 2413-2179 13

EURASIAN PHYSICAL TECHNICAL JOURNAL EuRAsiAN

PHYSICAL

TECHNICAL

2025, Volume 22, No. 2 (52)

https.//doi.org/10.31489/2025N2/13-24

Received: 04/03/2025 Revised: 18/05/2025 Accepted: 24/06/2025 Published online: 30/06/2025
Research Article @ Open Access under the CC BY -NC-ND 4.0 license

UDC 535.37; 535.217; 544.525.2; 546.21; 577.336

MULTIPULSE LUMINESCENCE DETECTION OF THE SPATIAL
DISTRIBUTION OF REAGENTS AND THE DIFFUSION FLOW OF O
MOLECULES INTO POLYMER LAYER

Kucherenko M.G., Rusinov A.P.*

Orenburg State University, Orenburg, Russia
*Corresponding author: sano232@mail.ru

Abstract. The problem of monitoring processes involving molecular oxygen in porous media still remains
relevant due to the development of technologies based on the use of nanostructured systems. It is becoming
important to study the characteristics of the reactions in nano cells with different morphologies and connectivity.
The specifics of the localization and transport of reagents, which determine the yield of the product during
transformations, provide valuable information for analyzing the process and optimizing its flow conditions. In this
regard, it is necessary to improve the methodology for measuring photoinduced signals of oxygen-containing
systems in non-stationary modes with time resolution to determine the current concentrations of reactant
molecules. The kinetics of oxidative photoreactions in a colored polymer film was studied with multiple pulse
activation of the system taking into account the layer-by-layer diffusion replenishment of the concentration of
oxygen consumed in the reaction from the atmosphere. The process of chemical binding of oxygen molecules with
immobilized anthracene molecules in an oxygen-permeable polymer film of polyvinyl butyral containing
molecules of an organic dye (erythrosine) as a photosensitizer was recorded. A mathematical model is proposed
that describes the kinetics of oxygen-dependent photoreactions in the film and the formation of luminescent
response signals during its multi-pulse laser activation taking into account the diffusion replenishment of oxygen
molecules in the intervals between the activating pulses. Based on a comparative analysis of the experimental and
calculated luminescence signals, the nature of the non-uniform spatial distribution of the photosensitizer and the
oxidized reagent in the polymer film is assessed.

Keywords: Singlet oxygen, chemical traps, delayed fluorescence quenching, sensitized activation.
1. Introduction

Oxygen transport in tissues, its interaction with target biological molecules, the degree of tissue
oxygenation, the role of active oxygen species in biological processes are the subject of close study in the
field of biochemistry, physiology and medicine [1-8]. Oxygen permeability is an important characteristic in
the design of biosimilar materials [2-3]. At the same time, the complexity of biological systems and their
multi-level organization make many physical and chemical research methods directly inapplicable due to the
possible disruption of the protein structure of tissues. One of the exceptions in terms of non-invasiveness are
optical methods. Thus, in works [6-7] a luminescent microsensor introduced into tissues is considered, which
allows determining local tissue saturation with oxygen, which is important in the treatment of ischemic
diseases of the extremities.
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In addition, the problem of monitoring processes involving molecular oxygen in porous nanostructured
media remains relevant due to the development of a large number of different technologies based on the use
of percolation systems with different morphology and connectivity of nanocells. It is becoming important to
study the characteristics of the reactions in nanocells of such systems as reaction chambers. The specifics of
the localization and transport of reagents, which determine the yield of the product during transformations,
provide valuable information for analyzing the process and optimizing its flow conditions. In this regard, it is
necessary to improve the methodology for measuring photoinduced signals of oxygen-containing systems in
non-stationary modes with time resolution to determine the current concentrations of reactant molecules.

An alternative way to study the reaction mechanisms and diffusion processes of oxygen molecules is to
use model systems where the polymer matrix is oxygen-permeable and is responsible only for its transport,
and the binding of oxygen molecules is provided by an additional reagent, for example, as in this work —
anthracene [9-10].

The excited singlet state of the oxygen molecule 1Ag (O,) has the highest reactivity due to its specific

orbital electron structure. The relatively high mobility of O, molecules in liquid and porous media, as well as
the long lifetime of the state 1Ag (0,), ensure effective transfer of electron excitation energy over fairly large,

on a molecular scale, distances. Singlet oxygen is capable of destroying the native state of biological
macromolecules, both through oxidative mechanisms - chemically binding to them, and by transferring
excess energy to the macromolecule, which leads to disruption of its secondary and tertiary structure.
Photogeneration of high concentrations of active oxygen in living cells leads to the death of the latter, which
is the basis for photodynamic therapy of malignant tumors [11-18]. In studying the influence of singlet
oxygen on biological systems, various experimental methods are used, based on measuring the
characteristics of the intrinsic luminescence of O, in the infrared region of the spectrum, recording the
influence of singlet oxygen on the signals of delayed fluorescence of dyes, and using chemical traps to
immobilize excited O, molecules. In this paper, a variant of the combined use of the last two methods is
proposed to determine the features of the spatial distribution of reagent molecules in an oxygen-permeable
polymer layer and to record the diffusion flow of O, molecules from the air atmosphere into this layer. In
order to adequately decipher the time-resolved signals recorded, a special mathematical model of the
processes has been developed, on the basis of which their course in oxygen-permeable polymer films will be
analyzed during pulsed laser activation of the system with different gating frequencies.

2. Experimental procedure

The experiments used an oxygen-permeable polymer film of polyvinyl butyral, into which molecules of
an organic dye (erythrosine) and an aromatic hydrocarbon (anthracene) were embedded. Erythrosine acted as
a photosensitizer, which upon activation ensured the transformation of oxygen molecules from the triplet to
the singlet form. At the same time, it also acted as a luminescent probe, the signal of delayed fluorescence of
which was used to estimate the concentration of oxygen in the system. This technique is original and was
developed by the authors in a number of their previous works [19-23]. In this work, unlike in [21-22],
anthracene molecules played the role of chemical traps for singlet oxygen molecules, effectively reducing its
local concentration in the film. Anthracene molecules acted as chemical traps for singlet oxygen molecules,
effectively reducing its local concentration in the film [19-23]. Experimental samples were prepared from
alcohol solutions of polyvinyl butyral, anthracene and erythrosine by casting onto a glass substrate (Fig. 1),
and after drying they were polymer films about 2 pm thick with a constant dye concentration (5 mM) and
different anthracene concentrations (0, 0.5, 1.0, 2.5 and 5 mM).

24x24 mm cover glasses, a 3% ethanol solution of polyvinyl butyral and 0.1 mM alcoholic solutions of
erythrosine and anthracene were used as substrates. Since the concentration and volume of the polymer
solution were the same for all samples, the thickness of the films was also the same. For each concentration
of anthracene, 4 film samples were produced, and their absorption and luminescence spectra were recorded
to control the optical characteristics of the obtained samples. Thus, for samples from the same series, the
differences in the spectra did not exceed 2-3%.

The films were then irradiated with a series of laser pulses with an energy of 1-2 mJ each and a duration
of 10-12 ns at a wavelength of 532 nm (in the absorption band of erythrosine) with a delay between pulses of
0.1-0.2 s. Upon completion of each pumping pulse, a delayed fluorescence (DF) signal was recorded at a
wavelength of 585 nm with a time resolution of 50 ns.
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Ethanol solution of:
- 0.5 ml PVB 3%;

- 0.5 ml Erythrosine 0.1mM;

-0,0.05,0.1, 0,25 or 0.5 ml

anthracene 0.1 mM.

Polymer films with a thickness of
about 2 pm with the constant dye
concentration (5 mM) and the
different concentration of anthracene

(0,0.5, 1.0, 2.5, and 5 mM).

H

Fig.1. Sample preparation scheme.

ethanol
evaporation

glass plate

To separate the DF signal from the "fast" fluorescence of the dye during laser pumping, the sensitivity
of the PMT was modulated by applying an electric pulse of negative polarity to its first dynode ("locking"
the PMT). The experimental design is shown in Fig. 2.

Wavelength — 532 nm, pulse energy — 1-2 mJ
/ i \ X Luminescence
0.1-02s 0.1-0.2s Monochro
—— mator

AR

4

PMT

Laser pump pulse

Oscillo-
scope

Fig.2. Experimental design.
3. Results and discussion of the experiment

In an oxygen-free environment, the decay time of the delayed fluorescence signal of erythrosine is
about 800 ps, and in the presence of oxygen in the system under normal conditions for films without
anthracene, the luminescence signal has a duration of about 50 ps, which is due to the active quenching of
the triplet states of the dye by oxygen. In this case, the shape and duration of the signal do not change
depending on the number of pump pulses, which indicates the absence of irreversible photochemical
processes in the film. In samples containing anthracene molecules, the DF curve undergoes changes with
each subsequent pump pulse: the signal amplitude decreases and its duration increases. From Fig. 3 it is clear
that a smaller delay between pump pulses corresponds to a larger amplitude of the effect (about 20% for 0.1
s and 8-10% for 0.2 s).

The nature of the curves' change can be explained by a decrease in the oxygen concentration in the film
when it is bound by anthracene and the subsequent comparatively slow replenishment of the O, molecule
concentration due to their diffusion from the atmosphere. Accordingly, with a longer delay between pulses,
the diffusion replenishment of oxygen in the polymer proceeds more effectively. This conclusion is also
confirmed by the fact that after a pause of several seconds, the sample restores its initial parameters and,
upon repeated exposure to a series of pulses, the effect of a decrease in the amplitude and an increase in the
duration of the signal with an increase in the number of pumping pulses is also observed.
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Fig.3. Kinetics of delayed fluorescence of erythrosine (C=5 mM) in a film of polyvinyl butyral with anthracene (C=0.5
mM) depending on the number of pumping pulses. Duration between pulses a) — 0.1 s, b) — 0.2 s.

Fig. 4 shows that with an increase in the anthracene concentration, the decrease in the amplitude of the
delayed fluorescence signal of erythrosine is more pronounced (for a sample with the maximum anthracene
concentration, this effect reaches values of 30-40%), and the duration of the glow increases, which also
confirms the direct influence of anthracene molecules on the local concentration of free oxygen in the film.
Fig. 5a shows the relative effect of anthracene in the system on the decrease in the maximum of delayed
fluorescence signals when the sample is exposed to a series of pump pulses. It is evident from the graphs that
with an increase in the anthracene concentration in the film, the magnitude of the effect increases, and the
dependence [, ( N i) becomes nonlinear. The latter is due to the fact that with a significant decrease in

ulse
the local concentration of oxygen in the film, the process of its replenishment due to diffusion from the
external environment accelerates.

IDF(t 1,04 DF(t
1,0 4
6 pulse
0,54 17 pulse C
17 pulse
t, us S
s : . . 1. 00pat dl . — .t’ B
0 10 20 30 40 0 10 20 30 40
a b

Fig.4. Kinetics of delayed fluorescence of erythrosine (C=5 mM) in a polyvinyl butyral film with anthracene with a
concentration of a) — C=2.5 mM, b) — C=5.0 mM depending on the number of pump pulses
(duration between pulses 0.1 s).

Since the kinetics of the delayed fluorescence signal in the presence of oxygen is non-exponential [10-
12], the average duration of the delayed fluorescence signal, defined as

Ty = [t Lo (Ot [ [ 1 (D)t

It follows from Fig. S5b that with an increase in the total exposure, the duration of the glow signals
increases, and in samples with a high concentration of anthracene, the dependence r o (N e becomes

nonlinear. It is evident from Fig. 5b that the curve reaches a horizontal asymptote corresponding to the
balance — mutual compensation of the processes of oxygen binding by anthracene in the polymer volume and
its diffusion leakage from the outside.
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Fig.5. Intensity (a) and effective decay time (b) of the delayed fluorescence signal of erythrosine (C=5 mM) in a
polyvinyl butyral film with different anthracene content (1) — 0.5, (2) — 2.5 and (3) — 5 mM depending on the number of
pump pulses.

The obtained results allow us to estimate the proportion of oxygen molecules remaining in the system
after the k-th pump pulse as

nOx (k) - Téﬁ. (0)

1, (0) 7,5 (k) -

Thus, in the film with the maximum anthracene content, about 3% of dissolved oxygen is bound under
the action of the first pump pulse, and the maximum free oxygen deficit after 17 pulses is about 14%. These
data allow us to determine the effective coefficient of oxygen diffusion into the film and the efficiency of
oxygen binding by chemical traps. By analyzing the luminescence signals of samples placed in an oxygen-
containing atmosphere and excited by a series of laser pulses, we can obtain information on the nature of the

distribution of the oxidation product across the film thickness and estimate the value of the
enrichment/depletion zone of the surface layers of the polymer film with the oxidized reagent.

4. Theoretical model

Considering the set of processes initiated by pulsed laser action in a polymer system containing
immobile (bound to the matrix) photosensitizer molecules (Er - erythrosine) and oxygen molecule binding
centers (chemical traps) (A - anthracene), they can be divided into separate groups according to characteristic
times of occurrence. Thus, the duration of the process of interaction of sensitizer molecules with the optical
pumping pulse and the formation of the resulting spatial distribution of T-centers nz(x) is tens of
nanoseconds, the characteristic time of photoreactions involving O, molecules is tens of microseconds
t~1, ~7,, and the diffusion influx of oxygen from the atmosphere unfolds on the scale of the 7 interval

between adjacent laser pulses, i.e. on the order of tens to hundreds of milliseconds 7~ 7.

Noting the short duration of the pump pulse compared to the characteristic time of photoreactions, we
will omit a detailed analysis of the interaction of the light pulse with the dye molecules [16-17] here. Taking
into account the high quantum yield of erythrosine in the triplet state and the incoherent saturation of
absorption in the film, we will assume that the action of the pump pulse transfers all photosensitizer
molecules from the ground energy state S (Er) to a metastable one 7, (Er) .

In an oxygen-free environment, the decay of triplet states occurs according to an exponential law with
its own lifetime 7. In an oxygen-permeable environment, the decisive role is played by the processes of
quenching of excited triplet centers by oxygen molecules in the ground state

T(Er) +7 2, (0,) = Sy(Er) +'A,(0,) (D)

and subsequent cross-annihilation of excited oxygen molecules with triplet states of dye molecules,
accompanied by the emission of a quantum of delayed fluorescence

lAg (0,)+T,(Er)—>"° 2, (0,)+S,(Er) > Sy(Er) + vy, - 2)
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In the presence of anthracene molecules (chemical traps) in the system, singlet oxygen reacts with them
in an oxidation reaction to form a stable compound — anthraquinone [19]

'A,(0))+A— A0, 3)
which leads to a decrease in the overall concentration of oxygen molecules in the film.

First pulse. Upon completion of the action of the first initiating laser pulse, as a result of oxidation of
molecules A by singlet oxygen O, (' A,) on the time scale <<T7, a non-uniform distribution n(x) (x-

profile) of oxygen molecules in the ground (unexcited) state will be formed.

Then, in the first-time interval 7y, up to the beginning of the action of the second pulse, as a result of the
resulting gradient n.«(x), diffusion leakage of O, molecules from the atmosphere into the film begins. It
occurs at times 7, ~7, <t <7 and forms a new, resulting x-profile 7n0:(x,7) by the end of the time interval

T=Ty.
To analyze the kinetics of large-scale time diffusion of oxygen inflow into a film of thickness L, a
boundary value problem is set for the function n(x,?) — the density of O, molecules in layer x

2
Z—nzDg—’Z, O<x<L, 4)
t X
0<t<T,
n(0,t)=n?, 0<t<T,
5
(g—nj =0, 0<t<T, ®)
xx:L

n(x,0)=f,(x)=n(x), 0<x<L

The solution to the boundary value problem (4)-(5) upon completion of the first j=1 time stage 7=T7) j
takes the form

0 (0) 2 _2
W) =n® + Y al _A ny exp _wl)f Sm{mx} : (6)
S 7 (2k +1) 4L 2L
where
L
a = %Jf/ (x")sin [—(2](2_;1)7[ x'} dx' - (7)
0

At the moment #,=7) of the beginning of the second pulse, oxygen is distributed non-uniformly in the
film in accordance with expression (6), which now serves as the initial distribution of O, molecules in the

layer x at the second time stage j=2, Ty<t<2T,. For the function n®(x,#) of the density of O, molecules at this

) (2)

stage, formula (6) is still valid, but with the replacement a.’ —>a\” , where a.”is determined by formula

(7), but with f, (x)=n"(x,T), given by formula (6), and T=2T. Then this procedure can be continued an
arbitrary number of times - depending on the size of the series of laser pulses initiating the system. After the
pulse with number N, we obtain the function of the density of molecules n" (x,NT <t <(N+1)T), which

will determine the kinetics of photo-processes in the film, including oxidation, as well as the pulse shape and
the luminescence intensity of sensitizers — phosphorescence and cross-annihilation delayed fluorescence
initiated by singlet oxygen.

Note that under conditions of a uniform initial distribution of oxidizable molecules in the film and
insignificant Bouguer attenuation of the light beam, the kinetics of photo-processes after the first laser pulse
and after the pulses following it will differ significantly. This is due to the fact that after the first pulse, the
molecules of singlet oxygen uniformly distributed over the entire thickness of the film are bound. And after
the second and subsequent pulses, previously formed non-uniform profiles n_(x,7) already manifest

themselves in the thickness of the film. Non-uniform concentration profile n,(x,7+¢) is either formed
initially or, like the profile n, (x,T +1¢), after the first laser pulse.

Within the kinetic approach, which does not take into account the features of the microdiffusion of
oxygen molecules in the polymer, we introduce the bimolecular rates of the following reactions: K, — triplet
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state quenching, K, — cross-annihilation and K, — anthracene oxidation, and the lifetimes of: 7, — the
excited singlet state of the oxygen molecule and 7, — the triplet state of the photosensitizer molecule. We
denote the average volume concentrations of triplet and trap centers by n,.(r) and n,(r), and the
concentrations of oxygen molecules in the ground and excited states by n(¢) and n,(¢) , respectively.

Time j-stages after the first pulse. At each stage ;.T, <t <(j+1)7, after the end of the action of the
next pulse, photo-processes unfold, the kinetics of which is determined by the following system of equations

(8).
Assuming that the rate constants of quenching and cross-annihilation of T-states of the sensitizer are
close in magnitude K, ~ K, = K , we write the system of kinetic equations after the end of the action of the j-

th laser pulse in the form ((j+1)To>t>jT,) [10-13]

on, (x,1) _ [
R [TT +K[ng(x,0)+n, (x,t)]jnr(x,t)

—anz (X,t) = — K[nz (-x,t) - nA(xat)]nT(x,t) + LnA (x’t) (8)

ot Ta
% _ _£L+ K n,(x,t)+ Kn, (x,t)JnA (x,0) + Kn, (x,t)n, (x,1)

TA

on,(x,0) =—K n,(x,t)n,(x,1)

ot

By integrating the last equation of the system, we obtain a quasi-stationary x-distribution of the
oxidized A-reagent on the j-th time interval

37,

n)(x,j-T,+3c,) =ni1”(x,j-T0)exp(—KA I ny’(x,t)dt} 9)
0

The upper integration limit in (9) is chosen for convenience in the form 37, since upon its completion

the population of the T-state of the sensitizer is practically empty, and the sensitization processes under
consideration are completed. When implementing a specific computational procedure, the upper integration

37,

limit can tend to infinity. If the exponential expression is small enough K, j n\ (x,t)dt <<1, then the
0

37y

approximate equality holds n (x, jT, +37,) = n(x, ﬂ}))(l -K, I n\) (x,t)dtj , or
0

ng (x,T +1)+n,(x,T +1) ~n (x,T) - nzj)(x)KATngj)(x,t)dt .

In the time interval ;.7,<¢<;- 72)0+ 3z,, provided that the number of oxidized molecules
n' (x) KAT n' (x, 1) dt during the time j.T, <¢<j-T, +3z, is sufficiently small, it can be assumed that the
total conceontration of O, molecules does not depend on the «fast» time.

ng(x,T+t)+n,(x,T+t)=n"(x,T). (10)

ox

Then the solution to the system of equations
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w=_(L+an(x,r)jnr(x,r+t)

ot T,
(11
Wz—(L+KAnA(x,T+t)+2KnT(x,T+t)JnA(x,T+t)+
TA

+Kn, (x,T+t)n, (x,T)

at the j-th stage of laser activation, expressions for the concentrations of excited molecules in
metastable states T- and lAg (O,) can be written in the following form [10]

D (x,j-T+t)= n/)(T)exp{———Knox(XJ T,)- t} (12)

Tr

(J)(]T +t|n(j) (1)) Kn(])(x] T)X

0"( ox

y . (13)
xjn;’)(x JT, +r|n(’) (’))exp{ 2an(’)(x jT,+1 |n(’) (’))dr }d‘r

A

The intensities of the cross-annihilation delayed fluorescence 15, (f) and phosphorescence 1% (f)

signals of the sensitizer after a series of NV laser pulses are determined by the following integrals over the
thickness of the dye- containing film

19T +1) ~ Kj M e, T+ 00N (x, T + t)dx > (14)

L
I3 (T+0)~ [ (6. T + 1) (15)
0

Then, we can study the amplitude and shape of the pulse signals (14)-(15) from the number of laser
pulses N in a series and compare the calculation results with the experiment. An important feature of the
proposed model is that it considers the possible non-uniformity of the distribution of triplet and "trap" centers
across the film thickness. Non-uniform distribution of reagents in the film can be obtained purposefully by
layer-by-layer pouring of the film with solutions with the required ratio of anthracene and erythrosine. Then,
in addition to the simplest case of uniform distribution, other characteristic variants of the x-distribution of
reagents are of interest: a near-surface zone of the polymer layer enriched in trap or triplet centers and,
accordingly, a case of a depleted near-surface zone. By analyzing the luminescence signals of samples placed
in an oxygen-containing atmosphere and excited by a series of laser pulses, we can obtain information on the
nature of the distribution of reagents across the film thickness and estimate the size of the
enrichment/depletion zone.

Fig. 6 shows model calculations of the average volume concentrations of excited triplet centers, triplet
and singlet oxygen and anthracene molecules by the first and 17-th pumping pulses. Fig. 6b shows a multiple
decrease in oxygen concentrations compared to Fig. 6a, which leads to an increase in the effective lifetime of
excited T-centers.

Calculations using the model show that the kinetics of photoreactions reacts weakly to the specific
distribution of triplet and trap centers in the film. The diffusion of oxygen molecules in the film at the end of
the next pumping pulse, on the contrary, reflects well the initial distribution of the reagents. Moreover, the
enrichment of some characteristic region of the film with trapping centers or photosensitizer leads to similar
results for the picture of the diffusion influx of oxygen (Fig. 7).

This is explained by the fact that it is in the enrichment region (no matter with anthracene or
photosensitizer) that the oxygen binding reactions proceed most intensively and form a region with a
deficiency of O, which is then filled by diffusion. The kinetics of luminescent signals, depending on the
number of pumping pulses, also changes with a change in the nature of the distribution of reagents in the
film (Fig. 8).
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Fig.6. Kinetics of reagent concentrations in the film upon activation by the first (a) and 17-th (b) pump pulses (uniform
initial distribution of reagents).
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Fig.7. Approximation of the non-uniform distribution of sensitizer molecules by piecewise constant functions. Below:
diffusion kinetics of oxygen molecules into the film after the first pump pulse is completed with enrichment of the
surface layers of the film (a) and deep layers (b) by trapping centers.
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Fig.8. Calculated pulse signal of delayed fluorescence of dye in the film depending on the total number of pump pulses
during enrichment of capture centers of the surface layers of the film (a) and deep layers (b).
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Considering the maximum intensity (Fig. 9a) and the effective decay time (Fig. 9b) as the parameters of
the change in the delayed fluorescence signals, it can be noted that with enrichment of the surface layer with
T-centers or deep layers with A-centers (curves 2 and 5), the amplitude of the effect is minimal (the
luminescence signal changes slightly with an increase in the number of pulses).
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Fig.9. Intensity amplitude (a) and effective decay time (b) of the pulsed signal of delayed fluorescence of the dye
in the film depending on the total number of pump pulses. (1) — uniform distribution of T- and A-centers; (2) — surface
region of the film enriched in T-centers; (3) — deep region of the film enriched in T-centers; (4) — surface region of the
film enriched in A-centers; (5) — deep region of the film enriched in A-centers.

The maximum change in the luminescence signals is observed with a deep distribution of T-centers. By
varying the nature of the distribution of reagents over the film thickness as a model parameter, it is possible
to obtain good agreement between the calculated and experimental dependences for the delayed fluorescence
signals. In our case, this was achieved under the assumption of enrichment of the surface region of the film
with capture centers by 35-45% of its thickness with a concentration ratio of the enriched and unenriched
regions of 3:1.

4. Conclusion

The kinetics of oxidative photoreactions in a polymer film was studied with multiple pulse activation of
the system considering the layer-by-layer diffusion replenishment of the concentration of oxygen consumed
from the atmosphere.

To study the diffusion and reaction properties of O, molecules in an oxygen-permeable polyvinyl
butyral film, it was proposed to use anthracene molecules, which act as "trap" centers for singlet oxygen
'A,(0O,). Activation of O2 molecules in the 'A_ -state was carried out in a sensitized manner from

photoexcited erythrosine molecules accumulated in the long-lived triplet (T) state. At the same time, the
photosensitizer also acted as a luminescent probe, the delayed fluorescence signal of which was used to
estimate the oxygen concentration in the system at the moment of arrival of the next laser pulse.

It has been shown experimentally that an increase in the concentration of anthracene molecules in the
polymer leads to a decrease in the maximum of the delayed fluorescence signal and an increase in the
effective decay time of the luminescence signal with an increase in the number of pump pulses, which
indicates a decrease in the local oxygen concentration in the film.

A mathematical model is proposed that describes the kinetics of oxygen-dependent photoreactions in
the film and the formation of luminescent response signals during its multi-pulse laser activation, taking into
account the diffusion replenishment of oxygen in the intervals between activating pulses. Based on a
comparison of experimental luminescence signals and calculated curves, the nature of the placement of
reagents across the film thickness is analyzed and the sizes of the enrichment/depletion region of the near-
surface layers of the polymer film with the oxidizable reagent are estimated.
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PROPERTIES OF Ag/TiO2 AND Ag/SiO> NANOPARTICLES AND THEIR
EFFECT ON THE PHOTOCATALYTIC PROPERTIES OF A
SEMICONDUCTOR NANOCOMPOSITE

Sharapov |., Omarova G., Sadykova A., Seliverstova E.*

Institute of Molecular Nanophotonics, Karaganda Buketov University, Karaganda, Kazakhstan
*Corresponding author: genia_sv@mail.ru

Abstract. The optical properties and the electric field distribution around silver nanoparticles coated with
TiO; or SiO; shell have been studied. It is demonstrated that the presence of a shell around a plasmonic
nanoparticle leads to a bathochromic shift in the maximum of its absorption band. The maximum electric field
intensity around metal nanoparticles is radially concentrated, predominantly near the surface of the
nanoparticles. The quantum efficiency, representing the ratio of emitted photons to absorbed photons, is nearly
50% higher for Ag/TiO> nanoparticles compared to Ag/SiO;. In the presence of Ag/TiO; and Ag/SiO; core/shell
nanoparticles the photocatalytic activity of the TiO»)rGO nanocomposite increases by 2.7 and 1.7 times,
respectively. These changes are associated with improved charge transport properties of TiO»/rGO and possible
hot electron injection from the nanoparticles into the semiconductor.

Keywords: plasmon, nanoparticles, optical properties, photocatalysis, nanocomposite.
1. Introduction

Localized surface plasmon resonance (LSPR) refers to the collective oscillation of conduction electrons
in metallic nanoparticles (NPs) under the influence of external electromagnetic excitation [1]. This
phenomenon has attracted significant attention from researchers due to its unique properties. For instance,
the capability of plasmon NPs to efficiently absorb and scatter light in a various spectral ranges makes them
highly promising for a wide variety of applications, including photocatalysis [2], optical devices [3], and
solar energy [4]. Of particular interest for practical applications are core/shell nanostructures, where a
metallic core, such as Ag or Au NPs, is surrounded by a dielectric or semiconductor shell. These structures
exhibit several advantages over the monocomponent NPs. Specifically, the shell provides stability of the
metallic core against external influences, enables control over local electromagnetic fields near the NPs, and
modifies its interaction with incident radiation. Additionally, the shell can create conditions for efficient
electron transfer [5] that is essential for photovoltaic processes, and optimize the spatial configuration
between plasmon NPs and interacting particles.

The influence of core/shell nanostructures on photovoltaic processes has been extensively studied in
Ref. [6]. It has been shown that the presence of such NPs enhances the efficiency of dye-sensitized solar
cells (DSSC) by 20%. Spectral-luminescent measurements revealed that while the optical density of the dye
remained nearly unchanged, the fluorescence intensity increased twofold upon the addition of Ag NPs. The
enhancement in DSSC efficiency is attributed to the LSPR effect of Ag NPs, which modifies the absorption
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properties of the dye molecules. Au/SiO/TiO; particles have been used to increase the light absorption
coefficient in solar cells. It has been demonstrated that the dielectric shell stabilizes the metallic core and
prevents charge carriers’ recombination that results in generation of more photons and growth of overall
device performance [7, 8].

Core/shell NPs were also widely applied in photocatalysis. The authors of Ref. [9] synthesized Au NPs
of various sizes and integrated them into core/shell structures with TiO, or SiO; shells. During the
degradation of salicylic acid under visible light irradiation, samples containing Au NPs exhibited
significantly higher catalytic activity compared to neat TiO,. Notably, the highest activity was observed for
Au NPs with a diameter of 3 nm, while for core/shell structures with SiO» shells, the best photocatalytic
performance was achieved with 17 nm Au particles. In the first case, effective charge separation and the
sensitization effect due to LSPR played a dominant role in enhancement of catalytic activity. In the second
case, the dielectric shell of SiO; hindered charge carrier separation and the injection of hot electrons,
suggesting that the observed increase in catalytic activity was primarily due to the local enhancement of the
electric field around the Au NPs.

Additionally, Pt/CeO, and Ni/TiO, NPs have demonstrated high activity and stability in methane
reforming and CO: conversion processes. The plasmon effect in such systems minimizes catalyst
deactivation at high temperatures, which is particularly crucial for industrial applications. Moreover, the
adjustable shell structure enables selective reaction control, making these materials promising candidates for
sustainable chemistry [10, 11]. The authors of [12] also investigated the effect of Au NPs’ size on the
photocatalytic degradation of Methylene blue dye. Detailed microstructural studies concluded that the
enhancement of photodegradation is predominantly driven by electron transfer mechanisms and the interface
structure. This suggests that the photocatalytic efficiency is primarily influenced by the quantity and
transport of charge carriers at the semiconductor/metal interface. However, unresolved questions remain
regarding to the plasmon effect on the charge transfer processes.

This study presents theoretical and experimental investigations of the optical properties of core/shell
NPs and their effect on the photocatalytic properties of TiO2/rGO nanocomposite. Structures consisting of
Ag NPs as cores and TiO: or SiO: as shells were selected. It was assumed that changes of the material of
shell from a semiconductor to a dielectric could reveal whether the hot electrons of Ag NPs contribute to the
enhancement of photocatalytic activity in TiO2/rGO nanocomposites.

2. Materials and methods

The synthesis of Ag/TiO: NPs was performed according to method described in Ref. [13]. All reagents
were of analytical grade and purchased from Sigma Aldrich. Silver NPs were prepared as cores by dissolving
of 0.5 g of polyvinylpyrrolidone in 25 mL of ethylene glycol with the addition of 0.1 mmol of silver nitrate.
The Ag NPs were separated from the ethylene glycol by centrifugation and washed twice sequentially with
acetone and ethanol. Subsequently, 1 mL of TIPT (Ti(OCH(CHzs)2)4) was added to the ethanol solution of Ag
NPs. According to dynamic light scattering data (Nanosizer S90, Malvern), the average size of silver NPs
was 24+4 nm, while the size of core/shell structures was 44+8 nm (Fig. 1).
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Fig.1. Size distribution of Ag NPs and core/shell NPs.

The synthesis of Ag/SiO2 NPs followed to the procedure described in Ref. [14]. Tetraethyl orthosilicate
(TEOS) was used as the SiO: precursor. The synthesized particles had cores with an average diameter of
24+4 nm, while the core/shell structures had an average diameter of 45+10 nm. The resulting solutions of
core/shell NPs were incorporated into a TiO»/rGO nanocomposite paste and mixed with a magnetic stirrer for
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24 hours. The core/shell NPs concentration in the TiO2/rGO nanocomposite was equal to 1 wt% according to
the previous study [6]. For this concentration the greatest enhancement of photovoltaic parameters of the
studied cells was recorded.

The TiO»/rGO nanocomposite was synthesized via a hydrothermal method as described in Ref. [15, 16].
In particular, 40 mg of reduced graphene oxide (rGO) was sonicated in 160 mL of a water-ethanol mixture
(1:3) for 1 hour. Subsequently, 400 mg of TiO, was added and the suspension was stirred for 2 hours. The
light-gray suspension was autoclaved at 120°C for 24 hours, followed by cooling to room temperature. The
TiO2/rGO precipitate was centrifugated at 6000 rpm and washed with deionized water and ethanol. The
obtained precipitate was dried at 60°C to produce a powder. To deposit TiO»/rGO onto solid substrates,
pastes were prepared from the resulting powder. For this, 300 mg of TiO»/rGO powder was mixed with 2 mL
of ethanol and mixed for 12 hours. The paste was spin-coated onto FTO substrates at 3000 rpm. The
prepared TiO»/rGO films, both with and without core/shell NPs, were annealed in an Ar atmosphere for 2
hours at 450°C.

The absorption spectra of the prepared samples were measured using a Cary-300 spectrophotometer
(Agilent). The photocatalytic activity of the samples was evaluated by measuring the photoinduced current
over 1 cm? of an illuminated area in a standard three-electrode cell with a potentiostat/galvanostat CS350
with an integrated EIS analyzer (Corrtestlnstr.) according to the methodology described in [15].
Measurements were conducted in a 0.1 M NaOH electrolyte solution. A 300 W/cm? xenon lamp (Newport)
was used as the light source. Impedance spectra were measured in steady-state mode. The amplitude of the
applied signal was 15 mV and the frequency range was varied from 1 MHz to 100 mHz. To analyze the
experimental curves and evaluate the electrotransport properties of the films, a simplified equivalent
electrical circuit of the electrochemical cell was used (Fig. 2), which is a special case of the circuit from the
Ref. [17].

Fig. 2. Equivalent electrical circuit.

The optical properties of core/shell NPs were simulated using the finite-difference time-domain
(FDTD) method, based on the Yee algorithm for solving Maxwell's equations. This algorithm involved
discretizing of the computational domain into a rectangular grid, where electric fields were located along the
grid boundaries, and magnetic fields were directed toward the cell centers.

The simulation domain was employed with Cartesian coordinate system with perfectly matched layer
(PML) boundary conditions. To ensure maximum accuracy, a grid with an index of 8 and a step size of 0.5
nm was used. Grid refinement was achieved using the conformal0 method. Simulation parameters were set to
1000 femtoseconds and 300 K. Spherical Ag NPs with SiO; and TiO; shells were placed within the
simulation domain. The radius of the Ag core was 13 nm, and the shell thickness was 5 nm. Material data for
silver were sourced from [18], for SiO, from [13], and for TiO, from [19] and the open database
refractiveindex.info. A total-field scattered-field (TF-SF) source was used as the radiation source. For NPs in
a homogeneous medium, the incident radiation from the source represented a p-polarized plane wave
propagating along the z-axis, with a wavelength range of 300-800 nm was used.

3. Results and discussion

The synthesized Ag/TiO- nanoparticles exhibited a spherical shape, as it was confirmed by SEM image
(Mira 3LMU, Tescan). The absorption spectra of Ag and Ag/TiO: NPs revealed that before the shell
synthesis, the absorption band of Ag NPs had a maximum at approximately 405 nm (Fig. 3). After coating
with the TiO; shell, a bathochromic shift in the spectrum was observed. Additionally, from the short-
wavelength region of the spectrum exhibits an absorption corresponding to the TiO,, with the absorption
edge located around ~380 nm. Similar data were obtained for Ag/SiO, NPs. The calculated optical properties
and electric field intensity distributions around the studied NPs (Fig. 4) showed that the maximum of
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calculated absorption band of Ag NPs exhibits at 380 nm. As experiments have shown, coating of the metal
NPs with a shell caused a bathochromic shift in the absorption spectra. For Ag/SiO, NPs, the absorption
maximum appeared at 390 nm, while for Ag/TiO,, it shifted to 410 nm. The calculated absorption band
positions correlated well with experimental data.
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Fig. 3. SEM images of Ag/TiO2 NPs (a) and (b) the absorption spectra of Ag and Ag/TiO, NPs.

The bathochromic shift in the calculated absorption spectra of NPs with the shell, relative to their
absorption spectra in ethanol, can be attributed to the dependence of absorption plasmon NPs on the
properties of the surrounding environment. According to Mie theory [1] the polarizability (o) of the metallic
NPs is defined by the Clausius-Mossotti relation [20]:

3 E—€&

. m 1
e+2e, )
where ¢ is the permittivity of vacuum, &y, is the dielectric constant of surrounding medium, ¢ is the dielectric

function of the metall NP and R is the radius of spherical NP.

The intensity of absorption of light by the NPs (0, ) is proportional to the imaginary part of the

a =4g,R

polarizability [1]:

O, (@) ~ Im[ ()] 2

L.e., the absorption maximum of NPs corresponds to the frequency at which the imaginary part of
polarizability is maximal. Hence, it is seen that the optical properties of plasmon NPs are determined by both
the properties of the environment and its individual properties. The quantum efficiency, defined as the ratio
of emitted photons to absorbed photons, was also calculated (Fig. 4b).
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Fig. 4. Calculated absorption (a) and quantum efficiency (b) spectra of Ag and core/shell NPs.
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The results showed that the quantum efficiency of Ag/TiO, NPs was approximately on 50% higher than
that of Ag/SiO» NPs. This difference may be attributed to the fact that a greater number of free electrons are
transferred from Ag NP to the semiconductor environment upon light irradiation compared to the SiO, layer.
This hypothesis is supported by the 2D electric field intensity distribution patterns (Fig. 5).
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Fig. 5. 2D electric field intensity (in V/m) distributions around Ag and core/shell NPs.

The data revealed that the maximum electric field intensity is radially concentrated, predominantly near
the surface of NPs along the OX direction. The magnitude of the field strength around the NP is varied from
1 to 75 V/m. For Ag/TiO, NPs, the electric field was more pronounced and uniformly distributed across the
entire plasmon surface of NPs, unlike of Ag/SiO, NP.

Photocurrent measurements of the TiO»/rGO nanocomposite with plasmon NPs confirmed the observed
differences in optical properties and electric field distributions. The photocurrent density (Fig. 6) increased
upon the addition of core/shell NPs to the TiO»/rGO nanocomposite. For the pure TiO»/rGO film, the current
density was 1=0.17 mA/cm?, while it increased to 1=0.45 mA/cm? for samples with Ag/TiO> NPs. In the case
of Ag/SiO: NPs, the maximum photocurrent enhancement (1.7 times) was lower than that for Ag/TiO (2.7
times). The photocurrent profile can be explained as follows: upon light irradiation, rapid photoinduced
separation of electron-hole pairs occurs, resulting in a spike in the photocurrent curve. This is clearly visible
for samples with core/shell NPs. This spike then diminishes as charge carriers migrate to the film surface.
The subsequent decrease in photocurrent indicates that charge carriers recombination occurs within the film.
The constant photocurrent level is achieved when the rates of charge carrier generation and recombination
are balanced. During subsequent irradiation cycles the photocurrent increases with time and reaches
saturation in the TiO»/rGO samples. This shape of the curve could be resulted by the slow charge transport as
well as the presence of traps in the TiO> and rGO, which leads to the gradual accumulation of charge carriers
until the dynamic equilibrium was established [16]. The previously described behavior of the photocurrent
curve was observed for nanocomposite samples with core/shell NPs. This may be due to the plasmon effect
of silver NPs, which contributes to a more efficient separation of charge carriers and the enhanced local
electromagnetic field and generation of hot electrons [15]. In all cases, a long-term relaxation of the
amplitude of photocurrent pulses is observed, which indicates the presence of slow processes of
accumulation of residual charges in the TiO2/rGO structure between illumination cycles.
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Fig. 6. Photocurrent profiles of the TiO2/rGO nanocomposite with core/shell NPs,
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The observed changes in the photocurrent value may be associated with an improvement in their
charge-transport properties, data on which were obtained using impedance spectroscopy (Table 1). The
electrophysical parameters were assessed using the methodology of Refs. [15,21], where 7.t is the effective
lifetime of an electron in a nanocomposite material; R characterizes the equivalent resistance of the film
from the entire volume of the nanocomposite and the intercontact resistance between the layers. R,
corresponds to the resistance of charge carrier transfer at the interface between the layer under study and the
electrode.

Table 1. Electrophysical parameters of TiO»/rGO nanocomposite with Ag/TiO, and Ag/SiO2 NPs

Sample Rs, Ohm Rp, Ohm Teff, S
TiO» 37.20 969.22 0.0078
TiO+ Ag/TiO, 17.81 118.65 0.0051
TiO+ Ag/SiO; 20.28 131.71 0.0033

The data indicate that nearly all parameters related to the resistance of nanocomposite films decrease in
the presence of core/shell NPs. A significant reduction in recombination resistance (Rp) is observed for f
Ag/TiO, NPs. Moreover, the shortest effective electron transit time was recorded. These results indicate that
the addition of core/shell NPs effectively reduces the electron lifetime in the semiconductor, which enhances
charge generation and separation, prevents recombination, and facilitates rapid electron migration and
extraction from the semiconductor surface, enabling them to participate in photocatalytic reactions.

4. Conclusion

The results of this study demonstrate that the presence of Ag/TiO, and Ag/SiO, core/shell NPs
enhances the photocatalytic activity of the TiO»/rGO nanocomposite by 2.7 and 1.7 times, respectively.
These changes can be attributed to improved charge transport properties in TiO»/rGO and the potential
injection of hot electrons from the metal NPs into the semiconductor. This process is notably hindered when
a dielectric SiO; shell surrounds the Ag NPs.

The results of the studies show that the presence of Ag/TiO, and Ag/SiO, NPs enhances the
photocatalytic activity of TiO2/rGO nanocomposite by 2.7 and 1.7 times, respectively. The introduction of
metal NPs into the composite increases the generation of charge carriers and promotes its separation,
preventing their recombination, allowing them to participate in photochemical reactions. The possibility of
injection of hot electrons from plasmon NPs as well as resonant energy transfer or charge tunneling from
plasmon NPs also have to be taken into account. However, the latter processes are unlikely or significantly
limited in this system. A more detailed study of the mechanism of the plasmon influence of metal NPs will
be carried out by us in further studies.

The calculated with the FDTD method absorption spectra and electric field intensities revealed that the
maximum absorption band of Ag NPs exhibits at 380 nm. Coating of the metal NPs with a shell induced a
bathochromic shift in the absorption spectra, with the maximum absorption band at ~390 nm for Ag/SiO-
and at 410 nm for Ag/TiO,. These calculated results correlated well with experimental data. The maximum
electric field intensity around plasmon NPs is radially concentrated, predominantly near the surface. For
Ag/TiO,, the electric field was more pronounced and distributed across the entire surface of the NPs. The
quantum efficiency, defined as the ratio of emitted photons to absorbed photons, was approximately 50%
higher for Ag/TiO, than for Ag/SiO» NPs. The findings of this study can be used to materials with enhanced
photocatalytic and optoelectronic properties for applications in photoelectrochemical cells, hydrogen
generation, organic compound photodegradation, and related areas.
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Abstract. In the present study, the angular distributions obtained at beam energies Eiu = 30.0, 32.0 and
45.0 MeV for the PN+ 13C reaction and Eip = 23.0, 26.0 and 29.0 MeV for the >N+ °F system were subjected to
a comprehensive reanalysis using the optical model, the double folding model, and the coupled reaction channel
(CRC) method. The main objective of the study was to establish the optimal optical potential through
phenomenological and semi-microscopic analysis. Through careful calculations, the acceptable parameters of the
potentials and their energy dependencies were derived for both nuclear systems. Notably, the angular
distributions were well reproduced, indicating the effectiveness of the theoretical models used. In back angle
scattering analysis, the CRC has very good agreement with the experimental values. As a result of the analysis,
spectroscopic amplitudes were extracted for the ’N — 3C + d and ’F — >N + o configurations at different
energies of the incident N ions. The obtained results of spectroscopic amplitudes were subsequently compared
with previously reported values, facilitating an assessment of the consistency and accuracy of the present work.

Keywords: elastic scattering, optical model, double-folding model, elastic transfer, spectroscopic
amplitude.

1. Introduction

Elastic scattering in nuclear physics is a key method for studying nuclear structure and nucleon-nucleon
interactions. The angular distribution of scattered particles, resembling light diffraction by an opaque disk, is
effectively analyzed using the optical model (OM), which provides a reliable framework for describing
scattering phenomena [1]. Elastic scattering data helps map nuclear matter distribution and understand
nuclear properties. Among various theoretical models, including the shell and cluster models, the OM has
been a cornerstone in analyzing charged particle scattering for decades. The OM is commonly used to
describe the scattering of different systems, including elastic [2—7] and elastic transfer [§—11] scattering.

In this study, OM is applied to analyze the angular distribution of elastic scattering for the >N+ '*C and
5N+ F nuclear systems. The goal is to identify the optimal optical potential, refine its parameters, and
determine reaction cross sections. Early investigations in this field began with Gamp A. [12] in 1975, who
studied SN+ 13C scattering at energies of 30.0, 32.0, and 45.0 MeV, using phenomenological Woods-Saxon
potentials. Later, Gamp A. in [13] extended work to SN+ '°F scattering at energies of 23.0, 26.0, and 29.0
MeV, analyzing differential cross sections with a range of complex potentials. By incorporating OM into the
analysis, this study provides deeper insights into the nuclear interactions of these systems. In practice,
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multiple parameters set often provide equally good fits to the data, raising the critical question of whether
some are more physically meaningful than others, and, if so, which should be prioritized. This emphasizes
the need to assess the physical relevance of each parameter set and choose the most suitable one to ensure the
results are both reliable and easy to interpret.

Accurately determining the optical potential through phenomenological analysis alone is challenging
due to ambiguities in the complex parameter space. Thus, it is essential to constrain the potential within
physical boundaries before parameter optimization. To address this, the double-folding model (DF) is
employed to identify physically meaningful optical potential parameters [14—17].

In this study, we investigate the "N+ 13C and "N+ °F nuclear systems using the standard optical model,
combining both phenomenological and semi-microscopic approaches. Experimental angular distribution data
were analyzed with the FRESCO and SFRESCO codes [18] to derive nuclear potentials and reaction cross-
section parameters. The organization of the manuscript is as follows: section 1 Introduction, section 2
research within the framework of OM and DF with suitable optical parameters of the potentials. Section 3
analyzes the data within the CRC, presenting the results and leading the discussion. The conclusion is
presented in section 4.

2. OM, DF analysis of >N +'3C, SN+ "°F

The experimental data for the N+ BC and "N+ "“F nuclear systems were reanalyzed
phenomenologically and semi-microscopically under the standard OM. In the first approach, the differential
cross-sections were calculated in the framework of the phenomenological OM, and the interaction potential
was found by fitting the computed cross-sections to the experimental data.

Within this model, the total interaction potential has a shape:

U(r)z—l/ol:l%—exp(r_RV ﬂ —iVI{)l:lJrexp[r_RW ﬂ +V.(r), (1)
aV aW

where ¥ real potential depth, W imaginary potential depth, @, ,a, are the diffuseness of real and

imaginary potential parts; 7, r,: the reduced radii of these potential parts. These six parameters were

allowed to vary independently.
V_(r) the Coulomb potential is defined as follows [19]:

2 2
L2y 3-2 | for <R,
2R, C
Z,7Z,e
r
where R -Coulomb potential radius.

Ve(r) = 2)

forr>R.

The optical potential can also be determined using semi-microscopic methods [20], which incorporate
the internal structure of the interacting nuclei. In this approach, the nuclear-nuclear potential is derived from
the nucleon-nucleon (NN) interaction [21, 22]. Effective NN interaction takes into account even and odd
comp?lnents of the central forces. The real potential is the sum of direct and exchange potentials[23]:

V =yl v 3)
The direct term of folding potential is given by:
VPR) = [ 9" )y () (el )

where, v”(s)- is the direct component of the effective NN interaction, p, p - densities of colliding
u
nuclei, R -distance between nucleus ‘R‘ .

Exchange term of folding potential is given by the expression:
VER) = [[ 9711 + )i ()9 (1,1, + ) explik(R)s | M ] drs, (5)
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where v, (s)- is the exchange component of the effective NN - interaction, P (r,r") is the density matrix
T ou u

of colliding nuclei, s=|r, =1, + R‘ is the distance between interaction nucleons, A is reduced mass, k(R) -

local momentum of relative motion.
M3Y-Reid interaction is given in terms of Yukawa potential as follows [24]:

—4s —2.5s
v, (s)=7999.05— —2134.25%
4s 2.5s 6
ef4s 672.55 670.70723- ? ( )
Ver () 246314~ 1787.87 %~ 7 8474 S

The equation of state of the optical potential is constructed depending on the density:
VD(EX)(paS) = f(p)VD(Ex)(S) > @)

where p - is the density of the medium in which the nucleons is located. f(p) - density dependence factor.
Density dependence factor takes the following form:

f(p)=C(+aexp(-fp)—1p), (®)

C, a, B, y-parameters of factor which reproduce the saturation process of nuclear matter in the

calculations. The values are given in the Table 1.
The modified harmonic oscillator (MHO) model was used to calculate the matter density distribution of
nuclei *C, N [25]:

p(r) = py(1+a(r/a)* exp(~(r/a)’), )
where @ =1.81 fmand « =1.25 fm for >N and a =1.635 fm and « =1.403 fm for '*C respectively.

The nucleon density distribution in the !°F nucleus is expressed as a two-parameter Fermi [25] function
as follows:

p(r)=p,/(1+exp(r—c)/ z), (10)
where ¢ =2.59 fm and z =0.564 fm for '°F.

Experimental data for the "N+ *C system are analyzed at energies Ei,,=30.0, 32.0, and 45 MeV, and for
SN+ 1F are analyzed at energies E.,=23.0, 26.0 and 29.0 MeV in the framework of OM, DF. The density

dependent parameters included in the folding potentials are shown in Table 1.

Table 1. M3Y-Reid potentials coefficients

Density dependence C A B(fm?) v(fm?) K (MeV)

CDM3Y1-Reid 0.3429 3.0232 3.5512 0.5 188

In the framework of the optical model of DF, the real part of the optical potential is created by folding
the NN interaction with the nuclear matter density distribution in the ground state of projectile nuclei p (7;)

and target nuclei p® (r,). Total interaction potential has DF potential is for the real part and WS volume
potential is for the imaginary part:

r—R

Wﬂ +V.(r), )

where N, - is the renormalization factor of the real potential part.

Ur) =N, [ VP (") +V™ ) |-iW, {1 + exp(

ay
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The obtained optimal potential parameters for "N+ 13C and SN+ 'F elastic scattering, together with the
values of y°/N are presented in Table 2.

Table 2. Identified parameters as a result of the analysis of OM and DF for the "N+ 3C and "N+ F
systems. Coulomb radius fixed: r.=1.25fm

E Vo rv av Wo rw aw | /N vIN
MeV | Model MeV fm fm MeV fm fm | up to 90° up to 180° | N,
15N+ 13C
OM 133.09 1.09 0.54 9.92 1.18 0.49 6.5+0.01 23.93+0.8 | -
30.0 | DFOM CDM3Y1- Reid 9.79 1.24 0.49 7.74+0.01 | 29.62+0.5 | 0.92
oM 130 0.8 0.63 14.36 | 0.8 0.31 3.7+0.01 32.0+0.4 -
32.0
DFOM CDM3Y1- Reid 14.3 1.2 0.59 5.25+0.01 | 43.0+1.2 0.90
oM 124.78 | 1.02 0.704 21.12 | 1.13 0.2 17.76+0.6 | 27.81+0.8 | -
45.0
DFOM CDM3Y1- Reid 21.12 | 1.13 0.2 20.74+0.8 | 34.11+0.6 1.21
15N+ 19F
OM 83.55 1.19 0.53 33.53 | 1.34 029 | 0.17+0.01 | 1.94+0.08 | -
23.0 | DFOM CDM3Y1- Reid 33.64 | 1.4 0.39 1.05+0.01 | 2.02+0.01 0.817
oM 79.95 1.09 0.59 3435 | 1.2 0.39 | 0.81+£0.03 | 8.39+0.1 -
26.0
DFOM CDM3Y1- Reid 3364 | 14 0.39 1.06+0.01 | 2.02+0.1 0.804
oM 78.93 1.16 0.57 36.0 1.31 0.28 1.65+0.01 | 5.52+0.08 | -
29.0
DFOM CDM3Y1- Reid 36.64 | 1.37 0.39 1.69+0.02 | 6.3+0.2 0.812

Figures 1 and 2 depict the phenomenological and semi-microscopic cross sections (respectively)
derived from the parameters of the SN+ *C system at Ei =30.0, 32.0, 45.0 MeV, as well as the N+ °F
system at incident energies Eipn =23.0, 26.0, 29.0 MeV. Despite obtaining optimal parameters in the
framework of OM and DF which will describe the experimental data in the forward angles, the description in
the full angular range is difficult (it shows >N up to 180°).
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Fig.1. OM cross-sections for ’N+ 3C (left) and "N+ "F (right) nuclear systems
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Fig.2. DF cross-sections for "N+ >C (left) and >N+ '°F (right) nuclear systems
3. CRC analysis of '°N +'3C, SN+ 1°F

The figures 3,4 demonstrate a significant increase in differential cross sections at backward angles,
likely attributed to particle transfer processes. Such phenomena, involving the transfer of protons, deuterons,
or alpha particles, have been extensively studied in previous works [26-29].

To accurately describe experimental data over the full angular range, the Coupled Reaction Channel
(CRC) method is commonly employed. This approach extends the coupled channel framework to include
nuclear rearrangement or transfer reactions, where one or more nucleons or composite particles (o, d
particles) are transferred between the projectile and target nuclei. In this scenario, a composite projectile
nucleus A=(a+x) interacts with a target nucleus b, transferring the particle x to form the final system
B=(b+x). The nuclei a and b are referred to as cores. To compute the necessary wave functions, two critical
parameters are needed: the number of nodes (N) in the radial wave function and the spectroscopic amplitudes
(SA), which describe the decomposition of A and B into their constituent components a+x and b+x,
respectively.

The Talmi-Moshinski transformation [30, 31] was employed to determine the quantum numbers of the
cluster state, using the following formula:

2(N—1)+L:Zn:2(ni—l)+l,., (12)

where N is the number of nodes of the radial wave function of relative motion (taking into account the node
at ¥=0) and L is the corresponding orbital momentum of the cluster, n,, /, are quantum numbers of
components of a cluster of nucleons in harmonic oscillator model, ~ denotes the sums of similar quantities
for nucleons entering a cluster in a bound state.

The differential cross section is the square of the sum of amplitudes from the pure elastic scattering and
the exchange mechanism of the cluster transfer, as follows [8]:

do
dQ

f,O)+ & Sf,(z-0) . (13)

here f,(6) is the elastic scattering amplitude, f, is the transfer amplitude calculated using the distorted

wave method with the replacement & =7—6 , S is the product of the two spectroscopic amplitudes (SA),
parameter « = pi (coherence of amplitudes).

Experimental data for the SN+ *C system are analyzed at energies Ei, =30.0, 32.0, 45 MeV and for
SN+ °F are analyzed at energies Eip =23.0, 26.0, 29.0 MeV in the framework of CRC. The cluster quantum
numbers for the overlap used in CRC calculations are listed in Table 3.
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Table 3. Cluster quantum number for the overlaps for the "N+ 13C and "N+ '“F systems used in our

calculations.
Overlap N L S J=L+S Binding Energy (MeV)
<BC+dIBC> 3 2 1 1 16.16
<UBN+alSN> 2 1 0 1 4.01

The OM potentials presented in Table 2 were also used in the study of the elastic transfer of d for the

SN+ 13C system and a cluster transfer in the N+ !°F scattering. These calculations were performed using
only one adjustable parameter SA (for the ’'N — 3C + d -configuration and '°F — ®N + a-configuration).
Parameter SA is shown in Table 4 for each nuclear system.

Table 4. Data of SA parameters for each nuclear system.

Ei» MeV SA /N
up to 180°
15N+ 13C
30 0.35+0.001 7.95+0.01
32 0.3£0.006 16.05+0.001
45 0.35+0.004 20.8+£0.2
15N+ 19F
23 0.3+0.008 1.85+0.01
26 0.3£0.006 7.84+0.3
29 0.3+0.004 4.45+0.2

The extracted average SA values for "N — ’C + d, F — >N + o -configuration are 0.33 and 0.3. As
shown in Figure 3 the agreement between the experimental data at large angles and the CRC calculations,
which took into account the mechanism of the transfer of the d - cluster transfer in the *C('’N, *C)*N
reaction and o - cluster transfer in the °F ( '°N, °F ) N reaction is quite good.

The values of SA we derived for the above systems are in good agreement with the data from the
publications of Rudchik et al [31] and [13]. In the present work, the energy dependencies are found for the
real and imaginary parts of the potential (figure 4). For the potential set, energy dependencies are described
by the linear functions V = 147.09-0.499E and W = —8.59 + 0.66E for "N+ '*C and V = 88.85-0.22E and W
=22.92 + 0.41E for the "N+ °F scattering system.
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Fig.3. CRC cross-sections for >N +!3C (left) and '*N +!°F (right)
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Fig.4. Energy dependence of >N +13C (left) and N +!°F (right)
4. Conclusion

New information on the parameters of optical potentials and reaction cross sections was obtained from
the analysis of experimental data on the angular distributions of elastic scattering for the >N + °F and >N +
BC systems. The energy dependences of the real and imaginary components of the nuclear potential depth
were determined. A more physically meaningful set of optical potential parameters was also obtained by
employing the DF model and the CRC.

Within the semi-microscopic framework, a folding potential based on the CDM3Y1-Reid interaction
was constructed using the double-folding (DF) model. The phenomenological analysis revealed relative
errors  ranging from 0.17 to 1.6 for "N +F and from 3.7 to 17.6 for "N +"*C when comparing
experimental and theoretical cross-sections. In the semi-microscopic analysis, the renormalization
coefficients (Nr) of the microscopic potentials were determined to be 0.8-0.817 for "N +'°F and 0.92-1.21
for N +3C. To fully describe the experimental data across the entire angular range, calculations were
conducted using the Coupled Reaction Channel (CRC) method implemented in the FRESCO program. This
approach incorporated elastic scattering, modeled using the optical model (OM), and the exchange
mechanism, which accounted for cluster transfer—an o-cluster for N +'°F and a d-cluster for "N +13C —
calculated with the distorted wave method.

As a result of this analysis, spectroscopic amplitude (SA) values were determined for the configurations
YF — BN + a (average SA=0.3) and "N — "3C + d (average SA=0.33). These SA values show strong
consistency with data reported by other researchers, underscoring the reliability of the findings.
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Abstract. Photoanodes and dye solutions are indispensable in the stability and efficiency of Dye-Sensitized
Solar Cells’ performance. In this study, the photoanode uses a ZnO sample doped with Cu, made using a green
synthesis technique with bio-reduction from pineapple skin extract. Meanwhile, using the maceration method, the
dye solution is made from mulberry fruit extract and moringa leaves. For Dye-Sensitized Solar Cells applications,
Zn0 photoanodes doped with 1%, 3%, 5%, and 10% Cu were each depleted on ITO glass and immersed in the dye
solution for one day. The results were then tested for electrical conductivity and performance in Dye-Sensitized
Solar Cells. Adding Cu doping concentration to the ZnO photoanode can affect the performance of the Dye-
Sensitized Solar Cell. In this work, the ZnO sample doped with 5% Cu as a photoanode showed the highest efficiency
at 1.67% with an electron lifetime of 12 ms, compared to the photoanode without Cu doping or with Cu doping at
concentrations of 1%, 3%, and 10%. Thus, Cu-doped ZnO nanoparticles and dye solutions from natural materials
can be further developed for Dye-Sensitized Solar Cells applications.

Keywords: Dye-Sensitized Solar Cells, ZnO nanoparticles, Cu Doping, Dye Solution, Green synthesis.

1. Introduction

Dye-sensitized solar Cells (DSSC) are third-procreation solar cells with low outlay, simplicity, and high
efficiency. These advantages make DSSCs attractive to industry because they offer renewable energy solutions
with low pollution levels and are environmentally friendly. However, DSSCs have weaknesses in the type of
dye solution, namely ruthenium, where the availability in nature is minimal (0.0001 ppm) [1] so it is not
practical for large-scale use even in the long term, although this material has a high energy conversion value,
reaching 13%. It is a consideration for large-scale DSSC applications, so an alternative to using dye solutions
from natural materials is needed.

Natural pigments such as chlorophyll, carotenoids, anthocyanins, lutein, rutin, and betalains extracted
from various parts of plants, including flowers, fruits, and leaves, can be used as sensitizers in DSSC [2]. Black
mulberry fruit (Morus nigra L.) and moringa leaves (Moringa oleifera) are rich in anthocyanins and
chlorophyll. Black mulberry fruit contains anthocyanin pigments of 570.10 + 77.09 mg/100 g [3] and a light
absorption peak of 550 nm. That absorption is similar to ruthenium's, even showing a power conversion
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efficiency of 1.3% [4]. Likewise, Moringa leaves have a chlorophyll content of 10.19-16.51 mg/liter [5] and a
peak light absorption of 665 nm [6].

Not only dye solutions but also semiconductor materials, such as photoelectrodes, also affect the
efficiency of DSSC performance. One of these materials is ZnO, which features a bandgap of 3.37 eV with an
exciton binding energy of 60 meV [7]. This value is higher than other metal oxides, making ZnO efficient for
various applications, including antibacterial medication, dye removal, gas sensors, and photoanodes for water
splitting [8]. Compared to TiO», ZnO can absorb energy at a larger wavelength and higher electron mobility
[9]. However, using ZnO on a large scale still needs improvement, given its low efficiency in visible light and
the rapid recombination of electron-hole pairs [10]. In addition, ZnO tends to form an agglomeration layer on
the surface [11]. Therefore, doping with cationic elements such as Cu is needed to enhance the ZnO sample's
ability to absorb visible light, reduce charge pair recombination, and increase electron mobility [11].

Cu metal has an ionic radius similar to Zn, allowing Cu to enter the ZnO matrix and change its optical
properties [12]. Several methods, including co-precipitation, have successfully synthesized Cu-doped ZnO
nanoparticles for DSSC photoanode applications [8], Layered Double Hydroxide (LDH) [13], sol-gel [14],
hydrothermal [11], adsorption, and successive ionic layer reaction (SILAR) [2]. Nevertheless, these methods
generally use special and toxic chemicals as intermediaries to reduce the size and stabilize nanoparticles, so
they are not environmentally friendly. The use of green synthesis pathways is very relevant to in the
manufacture of nanoparticles today because the toxicity level of the synthesis process can be reduced so much
that the negative impact on the environment [15] and does not even require high temperatures and excessive
energy and is environmentally friendly [16]. Khan et al. [17] reported using the green synthesis method to
synthesize Cu-doped ZnO from horsetail leaf extract (Stachytarpheta jamaicensis). However, the study only
focused on antibacterial applications, and the fabrication results still contained Cu ions with a 5 wt% doping
composition. In previous studies [18], they successfully synthesized nanoparticles of ZnO through green
synthesis using bioreduction from pineapple peel extract. However, that study was only for photocatalyst
applications. In contrast, DSSC applications have never been reported, let alone the material used: ZnO
nanoparticles doped with Cu, which is manufactured using the green synthesis method.

This research focuses on manufacturing Cu-doped ZnO nanoparticle photoanodes using the green
synthesis method from pineapple peel extract with dye solution modification from black mulberry fruit extract
and moringa leaves for DSSC applications. Pineapple peel has been considered organic waste, and its
utilization can be even better besides being used as animal feed. It should be noted that pineapple peel contains
bioactive compounds such as saponins, flavonoids, tannins, anthocyanins, vitamin C, carotenoids, and
bromelain enzymes, which can reduce Zinc ions into ZnO nanoparticles [18]. In addition, these compounds
can also function as stabilizers in metal solutions by binding to hydroxyls and carboxylates, forming a
protective layer around metal particles, preventing aggregation, and even maintaining particle size and
distribution [19]. This study was conducted to determine how adding Cu doping to ZnO nanoparticles affects
the efficiency and absorption of photon energy in DSSC.

2. Materials and Methods
2.1 Materials

The following are the materials that need to be prepared in this study: Moringa leaves (Moringa Olivera),
black mulberry fruit (Morus Nigra L.), distilled water, ethanol (Merck), CuSO4.5H,O (Merck),
Zn(CH3CO00),.2H,0 (Sigma Aldrich), NaOH (Sigma Aldrich), acetic acid (Merck), potassium iodide 0.5 M
(Merck), KCI 3 M (Merck), acetonitrile (Emsure), iodine 0.05 M (Emsure), 8B pencil (Staedtler), PVA
(Merck), and ITO glass (Sigma Aldrich, 8-12 Ohm-Sq). The equipment used in this study included a mortar
pestle, digital balance, dry oven, magnetic bar, hotplate stirrer, beaker glass, petri dish, funnel glass, universal
indicator pH, Whatman filter paper, erlenmeyer flask, pipette, spatula, separatory funnel, scotch tape and
clamp.

2.2 Preparation of Cu-doped ZnO nanoparticles

Before making ZnO nanoparticles by doping with Cu using the green synthesis method, ZnO
nanoparticles were prepared, as described in previous research [18]. Pineapple fruit was separated from the
skin to take the pericarp, and the pulp was washed with distilled water. Furthermore, 10 g of pineapple skins
were soaked in distilled water and stirred at 75 °C for 1 hour at 350 rpm. The lateness was then left open and
filtered to obtain a yellow filtrate. After that, the solution was mixed with 3 g of Zn (CH3COO),-2H,0 and
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CuSO4:5H»0 at concentrations of 1, 3, 5, and 10 wt.%. It was then added to distilled water and sonicated at
40°C for 90 minutes. The result was blended with 4 g of NaOH and 100 mL of distilled water, then centrifuged
at 3000 rpm for 5 minutes. The result was heated at 120°C for 12 hours and then calcined at 500°C for 2 hours.

2.3 Preparation of dye-sensitizer solution

A total of 10 g of Moringa oleifera leaves (Moringa oleifera) and black mulberry fruit (Morus nigra L.)
were crushed with a blender. After that, each ingredient was dissolved with ethanol for the maceration process,
left for one day, and then strained using Whatman paper. Black mulberry extract and Moringa leaves were
combined in a 1:1 ratio. Then, the natural dye extract was gradually dripped with HCI until a pH of 5 was
reached. Furthermore, filtration was carried out, and a dye solution was obtained from a mixture of Moringa
leaves and black mulberry fruit.

2.4 Fabrication of DSSC

In the fabrication of DSSC, the first step is to make a photoanode by coating ZnO nanoparticle powder,
either without doping or with Cu doping, on the conductive surface of ITO glass using the doctor blade method.
Before the coating was carried out, 1.5 g of PVA was dissolved in distilled water and stirred for 30 minutes at
80°C, forming a gel. After that, the gel was mixed with 0.5 g of ZnO, either without or with Cu doping, and
then stirred using a mortar and pestle until each formed a paste. Before the paste was applied to the ITO glass
surface, it was first cleaned with ethanol. The side of the ITO glass was coated with tape, leaving a 2 cm x 2
cm area open in the middle. The ZnO paste, doped with Cu and without Cu doping, was applied to the middle
part that was not covered with tape and then heated on a hot plate at 450 °C for 30 minutes. After that, it was
soaked in a dye solution for 24 hours to achieve maximum absorption. The counter electrode in this study was
made by referring to previous research [20], specifically by shading an 8B pencil graphite on the ITO
conductive glass section until evenly distributed.

Furthermore, 0.8 g potassium iodide was dissolved in 10 ml of acetonitrile to make the electrolyte
solution. After that, 0.127 g of iodine was mixed with the liquid until it was homogeneous, and an I7/I3
electrolyte solution was obtained. The DSSC construction process uses a sandwich system with two glass
substrates, one serving as the working electrode and the other as the counter electrode. The electrolyte solution
of I'/I3" ions is dripped between the two sides of the glass and clamped using a clamping clip

2.5 Characterization

Phase identification of Cu-doped ZnO samples can be determined using the Smartlab Rigaku type X-ray
Diffraction (XRD) characterization tool, which works using Bragg-Brentano optical rays with a Cu anode
radiation source, 40 kV, 30 mA, and a CuKa wavelength of 1.54 A with a testing angle of 20-80°. The
diffraction pattern of the sample, as determined from the characterization results, was then analyzed
qualitatively using Match! Software with the search and match technique. The size of the sample's crystallite
could be reckoned using the Debye-Scherrer formula. The surface morphological structure of the sample can
be identified using Scanning Electron Microscopy (SEM) characterization, type SU3500, brand Hitachi, with
a voltage of 15 kV. SEM of characterization results can measure the sample's grain size distribution using a
bar scale as a reference, which is then processed using ImageJ software by considering 150 grains. The
absorbance of the sample can be measured using a Hitachi UH-5300 type Ultraviolet-visible spectroscopy
(UV-Vis) characterization tool at wavelengths of 400-700 nm. The absorbance data from the characterization
can be used to determine its bandgap energy using the Tauc Plot method analysis.

The electrochemical properties of DSSC can be determined through Electrochemical Impedance
Spectroscopy (EIS) characterization using Gamry Instruments, equipped with Reference 3000. This
characterization provides an impedance response to electrical signals at 0.1 Hz - 10 kHz. Electrical resistance
in EIS testing is expressed as impedance, a circuit’s ability to withstand the flow of electric current. In the
Nyquist graph, the x-axis shows the sample's response data for a given frequency range, specifically the real
impedance value (Z' = Za1), while the y-axis represents the imaginary impedance (Z" = Zimg). The elements
that form the equivalent circuit consist of series resistance (Rs), Constant Phase Element (CPE), charge transfer
resistance (Rc), and Warburg impedance (W), which are used to determine electrochemical and physical
phenomena in the cell. R is the difference between the highest and lowest values of the semicircle formed on
the graph or can be calculated from the starting point to the end point of the semicircle formation. The R value
is known from the lowest point on the graph, which is caused by the presence of electrolytes. On the Bode
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phase plot graph, the value of the effective mass of an electron in the solar cell system (1) can be determined
according to Equation (1) by knowing the maximum frequency peak (finax) in Hertz units.
1

t= 2T fmax’ (1)

Solar simulator test using ABET Technology equipped with Source meter model 2400 Keithley that
simulates sunlight to test the performance of photovoltaic devices, such as solar cells. The test was conducted
at a voltage range of 0 to 2 V, an irradiation area of 0.25 cm?, and a light intensity of 100 mW/cm?. The
efficiency of converting light energy into electricity (n) and the fill factor in DSSC (FF) can be calculated
using Equations (2), where Jsc is the current density (mA/cm?), Voc is the open circuit voltage (Volt), and Pj,
is the light power received from the light source (solar simulator).

_ ]SCXVOCXFF

3. Result and Discussion
3.1 Analysis of phase

The XRD test produced data with diffraction peaks on ZnO samples, both with and without Cu doping
(ZnO-Cu) at concentrations of 1%, 3%, 5%, and 10%, as shown in Figure 1(a). The sample had diffraction
peaks at two theta angles, namely 31.73, 34.42, 36.23, 47.53, 56.52, 62.84, 66.30, 67.88, and 69.05°. Each of
these diffraction peaks indicates the wurtzite phase with the orientation of the crystal planes in sequence at
(100), (002), (101), (102), (110), (103), (200), (112), and (201). The highest intensity at an angle of 36.23°
(101) indicates that the ZnO and ZnO-Cu samples have formed a single phase, according to the Joint
Committee on Powder Diffraction Standards (JCPDS) card number 36-1451. Previous studies reported that
the maximum peak intensity of the wurtzite phase occurs at an angle of 36.32°, corresponding to the orientation
of the crystal planes (101) [17].
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Fig.1. (a) Diffraction patterning of Cu doped and undoped ZnO samples, (b) Shift lattice diffraction pattern of the
ZnO samples doping Cu

Adding Cu doping to the ZnO sample reduces the intensity and shifts the angle of the diffraction peaks,
as seen in Figure 1(b). At angles 31.73, 34.42, 36.23, 47.53, 56.52, 62.84, 66.30, 67.88, and 69.05°, there is an
angular shift to 30.76, 33.48, 35.25, 46.60, 55.59, 61.91, 65.37, 67.01, and 68.14° after the addition of Cu
doping. This change is due to the replacement of Zn** ions by Cu** ions at the ZnO site, where it is known that
the radii of the Zn>* and Cu?" ions are similar, namely 0.74 A and 0.73A. The addition of doping Cu can also
reduce the crystallite size in ZnO samples and even increase the number of electrons and the rate of electron
movement in the conduction band [14]. The crystallite size of ZnO samples without Cu doping was 28.64 nm,
whilst ZnO samples with Cu doping concentrations of 1%, 3%, 5%, and 10% are 22.52 nm, 22.27 nm, 19.65
nm, and 18.86 nm, respectively, calculated using the Debye-Scherrer formula. The smaller crystallite size in
the Cu-doped ZnO sample is caused by lattice deformation and increased defect density, possibly due to strain
from ion substitution [21]. Additionally, the presence of copper as a dopant can put stress on the doped samples

[11].
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3.2 Analysis of morphology and particle size

The morphology of the ZnO sample in this study, with a magnification of 30,000 times, shows a spherical
shape with nanocrystallite oligomerization, as seen in Figure 2(a). Increasing the concentration of Cu doping
in the ZnO sample, as seen in Figure 2(b-¢), shows changes in shape and morphology. That is due to
substituting Cu?* ions into Zn sites. At a magnification of 35,000 times, the morphology of the Cu-doped ZnO
sample shows a mixture of spherical and rod-shaped grains, as seen in Figure 2(b-e).

Fig.2. Morphology of samples (a) ZnO, (b) ZnO with 1% Cu doping, (c) ZnO with 3% Cu doping, (d) ZnO with
5% Cu doping, and (e) ZnO with doping 10%

The particle size distribution can be calculated using ImageJ software, the results are shown in Figure 3.
Based on Figure 3, the particle size distribution for the ZnO sample without doping is 87.49 nm, while for the
ZnO sample with Cu doping at concentrations of 1, 3, 5, and 10%, it is 77.77, 62.75, 59.42, and 57.80 nm,

respectively.
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Fig.3. Particle size distribution of the sample (a) ZnO, (b) ZnO with 1% Cu doping, (c) ZnO with 3% Cu doping,
(d) ZnO with 5% Cu doping, and (e) ZnO with doping Cu 10%
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The difference in particle size in the ZnO sample without and with the addition of doping, which appears
smaller, is due to the exchange of Cu*" and Zn?' ions in the ZnO lattice, and this is synchronous with the
smaller crystallite size of the ZnO sample after being doped with Cu, thus affecting the efficiency of DSSC
performance. Ge et al. [13] reported that a small particle is associated with a large surface area. So, it has the
potential to increase the performance of DSSC, where the electrode absorbs more dye solution, which
strengthens the light scattering.

3.3 Absorption UV-Vis and bandgap energy analysis

The peak of the UV-Vis absorption spectrum in Figure 4(a) for the ZnO sample is at a wavelength of 358
nm. However, with Cu doping in the ZnO sample, the absorption peak shifts to 368, 369, 370, and 372 nm for
concentrations of 1, 3, 5, and 10%. The change in the absorption peak from blue-shifted to red-shifted is caused
by the increasing concentration of Cu doping in the ZnO sample, resulting in changes in the electronic
structure, namely the broadening of optical absorption in the ultraviolet region. Figure 4(b) shows the UV-vis
spectrum at wavelengths from 400 to 700 nm for the dye solution from black mulberry fruit extract and moringa
leaves, with two absorption peaks at 536 nm and 663 nm. According to previous studies, anthocyanin
compounds have a wavelength absorption peak of around 450-600 nm [4], while chlorophyll pigments are
found at wavelengths of 431-680 nm [22]. Mixing dyes containing anthocyanins and chlorophyll causes a
bathochromic shift, also known as a red shift, so that the absorption peak of the mixed dye shifts to a longer
wavelength [22]. Thus, the dye solution from this study can be used as a photosensitizer for DSSC. Because it
has light absorption in the visible spectrum, even a mixture of dyes from chlorophyll and anthocyanin can
increase absorption and expand the light absorption range [23].
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Fig.4. UV-vis spectrum of samples (a) ZnO and ZnO-Cu, (b) natural dye solution

In this study, the bandgap energy for ZnO samples, both undoped and doped with Cu, can be determined
from Tauc plot analysis, as shown in Figure 5(a). The ZnO sample and Cu doped ZnO 1%, 3%, 5%, and 10%
have bandgap energies of 3.26, 3.00, 2.92, 2.82, and 2.59 eV, respectively. The decrease in band gap energy
due to doping causes a shift in the red absorption edge, which can increase the electron mobility rate and reduce

the recombination of charge carriers [24].
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Figure 5(b) shows that the bandgap energy of the dye solution from black mulberry fruit extract and
moringa leaves is 2.8 eV. Combining anthocyanins and chlorophyll from these plant extracts can produce a
broader absorption spectrum, allowing more energy absorption from sunlight. This wider absorption
wavelength can reduce the energy required for electron excitation to the conduction band, allowing the mixture
of two dyes in this study to increase the photosensitizer's absorbance coefficient.

3.4 Performance DSSC

EIS measurements in dark conditions were carried out on the DSSC prototype with photoanode, counter
electrode, and electrolyte to detect the possibility of electrochemical processes, especially in the charge
transport process that occurs in the DSSC. The EIS test results are a Nyquist graph and a Bode phase plot,
shown in Figure 6. The first semicircle (R-CE) in the Figure 6(a) represents the charge transfer resistance at
the counter electrode/electrolyte interface. In contrast, the second semicircle (Rq-photoanode) describes the
recombination resistance at the photoanode/electrolyte interface.
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Fig.6. (a) Nyquist curve, (b) Bode plot phase of ZnO nanoparticles doped Cu photoanodes

The shape of the Nyquist curve in DSSCs consists of three semicircles located in the low, mid, and high-
frequency regions. In the mid-frequency range, a slope exceeding 45° (a specific angle) in the curve indicates
the Warburg diffusion resistance related to the diffusion of charge carriers in the electrode material. This
Warburg diffusion is an essential factor in the performance of electrochemical cells because it involves the
movement of ions or molecules in the electrolyte, which shows the balance between resistance and reactance
in DSSCs. This balance indicates good system stability, which can optimize the conversion of sunlight energy
into electricity in solar cells. In the future, the R value will indicate the series resistance value associated with
the system’s external circuit. Electrodes with Ry values lower than the semicircle (Rc) have better
electrochemical energy storage performance. The DSSC on the ZnO photoanode has the largest giant
semicircular shape compared to the ZnO photoanode doped with Cu. It indicates a less efficient electron
transfer process because the resistance to electron flow is quite significant, thus reducing system performance
and energy conversion efficiency in solar cells.

However, with the addition of Cu doping to the ZnO photoanode, the R resistance value becomes lower,
as seen in 5% Cu doping, which has a minor semicircular shape among 1%, 3%, and 10% Cu doping, which
indicates that a lower of the resistance to electron transfer, so that the electron mobility is high [13]. Figure
6(b) shows the Bode phase plot curve, where the frequency peak shifts to a lower value with Cu doping on the
ZnO photoanode. It shows that the charge carrier recombination rate decreases with Cu doping, allowing more
light energy to be converted into electrical energy and increasing photoconversion efficiency. Cu doping at
5% has a lower frequency peak than doping at 1%, 3%, and 10%. The lifetime value of charge carriers is also
an essential aspect of a solar cell’s performance.

The lifetime of electrons in the cell system (1) can be determined from the Bode phase plot curve using
Equation (1), with the results presented in Table 1. Table 1 shows a significant difference in the electron
lifetime in DSSCs of doped and undoped Cu photoanodes. The smaller the maximum frequency (fimax), the
longer the electron lifetime (t). Undoped and Cu-doped ZnO photoanodes with concentrations of 1%, 3%, 5%,
and 10% have fmax of 74.25, 65.14, 25.74, 12.31, and 36.23 Hz, respectively, with electron lifetimes of 2.1,
2.4,6.1,12, and 3.6 ms.
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Table 1. EIS parameters of research results of DSSC photoanodes
Photoanode Rs (Q) Rei (Q) fmax (Hz) T (ms)
Types CE Photoanode
ZnO 1.11+0.29 7.29+0.15 4.63 +0.50 74.25 2.1
Zn0-Cu 1% 0.97+0.27 7.01+0.16 4.28 +£0.54 65.14 24
Zn0-Cu 3% 0.79+0.44 6.23+0.14 3.98+0.49 25.74 6.1
Zn0O-Cu 5% 0.70 £ 0.26 5.52+0.18 3.86 £0.53 12.31 12
Zn0O-Cu 10% 0.85+0.21 6.36+0.26 44041 36.23 3.6

A high 7t value indicates a longer lifetime of electrons generated by photons in the cell, meaning that
electrons survive longer before being trapped or returning to the ground state, allowing more electrons to
contribute to generating an electric current. Increasing the concentration of Cu doping in the ZnO photoanode
can increase the efficiency of the DSSC. However, the performance efficiency of the DSSC doped with 10%
Cu decreased. It can be seen from the increase in the R¢; values on the photoanode and counter electrode (CE)
and the electron lifetime, which were 6.36 Q, 4 Q, and 3.6 ms, respectively. Cu doping with a high
concentration (10%) has the potential to create more trap states in the ZnO semiconductor, thus limiting the
number of free electrons that can move. As a result, the flow of electrons is reduced, impacting the DSSC's
performance and reducing its efficiency. Cu doping in the DSSC photoanode improves its electrochemical
performance in energy conversion compared to the ZnO photoanode alone. Ge et al. [13] in their research
reported that ZnO photoanodes with 1% Cu doping, produced through the hydrothermal method, have an
electron lifetime of 1.06 ms, which is lower than that of research carried out using the green synthesis method
for producing Cu-doped ZnO photoanodes. It has been proven that 1% Cu-doped ZnO in this work has an
electron lifetime of 2.4 ms. Even the electrochemical performance of ZnO photoanodes without Cu doping in
this study was also better, at 2.1 ms, compared to ZnO prepared through the coprecipitation method (1.96 ms)
[25] and commercial ZnO (1.32 ms) [13]. It shows that synthesizing ZnO nanoparticles using the green
synthesis pathway improves electrochemical performance in DSSC.

The solar simulator test can evaluate the efficiency () of DSSC performance, which reflects its ability to
convert sunlight into electrical energy. The results showing the relationship between voltage (V) and current
density (Jsc) are presented in Figure 7. The figure allows further analysis of the DSSC performance efficiency,
which is given in Table 2. The ZnO-Cu5% DSSC photoanode shows the highest short-circuit current (Jsc) of
1.11 mA/cm?, while the open-circuit voltage (Voc) of all samples is almost the same due to the very similar
structure, chemical reactivity, and optical properties between Cu®" and Zn*" ions [11].
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Fig.7. J-V curve of DSSC with ZnO doped Cu photoanode
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The DSSC efficiency value on the ZnO-Cu5% photoanode is 1.67%, higher than that of ZnO-Cul0%,
which is 1.48%. The excessive influx of Cu ions into ZnO causes a decrease in the effectiveness of the
transition process and electron transfer in the DSSC [13].

The efficiency of DSSC with Cu-doped ZnO photoanode synthesized through green synthesis using
pineapple peel extract has a higher energy conversion efficiency in DSSC than the results of several previous
researchers, as shown in Table 3.

Table 2. DSSC photovoltaic performance with photoanodes and dye solution

Photoanoda Jsc (mA/cm?) Voc (Volt) FF N (%)
ZnO 0.46 +0.03 1.14 £ 0.05 0.23+£0.01 0.48 £0.04
Zn0O-Cul% 0.65+0.04 1.14+£0.05 0.32+0.01 0.95+0.01
Zn0-Cu3% 0.84 +0.05 1.14 £ 0.05 0.42 +0.02 1.60 +£0.01
Zn0-Cu5% 1.11 +0.08 1.14 £ 0.05 0.33+0.02 1.67 £0.01
Zn0O-Cul0% 0.93 +0.07 1.14 £ 0.05 0.35+0.01 1.48 +£0.02

Table 3. The efficiency of Cu doped ZnO based DSSCs from green synthesis results compared with previous
research results.

Synthesis Method Photoanode Type Dye DSSC Efficiency, 1 References
(%)
Sequential Ion Layer ZnO-Cu 1% Hypericum 0.42 [2]
Adsorption and perforatum L.
Reaction (SILAR) flowers
co-precipitation Zn0-Cu 3%, ZnO- N3 1.34,1.09 [26]
Cu 5%
co-precipitation Zn0-Cu 5% N719 0.34 [8]
co-precipitation Zn0-Cu 5% N3 1.09 [26]
Radio Frequency Zn0, ZnO-Cu H,PtCls.6H,O 0.16, 0.56 [27]
(RF) sputtering in in 2-propanol
room temperature .
Layered Double Zn0O-Cu 1% D149 0.83 [13]
Hydroxide (LDH)
sol-gel Zn0-Cu 5% Xanthene 0.78 [14]
Green synthesis Zn0O, ZnO-Cu 1%, | Moringa leaves and 0.48,0.95, 1.67 This work
Zn0O-Cu 5% black mulberry fruit

Cu-doped ZnO photoanodes from various methods that several researchers have reported, as in Table 3,
show different DSSC efficiency values. ZnO photoanodes without and with Cu doping, from the results of
synthesis through the green synthesis method in this study, showed better DSSC performance, where the
efficiency value was higher than the results of previous studies. In addition, dye solutions from natural
materials, namely black mulberry extract, and moringa leaves, also play an essential role as sensitizers in
absorbing photons, so they can be used to replace synthetic sensitizer dyes.

4. Conclusion

In this study, the ZnO nanoparticles doped with Cu were well synthesized using bioreduction from
pineapple peel extract with the green synthesis method. This sample has a wurtzite phase with a nanocrystallite
size. Increasing the concentration of Cu doping in ZnO samples can cause a decrease in the bandgap energy
value, where it is known that the bandgap before Cu doping is 3.26 eV, and after Cu doping is 3, 2.92, 2.82,
and 2.59 eV for doping concentrations of 1, 3, 5, and 10%.

Combining anthocyanin and chlorophyll from black mulberry fruit extract and moringa leaves produces
a broader absorption spectrum at 536 and 663 nm, with a bandgap of 2.8 eV. Cu-doped ZnO photoanode
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increases the performance efficiency of DSSC, as evidenced by the results of electrochemical tests, where the
electron lifetime for the ZnO photoanode without doping is 2.1 ms. Conversely, ZnO photoanodes doped with
Cu at concentrations of 1%, 3%, 5%, and 10% had electron lifetimes of 2.4 ms, 6.1 ms, 12 ms, and 3.6 ms,
respectively. Cu doping at a concentration of 5% on the ZnO photoanode provided an efficiency DSSC of
1.67%, higher than that of the ZnO photoanode without doping (0.48%) and with Cu doping at concentrations
of 1% (0.95%), 3% (1.6%) and 10% (1.48%). Thus, a Cu-doped ZnO photoanode synthesized by the green
route shows good electrochemical performance.
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Abstract. The article considers some aspects of solving the urgent problem related to waste processing, in
particular, renewable biowaste from the food industry. Development and implementation of modern technologies
for processing and recycling various organic waste will reduce dependence on fossil energy sources, achieve carbon
neutrality and maintain environmental safety. The object of the study is organic waste of the agro-industrial complex
in the form of bone mass. The possibilities of efficient extraction of the valuable component using electro-hydro-
pulse processing were experimentally studied. A description of the basic diagram of the electro-hydro-pulse
installation and testing methods for different processing modes are given. Optimum values of electrical parameters
are determined, allowing to increase the degree of extraction of valuable components from organic raw materials
while reducing the processing time.

Keywords: electro-hydro-pulse installation, spark discharge, treatment, organic waste, bone mass, valuable
components.

1. Introduction

Despite the rapid development of renewable (alternative) energy, almost 80% of the world's demand for
electricity is still met by using traditional fossil fuels, which are still economically viable. At the same time,
the exponential growth of the world's population is causing unprecedented crises. Of particular concern are
energy security and environmental issues such as air pollution, greenhouse gas emissions, the emergence of
mass diseases among the population, etc. [1-3]. One possible solution to these problems is a strategy of
innovative development and cost-effective use of bioenergy for the production of energy from renewable
biological sources such as agricultural and food industry waste. Bioenergy could be considered as a steady and
environmentally energy source alternative to fossil fuel [1].

The need to use energy from waste is due to the fact that improper disposal of agricultural waste in the
open air and burning of residues also contribute to greenhouse gas emissions [1]. The energy obtained during
the processing and recycling of various types of waste, such as metal and plastic waste, organic waste, etc.,
can be used to produce heat and electricity [4-6]. The use of modern biomass processing technologies allows
not only to produce an alternative energy source in the form of biofuel, but also to extract valuable components
from food industry waste, such as organic raw materials in the form of bone mass.

In recent years, various types of force effects have been used to improve the efficiency of heat and mass
transfer processes in the processing of organic waste, including ultrasonic, electrical, pulse and discrete-pulse
[7-11]. The main attention in the development of such methods is focused on changing the structure of the
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cellular material in order to increase its diffusion permeability. In [8], the technological equipment and
processes occurring during heat treatment of agricultural raw materials of various structures using
electromagnetic radiation energy were studied. However, most of these methods and technologies are at the
stage of laboratory and pilot tests, which indicates the presence of a number of unsolved theoretical and applied
problems.

An analysis of publications and developments using a vapor-liquid flow formed under the influence of
electric discharges during the processing of organic raw materials revealed a number of unsolved problems.
The work [9] is devoted to the study of discharge phenomena accompanying electro-explosive energy
conversion. Issues related to the capacitive accumulation of energy and its release in the discharge channel
formed by a breakdown of a liquid or an explosion of a conductor are considered. In works [10-12] it is shown
that shock waves and cavitation phenomena occurring at the initial stage of an electric discharge as a result of
the formation of a discharge channel have a significant effect on particles of secondary raw materials in
aqueous suspensions. It is shown that these processes accompanying a high-voltage discharge pulse with a
nanosecond front contribute to the disintegration of the material and determine the intensity of mass transfer
during the extraction process. In [13-15] the effect of frequency and intensity of an electric field was studied.
The structure of cells was studied using transmission electron microscopy. The efficiency of the method
depends on various factors such as time, temperature, field strength, frequency, sample selection and
preparation, and it is effective even at lower field strengths.

In [16] an important problem related to the features of high-voltage electrical discharges in water or air
is considered. This is due to the fact that the use of electro-hydro-pulse (EHP) technologies can lead to various
adverse effects - from injury to people and animals to damage to electrical systems, fires and other emergency
situations. A deep understanding of the mechanisms underlying these phenomena allows us to develop
effective protective measures and increase the level of safety when using such technologies. Nevertheless, the
experience of successful practical application of electro-hydro-pulse action for intensification of heat exchange
[17], destruction and grinding of mineral materials for enrichment of mineral raw materials [5], etc. determines
the real prospect of creating an energy-efficient technology that implements the advantages of this method.

This article discusses the results of experimental studies to identify the most optimal modes of EHP
treatment of organic waste in the form of bone mass, allowing for the efficient extraction of valuable
components.

2. Materials and testing methods

A laboratory installation has been developed to conduct experimental studies using electro-hydro-pulse
processing of organic waste and to determine optimal energy parameters, Fig. 1. The developed setup makes
it possible to implement a method for processing organic waste from the agro-industrial sector in order to
extract valuable components, degrease bone mass, produce biofuel, and process biological waste [18, 19].
Crushed organic waste 1, dissolved in water 2, are continuously heated through the metal wall of the main tank
3 by means of liquid located in the water jacket 4, which is connected by rubber hoses 5 to thermostat 6.
Thermostat 6 has a contact thermometer that allows automatic maintenance and regulation of the «water
jacket» temperature in the range from 20°C to 85°C.

Liquid is supplied to water jacket 4 from the upper part of the tank, covering the entire surface, and cooled
water is discharged through tube 7 located in the lower part of the tank. The outer part of the tank is covered
with felt 8 to maintain and preserve the temperature. The underwater spark discharge is carried out using
electrodes. The positive electrode 9 is installed on the tank cover, and the second, the negative electrode 10, is
located on the bottom of the main tank 3. The positive electrode 9 is connected by means of an antenna cable
11 to an electro-hydro-pulse installation 12, which includes a control panel, a generator with an air discharger,
and a capacitor bank equipped with a protection system [20].

The essence of the EHP processing method is to use the impact of a pulsed shock wave, which
accompanies spark discharges in the area of the material being studied and destroys the structure of organic
waste. From the power grid with a standard voltage of 220 V through a transformer, energy is supplied to a
capacitor bank. The capacitors are charged to a high voltage. Using the control panel, a signal is sent to the air
spark gap, which causes an electric discharge breakdown between the electrodes immersed in the liquid. An
electric discharge in a liquid medium (water) causes the formation of a shock wave. In addition to the impact
of the resulting shock waves, cavitation and air bubbles collapsing in water contribute to the extraction of a
valuable component in the form of fat through microcracks in solid organic waste materials.
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Fig. 1. General view of the laboratory EHP installation working cell.

Fig. 2 shows the dependence of the number of electric discharge pulses (n) on the change in the
interelectrode distance 1 in the air spark gap (12), Fig.1. The number of electric discharge pulses was recorded
using an electronic oscilloscope. It has been experimentally established that if the air gap electrodes are
installed at a distance of 7 mm, then with a capacitor bank capacity of C2 = 0.25 pF, 720 electric discharge
pulses can be produced in 5 minutes. With a capacity of C1=0.4 pF, the number of electric discharge pulses
decreases to 600. For an interelectrode distance in an air gap equal to 9 mm with similar capacity values, the
number of pulse discharges changes from 530 to 460, respectively.
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Fig.2. Dependence of the pulses number on the interelectrode distance in an air gap
at different capacitance values.

It should be noted that the choice of this range of variation of the interelectrode distance / in the air spark
gap is explained by achieving the optimal voltage value required to obtain a discharge breakdown. Multiple
tests have shown that in this range of the interelectrode distance of the EHP air spark gap, the installation with
this working cell operates in a stable mode. The probability of random premature discharges is reduced and
complete discharge of the capacitors is ensured, which ensures obtaining a sufficient value of discharge energy
to form shock waves. In the experiments, crushed cattle bones, which are waste from the food industry, were
used as the processed organic raw material. To obtain raw material samples that are placed in a working
container for EHP processing, the bones were crushed to particles of 2 mm to 10 mm in size and preliminarily
placed in water.

In subsequent experiments, the duration of the EHP treatment was increased from 5 min to 30 min, while
the number of received electric discharge pulses was from 1750 to 3000 with a specific energy of 1.8+104 J/m.
The difference of this EGI treatment technology is in the additional heating of the processed raw material using
a water jacket in the temperature range from 32°C to 50°C. This is due to the fact that earlier the authors in the
laboratory of hydrodynamics and heat transfer of the E.A. Buketov KarU conducted experiments with heating
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the processed raw material in the temperature range from 32°C to 38°C [19]. However, a detailed analysis of
the raw material samples after EHP treatment showed that the valuable component was not extracted from the
bone fractions completely enough.

3. Results and discussion

Experiments to study the electrophysical parameters and determine the optimal values of the operation
energy modes of the (EHP) installation were carried out in the Laboratory of hydrodynamics and heat exchange
of the E.A. Buketov Karaganda University. Taking into account the previously obtained research results of the
authors [20], in order to achieve more intensive extraction of the valuable component from the organic raw
material, the mixture was heated using the so-called "water jacket" in the temperature range from 10°C to 50°C.
The effect of the temperature mode of heating the samples of organic raw materials on the extraction of the
valuable component in the absence and presence of EHP treatment is shown in Figure 3.

Am, %

O B N W M U1 O N

t, °C

0 10 20 30 40 50 60
—@— without EHP treatment —@— under EHP treatment

Fig.3. Dependence of a valuable component the extraction from organic waste materials
on temperature without and under EHP treatment.

In the experiments, samples of two types of organic waste with solid bone fraction sizes of 2 mm were
studied. These organic waste samples were pre-placed in water for 24 hours. This method for preparing
samples from organic waste is described in detail in [17]. Figure 4 shows the change in the extracted mass of
the valuable component (Am, %) depending on the capacity of the capacitor bank during EHI processing of a
mixture with crushed fractions of organic waste samples.

20 Am, %
18
16

t, °C

organic waste 1.1 organic waste 1.2

Fig.4. Dependence of extraction of valuable components from samples of two types organic waste
at values of capacitor bank capacity C1 =0.25 pF and C2 = 0.4 uF.

It is evident that water, which has saturated the bone mass structure, helps to enhance the destruction and
extract valuable components from these organic wastes much more effectively. In organic waste 1.1, with a
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capacitor capacity of 0.25 pF, the extraction was 15.7%. With an increase in the capacitor capacity to 0.4 uF,
the extraction of organic waste increases to 17.6%. And in organic waste 1.2, with an increase in the capacitor
capacity, the extraction rate increased from 11.0% to 11.6. The graphs show that the extraction intensity can
stabilize with capacity growth. This allows us to determine the optimal capacity values required to reproduce
the experiments. Each point of the experimental graph represents the average value of 5 consecutive
measurements; the average deviation does not exceed 3%.

Similar dependencies were obtained for organic waste samples with solid fraction diameters of 5 mm and
10 mm. However, the value of extraction of the valuable component from organic waste with these solid
fraction size values remained virtually unchanged.

4. Conclusion

The results of the conducted experimental studies showed that the use of technology based on the
generation of an electric pulse discharge in a liquid medium has prospects for the intensification of extraction
processes. As a result of multiple experimental tests, it was found that this mode of electro-hydro-pulse
treatment with the specified parameters is implemented with the lowest energy costs, i.e. it is economically
advantageous. It was experimentally established that for a given working capacity, the most energetically
advantageous is EHP processing with a capacitor capacitance value 0.4 uF.

Optimization of the energy parameters of the electro-hydro-pulse installation for the efficient extraction
of a valuable component from secondary raw materials requires an integrated approach, including the study of
the influence of various factors, such as discharge energy, pulse frequency, electrode configuration and
ambient temperature. The study showed that the correct combination of these parameters can significantly
increase the efficiency of bone mass fraction destruction, which contributes to an increase in the yield of the
valuable component with minimal energy costs.
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Abstract. The article presents a study of computer modeling of thermophysical processes occurring during
atomization and turbulent combustion of biofuel (biodiesel) droplets in the combustion chamber of a direct injection
engine. For this purpose, a complex computer model was developed, including mathematical, spatial, and numerical
submodels for calculating a complex turbulent reacting flow. Using the developed model, computational
experiments were performed to investigate the thermal and aerodynamic properties of the reacting fuel-air mixture
of biodiesel, focusing on the effects of temperature and pressure variations in the combustion chamber. The research
results made it possible to obtain a visualization of the reacting flow with temperature and concentration
characteristics of harmful emissions during biodiesel combustion. The numerical data obtained during the modeling
were compared with the results for traditional diesel fuel.

Keywords: bioenergetics, biofuel, atomization, complex model, common rail system, visualization, harmful
emissions.

1. Introduction

Biodiesel production is experiencing rapid growth globally, driven by the increasing demand for eco-
friendly fuels. Derived from vegetable oils, animal fats, or waste, biodiesel is a renewable energy source. Key
producers include the United States, Brazil, Germany, and Indonesia, where transesterification technologies
are employed to convert oils into biodiesel [1-4]. The widespread adoption of biodiesel plays a crucial role in
reducing dependence on fossil fuels and cutting greenhouse gas emissions, thereby contributing to the
improvement of the global environmental landscape.

Biodiesel production in Kazakhstan is developing in response to the growing interest in renewable energy
sources and environmentally friendly technologies. The country has significant agricultural potential, which
allows the use of vegetable oils such as rapeseed and sunflower oil, as well as agricultural waste, to produce
biodiesel. Biodiesel in Kazakhstan is used in such industries as transport and energy, helping to reduce
dependence on fossil fuels and improve the environmental situation. However, the development of this sector
faces several challenges, including high initial costs, insufficient infrastructure, and the lack of full legislative
support. Nevertheless, given global trends in the field of ecology and energy, Kazakhstan is actively working
to improve biodiesel production technologies and create conditions for its widespread implementation in the
future.

In 2013, specific targets were set for the development of the renewable energy sector, which made it
possible to determine the market size and potential for reducing greenhouse gas emissions. Within the
framework of the Concept of Kazakhstan's Transition to a "Green" Economy and the "Kazakhstan-2050
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Strategy", the desire was set to increase the share of alternative and renewable energy sources in the country's
energy balance to 15% by 2030 and to 50% by 2050 (Figure 1) [5].

In this regard, Bio Operations LLP is the flagship for deep grain processing in Kazakhstan. The company
produces high-tech products: biodiesel, bioethanol, wheat gluten, and starch. The products are certified by
FSSC 22000 and ISCC, and exported to India, the USA, Colombia, Norway, the CIS countries, and the EU.
The plant is the largest producer of gluten and starch in Kazakhstan and bioethanol in the CIS [6].

' -

=2020 -2030 =2050

Fig.1. Development of renewable energy sources in Kazakhstan [5]

In this work, the thermophysical processes of atomization and combustion of biodiesel droplets in the
model chamber of a direct injection engine are studied. Based on the developed complex computer model,
studies of the thermal, aerodynamic, and concentration characteristics of biodiesel droplets during their
spraying in a reacting flow were carried out.

2. Mathematical, spatial and physical models of the problem

The mathematical model of liquid fuel droplet combustion includes equations of continuity, momentum,
energy, and concentration of reacting components in a two-phase flow [7-9].
The continuity equation for the gas phase of a dispersed system has the following form:

%+div(pu)=smss, (1)

where u fuel drop velocity, Smass is a local change in gas density caused by evaporation or condensation
processes in a two-phase flow.
The equation of conservation of momentum for a gas is written as follows:

p%+p(gradU)u=diV§+pg+Smom’ (2)

where Smom represents the local rate of change of momentum in the gas phase caused by the movement of
droplets.
The equation for the conservation of internal energy has the following form:

p%a =tD-pdivu—-divq+S,,, , ©)

where q is the specific heat flux corresponding to Fourier's law of heat transfer, and Scnergy means the
contribution to the change in internal energy caused by the sprayed liquid or phase.
The equation for the conservation of concentration of component m is written in the following form:

ot 0X, 0X, " OX,

1 1 1

ecen) __2Apcat), 0 (pDc acm]Jrs,nasS, (4)
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where pm is the mass density of a component m, which denotes the amount of mass of this component contained
in a unit volume, p is the total mass density, which is the sum of the masses of all components contained in a
unit volume of the systemto

The k-¢ turbulence model is used to simulate turbulent flow in various engineering problems, including
fuel-air mixtures. In this model, two transport equations describe the turbulent kinetic energy (k) and its
dissipation (g), which allows the prediction of turbulence parameters such as the velocity and distribution of
turbulent flows [10, 11]:

ou .k u. u.
ot ox;  0X, G, ) OX; | 0X; 37 Tox,
oe Oug 0 W, | oe € (2 ] ou, &
—+ -——| | u+—|—|=c, =G—|| zc,_ —c,_ |ped;— |—c.p—. 6
P paxj aij“ o Jox, | Sk 36 ~C |P Vox, P (6)

Constant parameters of the calculation model, such as ¢, , ¢, , ¢c_ , O,, O, are typically determined

g2 Tep? Tey?
through experimental methods [12]. This is important for more accurate modeling of combustion, fuel
atomization, and aerodynamic characteristics in engines.

In this study, a prototype of the common rail fuel injection system, commonly employed in modern diesel
engines, was utilized. In such a system, fuel is supplied under high pressure to a common manifold, from where
it is evenly distributed to the injectors, which spray it into the combustion chamber. This fuel system refers to
direct injection injectors with multiple holes. The schematic design of this system is shown in Figure 2 [13].
Due to the precise dosage of fuel and the ability to change the injection time, the common rail system allows
the reduction of harmful emissions such as nitrogen oxides and carbon compounds, which helps to comply

with environmental standards.

Fuel under pressure

Spring for valve

Fuel spray Piston

Fig.2. The cross-section of a common rail fuel injector [13]

The system uses a fuel filter to clean the fuel before it enters the system, and a high-pressure cylinder
pump to increase the fuel pressure needed for the injectors to operate properly. All these components work
together to ensure optimal combustion, increased power, and minimized harmful emissions in modern diesel
engines. The CHEMKIN program was used to model the chemical kinetics of biodiesel combustion, which
allows the creation of a reaction mechanism that describes the thermodynamics and kinetics of biodiesel
combustion, as well as the interaction of fuel with an oxidizer [14, 15]. The system takes into account such
parameters as temperature, pressure, and flow rate, which allows for accurate modeling of the combustion
process, including the formation of pollutants (CO, CO;) and evaluation of combustion efficiency.

In this work, pure rapeseed biodiesel Biofuel RME B100 was used as biofuel, which is a mixture of fatty
acid methyl esters (FAME) obtained from rapeseed oil. The main component is methyl oleate (C19H3602) - a
monounsaturated ester, which makes up to 90% of the total composition, with admixtures of saturated and
polyunsaturated esters. The use of RME in the conditions of Kazakhstan is justified, since it has increased
resistance to low temperatures, which is critically important for the northern regions of the country. In addition,
the agroclimatic resources of Kazakhstan are favorable for growing rapeseed, which makes RME production
sustainable and economically feasible at the national level.
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Dodecane (Ci,Hz26) was used as a model diesel fuel because its combustion characteristics, as well as its
physicochemical properties such as boiling point, viscosity and cetane number, are closest to those of biodiesel
among simple hydrocarbons. Due to these properties, dodecane is widely used in research as a reference
compound for modeling combustion processes of diesel fuel.

The equations for the complete combustion of biodiesel and petroleum diesel fuel under internal
combustion engine conditions with the participation of air are presented as follows:

Ci19H360,1t270,+101,52N>=19CO,+18H,0+101,52N>,

CioHaet 18.502+69.56N,=12CO,+13H,0+69.56N>.

In the engine, biodiesel burns with the formation of CO» and H-O, releasing thermal energy sufficient for
its operation, but having a slightly lower energy density compared to petroleum diesel fuel.

For comparison purposes, Table 1 presents the values of the physicochemical characteristics of the fuels

(biodiesel and diesel fuel) used in the computational experiments [12].

Table 1. Physicochemical characteristics of biodiesel and diesel fuel

Parameter Diesel fuel Biodiesel
Chemical formula Ci2Hys Ci9H3602
Chemical class alkanes (paraffins) esters (methyl esters)
Flash point 46°C 130°C
Viscosity (at t=20°C) 1.3-1.5 ¢St 4.0-5.0 cSt
Density (at t=15°C) 0.752-0.765 g/cm’ 0.86-0.88 g/cm?
Surface tension (at t=20°C) ~26.0-28.0 mN/m ~30.0-32.0 mN/m
Cetane number 52 52
Compression ratio 18 18

3. Modeling results and analysis

This paper presents a comprehensive study of computer modeling of the thermophysical processes of
atomization and combustion of biodiesel droplets in a model combustion chamber. A comparatives analysis is
conducted aimed to determine the efficient fuel combustion parameters that ensure maximum combustion
efficiency. Figure 3 shows the temperature distribution of biodiesel and petroleum diesel droplets at 50 mm
from the injector nozzle. The results of computer modeling showed that the maximum combustion temperature
of the biodiesel fuel-air mixture reaches approximately 3000 K, while the highest combustion temperature of
diesel fuel does not exceed 1400 K [16]. From these data, it follows that biodiesel has a significantly higher
combustion temperature, which can lead to higher combustion efficiency and heat transfer. Because biodiesel
has a high flash point, which makes it safer to handle than conventional diesel fuel. During the study of the
distribution of aerodynamic characteristics of fuels depending on the pressure in the combustion chamber, it
was found that with increasing pressure, the velocities of biodiesel and diesel droplets also increase. It follows
that an increase in pressure in the combustion chamber contributes to an increase in the droplet velocity, which
can affect the combustion process and the efficiency of the heat engine. The results of computational
experiments showed that at a pressure of 60 bar, the maximum velocity of biodiesel droplets reaches 33 m/s,
while diesel droplets have a velocity of 25 m/s, which confirms the greater mobility of biodiesel droplets
(Figure 4).

Increasing the pressure and temperature in the combustion chamber increases the speed of the fuel
droplets. This can affect the atomization, mixing, and combustion processes of the fuel. Biodiesel has greater
droplet mobility, confirmed by a higher droplet speed. This indicates better atomization and more efficient
mixing with air, which can improve combustion processes and lead to more complete combustion. Also, the
efficiency of a heat engine can be improved when using biodiesel due to better atomization of the droplets,
which contributes to more efficient combustion of the fuel and, possibly, to a reduction in carbon emissions
and other harmful substances.
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The spray area of both fuels is between 0.43 and 1.3 cm along the combustion chamber height (Fig.5).
Since biodiesel droplets have a higher velocity, their spray area is located higher than that of petroleum diesel
droplets. The reason for this phenomenon is that biodiesel droplets have a higher velocity, which allows them
to travel a greater distance in the combustion chamber before they interact with air. The higher spray velocity
contributes to the longer droplet spread, which leads to their location higher along the combustion chamber

height compared to petroleum diesel droplets (Fig.5).
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Fig.5. Spray areas of biodiesel and conventional diesel droplets
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Based on the computational experiments conducted, a visualization of the reacting flow was obtained.
Figure 6 shows the temperature profiles of biodiesel fuel at a time of 3 ms. It is evident from the figure that in
the core of the torch the temperature reaches its maximum, about 3000 K. The height of the temperature torch
is 4.2 cm of the combustion chamber, and in the rest of the chamber, the temperature remains within 2300-
2500 K. Figure 7 shows the distribution of concentration fields of carbon dioxide CO, during combustion of
biodiesel droplets at a time of 3 ms. The maximum concentration of CO» reached 0.183 g/g, while the minimum
value was 0.012 g/g. The maximum concentration of carbon dioxide will be observed in the center of the
combustion chamber, in the area where the main combustion of the fuel occurs. This is because, in the center
of the torch, the temperature and density of the reactive substances are maximum, which contributes to the
more intensive formation of carbon dioxide. However, at the exit from the combustion chamber, the
concentration of carbon dioxide will be somewhat reduced since the processes of cooling and dilution of gases
are already taking place here. Reducing CO, emissions from heat engines is an important step towards
improving the environmental situation and combating climate change [17]. Biofuels emit significantly less
carbon dioxide when burned than traditional fuels. Moreover, some biofuels can be carbon neutral if their
production and use are optimized.
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Fig.6. Temperature profiles of biodiesel droplets at Fig.7. Concentration fields of carbon dioxide during
t=3 ms combustion of biodiesel at t=3 ms

Figure 8 shows the dispersion of biodiesel droplets by specific temperature. In the upper part of the
combustion chamber, the maximum specific temperature of biodiesel droplets reaches 655 K, while in the
lower part, there are droplets with a temperature of 300-400 K.
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This is because, in the upper part of the combustion chamber, biodiesel droplets are exposed to a more
intense effect of high temperatures formed in the core of the torch, where the main combustion occurs. While
in the lower part of the chamber, the temperature is lower due to a more remote location from heat sources and
less exposure to high-temperature gases.

Figure 9 shows the distribution of carbon monoxide concentration CO during biodiesel combustion. As
can be seen, the concentration of CO remains low enough, which confirms the complete combustion of the
fuel with the oxidizer without residual products. It follows that the combustion process of biodiesel occurs
efficiently and completely, without the formation of significant amounts of intermediate products, such as
carbon monoxide. This indicates high combustion quality and minimal emissions of harmful substances.
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Fig.9. Concentration fields of carbon monoxide during biodiesel combustion at t=3 ms

Complete combustion of biodiesel with minimal emissions of carbon monoxide has a positive effect on
the operation of the heat engine. This contributes to more efficient use of fuel energy, improves the thermal
performance of the engine, and reduces environmental pollution [18]. In addition, the absence of incomplete
combustion residues reduces the risk of carbon deposits accumulating in the combustion chamber, which can

extend the service life of the engine and reduce the need for maintenance.
Figure 10 shows the results of computational experiments showing the change in the time distributions

of the Sauter mean diameter (SMD) of diesel and biodiesel fuel droplets at 40 mm from the injector nozzle.
The Sauter mean diameter is the average volume-surface diameter of the droplets. The same figure presents a
comparison between the calculated data for diesel fuel [19] and the experimental results provided in [20].
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Fig. 10. Comparison of time distributions of the Sauter mean diameters (SMD) of diesel and
biodiesel droplets with an experiment at 40 mm from the injector nozzle
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As can be seen from the graph, the calculated data for diesel fuel is in good agreement with the
experimental results. Biodiesel droplets exhibit a smaller volume-surface diameter compared to diesel droplets,
which can be attributed to the lower surface tension coefficient and distinct molecular structure of biodiesel.
These characteristics promote finer atomization. Additionally, biodiesel's improved flow properties contribute
to the formation of smaller droplets during atomization. Together, these factors enhance atomization efficiency
and result in a smaller Sauter mean droplet diameter.

4. Conclusions

Based on the research conducted on modeling of thermophysical processes of spraying and combustion
of biodiesel fuel droplets, the following conclusions can be made:

1. The maximum combustion temperature of the fuel-air mixture of biodiesel reaches about 3000 K, while
for diesel fuel this temperature does not exceed 1400 K. This indicates a higher combustion temperature of
biodiesel, which can lead to improved combustion efficiency and heat transfer;

2. At a combustion chamber pressure of 60 bar, the maximum speed of biodiesel droplets is 33 m/s, while
for diesel droplets it is 25 m/s. This confirms the greater mobility of biodiesel droplets, which contributes to
better atomization and more complete mixing with air, which improves combustion processes and the
efficiency of the heat engine;

3. The spray area for both fuels varies from 0.43 to 1.3 cm in the combustion chamber height. Biodiesel
droplets, due to their higher speed, have a higher spray area, which allows them to reach more distant areas of
the combustion chamber;

4. In the flame core, the temperature of the biodiesel fuel reaches a maximum value of about 3000 K. The
temperature in the upper part of the combustion chamber flame is 2300-2500 K, which confirms the high
combustion temperature in the center of the flame and lower temperatures in the rest of the chamber;

5. The concentration of carbon dioxide (CO) during biodiesel combustion reaches a maximum of 0.183
g/g in the center of the combustion chamber, where the temperature and density of the reactants are maximum,
and a minimum of 0.012 g/g after the gases leave the chamber. At the same time, the concentration of carbon
monoxide (CO) remains low, which confirms the complete combustion of the fuel with the oxidizer and the
absence of significant carbon monoxide residues. These data indicate high efficiency of biodiesel combustion
and minimal emissions of harmful substances;

6. From the computational experiments, it is evident that biodiesel droplets have a smaller Sauter mean
diameter compared to diesel droplets. This is explained by the lower surface tension coefficient and molecular
structure of biodiesel, which contributes to finer atomization and improved mixing with air. The computational
results show that biodiesel has better atomization characteristics, which leads to more efficient combustion;

7. The reduction of CO; and carbon monoxide emissions from biodiesel combustion contributes to a
better environmental situation. Biodiesel not only emits less CO; than diesel fuel, but can also be carbon neutral
if its production and use are optimized. It also contributes to improved efficiency of heat engines and a lower
environmental impact.
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Abstract. In order to develop measures to improve the thermal efficiency of working surfaces and the coolant
supply system, it is necessary to examine and analyze the results of comprehensive studies of transfer processes
under complex conditions of interaction of external (increased turbulence) and internal (separation) turbulent
effects typical for heat power equipment. The aim of the work is to develop methods for assessing transfer processes
in such equipment based on local control of thermophysical parameters in characteristic zones of the working
environment. The object of the study is heat exchange surfaces of power, chemical and electronic equipment, as
well as coolant supply systems. The research method is physical modeling of turbulent effects of various natures
and processes of heat, momentum and mass transfer using hot-wire, electro-calorimetric methods, and heat and
mass analogy methods. The article considers the generalization of the local approach application on examples of
assessing the influence of increased turbulence, local closed separations and unsteady flows on transfer processes
in the flow part of heat power equipment for various purposes. A local approach to the development of an effective
coolant supply system for the technology of final drying of plant waste fragments is also considered. The use of a
local approach, which allows recording thermophysical parameters in any characteristic zone of the working space,
provides the ability to control the most thermally stressed areas. These results are the basis for developing measures
to increase the thermal efficiency of working surfaces.

Keywords: local thermophysical parameters, local aerodynamic characteristics, heat exchange surfaces, coolant
supply system.

2. Introduction

It is known that processes in heat power, technological and electronic equipment occur under complex
conditions of interaction of various natures turbulent effects. On the one hand, external disturbances caused by
turbulence of the medium, pressure gradients, velocity non-stationarity, etc. are primarily associated with the
geometry and design of the flow part. On the other hand, there are internal sources of disturbances on the
working surface, caused by both natural causes (e.g., roughness, separation) and special artificial measures
aimed at improving the transfer process (e.g., blowing to cool the surface, holes to increase heat dissipation,
riblets to reduce hydraulic resistance, etc.). In addition, many technical applications are characterized by the
installation of prismatic elements on a flat surface.

The progressive trend of increasing the efficiency and operational reliability of equipment requires
constant improvement of methods for control and management of working processes. This is achieved by
penetrating into the complex mechanism of boundary layers (BL) development on streamlined surfaces and
targeted impact on their internal structure. Based on the above, it follows that it is relevant to conduct complex
experimental studies in laboratory conditions on controlling the structure of boundary layers by means of
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different nature disturbances, in particular, studying the features of a bypass laminar-turbulent transition. It
concerns first gas turbine engines. The blade boundary layers are subjected to a combination of variables
including free-stream turbulence, pressure gradient, unsteady periodic wakes of the upstream blade rows.
These conditions have a significant influence on the BL transition process.

The increased interest of the electronics industry in the development of methods for calculating heat
exchange of elements and units of electronic equipment confirms the relevance of studying the features of heat
exchange in a pseudolaminar boundary layer developing on the surface of a prismatic element. Previously, the
calculation of electronic equipment units was based on the average flow rate determined by the fan
performance and constant for all prisms installed on a flat surface. This approach ignores information about
the velocity and temperature fields and does not sufficiently take into account the influence of the size and
location of the prismatic elements on the hydrodynamic structure of the flow. The local approach allows us to
determine the temperature state of individual prismatic elements and the entire structure as a whole.

Due to the rapid development of computer technology in the last decade, there has been a disproportionate
increase in numerical modeling compared to physical experiment, in particular direct numerical modeling of
separated flow [1]. Therefore, experimental studies of heat transfer and hydrodynamics of complex flows,
including separated flows, are of particular relevance. Analysis of the results of these studies helps to determine
the characteristics of transfer processes when separations occur, allows evaluating the actual course of
processes and helps to improve numerical modeling.

The organization of optimal distribution of the coolant flow for various heat technologies, in particular
for the technology of final drying of plant waste fragments, is an important factor in energy saving. Improving
the aerodynamic characteristics of the drying process based on a local approach is an urgent task.

2. Analysis of recent research and publications

As the analysis of recent studies and publications shows, the number of studies devoted to the influence
of disturbances of various nature on the laminar-turbulent transition has now significantly increased. The
relevance of this part of the work is evidenced by the volume of studies devoted to the problems of the bypass
transition due to its wide distribution in various technical applications, primarily in gas turbines [1, 2]. In
particular, the review [3] describes models of various types transition for flows in the boundary layer of
streamlined surfaces in turbomachines. Unsteady flow initiates special type of laminar-turbulent boundary
layer transition: wake-induced transition, which is also typical for gas turbine engines. The conclusions of the
works [4, 5], which present a study of the simultaneous influence of the intensity and scale of turbulence on
the onset of the bypass laminar-turbulent transition, indicate that the intensity of turbulence is the main factor
affecting the transition, and the scale of turbulence has a secondary effect. Studies devoted to the problems of
the bypass transition mainly relate to the numerical modeling of the hydrodynamic bypass transition using
various turbulence models.

Most of the experimental and computational work deals with the case of momentum transfer. The
problems associated with the influence of turbulence, periodic velocity non-stationarity and separation on heat
transfer remain unclear.

Despite numerous attempts to penetrate into the separation mechanism in the recirculation, reattachment
and relaxation zones, some aspects of complex separated flows remain unpredictable to date. Thus, universal
criteria for assessing the intensity of separation and methods for diagnosing its type (laminar, transitional or
turbulent) have not been developed. There are no reliable recommendations for determining the size (length
and height) of the separation bubble and the length of the relaxation zone behind it. Data on the influence of
the degree of turbulence on the formation of separation and the development of BL in the relaxation zone
behind it are limited. Since friction practically disappears in the separation zone, there is a significant violation
of the Reynolds analogy in it, extending to the relaxation zone.

There are enough articles devoted to the development of effective methods for drying various agricultural
products and fragments of plant waste. In the study [6], an indirect solar dryer was proposed and developed,
which accelerates the drying process of agricultural products. The work [7] describes an automatic control
system for the drying process, which ensures sufficient heat flows depending on the type of product being
dried. Impact jets, as in the present study, are often used in industry to dry, cool or heat various products.
Impact drying and cooling is especially common for continuous sheets such as paper, textiles and metals. For
example, results described in [8] for heat transfer mechanism of a slit jet impingement, will help to optimize
cooling equipment and controlled parameters for the industrial-scale hot steel strip/plate cooling technology.
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To determine the patterns of this complex transfer process, careful experimental data obtained under
conditions as close as possible to the conditions in the flow section of full-scale equipment are required. Taking
into account all of the above, the purpose of the study is to develop methods for assessing transfer processes
in such equipment based on local control of thermophysical parameters in characteristic zones of the working
environment.

3. Materials and research methods

The research method is physical modeling of turbulent effects of various natures and processes of heat,
momentum and mass transfer using hot-wire, electro calorimetric methods, and heat and mass analogy
methods. Since physical modeling is one of the most promising methods for studying transfer processes
occurring under complex conditions, the studies were carried out in specially manufactured experimental
samples of installations that completely reproduce the operating conditions of a full-scale installation in terms
of geometric parameters and air supply system. The studies of the influence of increased turbulence, local
closed separations, and velocity non-stationarity on the transfer processes in the flow path of heat power
equipment were conducted in the T-5 wind tunnel of the IET NASU. The generator for creating turbulence
had the form of a perforated plate. The working surface was a flat plate, the length of which made it possible
to implement a mixed flow regime in the boundary layer. The velocity of the external flow, the shape of the
leading edge of the plate and the length of the interceptor installed at the end of the wind tunnel test section
controlled the type of separation (laminar, transitional or turbulent). Experimental investigations of a flat plate
heat transfer in the presence of unsteady flows were carried out in a wind tunnel using various wake generators
(a still and hesitating cylinder, a still and rotating "squirrel" wheel).

The studies of the transfer processes in the pseudolaminar boundary layer developing on the surface of a
prismatic element were carried out in the aerodynamic stand ADS-1. The layout included four rows of
prismatic elements installed on a flat surface (Fig.1). To study the heat transfer of prismatic elements, the
method of heat and mass analogy was used, in particular the method of sublimation of matter in air.

The design of the experimental model, specially manufactured for the aerodynamic improvement of final
drying of plant waste fragments, completely reproduced the operating conditions of the full-scale installation
in terms of geometric parameters and air supply system (Fig.4) [9].

4. Results and discussion
4.1 Local approach for assessing the impact of increased turbulence

Such studies were conducted under conditions of nonlinear interaction of external (increased turbulence)
and internal (separation at the leading edge) disturbances on two types of different working surfaces — flat and
prismatic, therefore the results of two parts of the studies are considered.

For the first part, when studying the bypass laminar-turbulent transition, the local approach means
determining the local coefficients of heat transfer and friction at the local velocity, as well as the fields of
velocity, temperature and their pulsations in various sections along the length of the flat working surface.

The use of a local approach made it possible to explain the reason for the formation of a pseudolaminar
boundary layer (PLBL), which precedes the bypass transition. This is caused by the simultaneous manifestation
of two mutually related processes: selective penetration of turbulent pulsations from the external flow into the
boundary layer (BL) and the development of powerful pulsations within the BL itself. Depending on the scale
of turbulence, the development of PLBL at Tu > 0 can be accompanied by an increase in the coefficients of
friction and heat transfer due to an increase in the velocity and temperature gradients near the wall with a
simultaneous change in the internal structure of the BL. This also allowed us to evaluate the fact that in the
pseudolaminar boundary layer the increase in heat transfer (up to 70%) significantly outpaces the increase in
friction (up to 17%). The reasons for the intensification of heat transfer in the pseudolaminar boundary layer,
significantly outstripping friction, are associated with higher rates of growth of the energy loss thickness
compared to the momentum loss thickness; closer to the wall location of the temperature pulsation maxima
compared to the longitudinal velocity pulsation maxima; high degree of correlation (up to 90%) between them.
Methods for predicting the type of flow in the boundary layer and determining the coordinates of the bypass
laminar-turbulent transition were also developed. Control of heat removal in the pseudolaminar boundary layer
and monitoring of the length and location of the bypass transition zone make it possible to avoid the occurrence
of dangerous heat-stressed areas.
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The second part of the work is devoted to the features of heat transfer in the pseudolaminar boundary
layer developing on the surface of a prismatic element. As is known, prisms are typical elements of electronic
equipment boards. To develop an effective cooling system for such equipment, it is necessary to assess the
thermal state of the elements of a specific layout and develop measures to improve it.

The thermal efficiency of individual prismatic elements was tested for the arrangement shown in Fig. 1,
which included four rows of prismatic elements. Turbulence in the first row was created by the input conditions
and in the second, third and fourth rows - by the traces of the previous rows; flow separation occurred when
flowing around the input edges of the elements.
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Fig.1. Flat surface with prismatic elements

The local approach for this part of the work is to determine the average surface heat transfer coefficient
from the local velocity measured over each prismatic element. The analysis of the results showed that the
intensity of the average heat transfer for the prisms located in positions 1 (prism No. 23) and 2 (prism No. 43)
is different, which is associated with the aerodynamic features of their flow. The average heat transfer of the
last row of prisms is less intense than for the first three rows. Thus, when constructively developing a flat
surface with prismatic elements, the most heat-stressed of them should be located in conditions of maximum
heat removal. In this case, such conditions turned out to be the flow conditions 1. This is a very important
practical conclusion. Similarity equations were proposed for calculating the local heat transfer of each face of
the prism separately and the average surface heat transfer Tabl. 1.

Table 1. Recommendations for calculating the average heat transfer of a prismatic element and its faces in 1-3 rows
gap-free installed on a flat surface in a stream

General view of the similarity equation Nu = CRe"
Average heat transfer Defining size Heat exchange surface C n
The element as a whole C >F 0.536 0.6
The upper face C CxB 0.536 0.6
The side face C Cxh 0.487 0.6
The frontal face h Bxh 0.75-0.89 | 0.5
The back face h Bxh 0.116 |0.667

This approach allows us to single out the role of each face in the total heat transfer and leads to the fact
that the total heat transfer coefficient practically coincides with the average heat transfer coefficient on the
upper face. This allows us to estimate the spatial temperature heterogeneity of the layout and carry out
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measures to change the temperature in the required direction. The use of a local approach contributed to the
implementation of a more accurate prediction of the reliability of electronic equipment components, taking
into account their operating conditions in uneven temperature fields. Thus, the use of a local approach leads to
a reduction in product development costs, allows for a more accurate selection of the required power for the
cooling system, improves the design of equipment, and increases their reliability and service life [10].

4.2 Local approach for assessing the impact of flow separation

In the flow part of heat power equipment, conditions are often created that promote the occurrence of
local closed separations. The occurrence of separations leads to a redistribution of heat transfer coefficients
and a change in hydrodynamic resistance along the length of the working surfaces and is accompanied by
significant disruptions in the structure of the thermal and hydrodynamic BL in the relaxation zones and the
separation itself. Experiments using a local approach, conducted at the IET NAS of Ukraine, confirmed
extremely slow recovery to” classical” turbulent boundary layer after various types of a separation with various
rates of this gradual process, which made it possible to identify zones of “fast” and “slow” relaxation in the
outer and inner parts of the BL. The separation “works” as a generator of external turbulence, because of which
the length of the relaxation zone in the outer part of the BL is much greater than in the inner one. Moreover,
the relaxation zone of the thermal BL is shorter than the hydrodynamic one due to the conservative reaction of
the thermal BL to various disturbances, including separation.

A generalization of experimental data on heat transfer intensification confirmed the effectiveness of using
turbulent viscosity to assess the transport properties of complex flows. Due to this approach, the turbulent
viscosity at the outer boundary of the dynamic boundary layer in the section of reattachment v;s,./v is chosen
as the main criterion determining, in the first approximation, the type of separation (laminar, transitional or
turbulent) and its intensity. Laminar separation occurs at V.s-/v=>5, with increasing v;s,/Vv transitional
separation occurs and, finally, at v;s,./v>30 - turbulent separation. The value of this viscosity can be calculated
based on the "energy-dissipation" turbulence model. For this purpose, it is advisable to use the decay law of
longitudinal velocity pulsations at the outer boundary of the dynamic boundary layer developing behind the
separation. In the first approximation, in the relaxation zone, the intensification of heat exchange can be
described by the following equation:

St/St, = f(v,,1v,) (1)
where St are determined by equation (2) for a turbulent boundary layer:
St,=0.0144-Re”™" 2)

Equation (1) also contains the turbulent viscosity generated near the wall in the turbulent boundary layer,
which can be calculated based on known recommendations:

v, =0.0168-U,-5 3)

It should be noted that the choice of comparison conditions is very important when assessing the
intensification of heat transfer and generalizing the experimental results. Relation (3) is recommended for the
condition Re*™ = const, the use of which is more acceptable for local representation of experimental data,
when many uncertainties associated with the initial conditions are eliminated by using the momentum
thickness §** as the determining dimension, rather than the current length x. The application of the local
approach expanded the ideas regarding the non-traditional and sometimes unpredictable transformation of
many important characteristics of the dynamic and thermal BL in the relaxation zone: distributions of friction
and heat transfer coefficients, average velocities and temperatures, velocity and temperature pulsations at the
outer boundary of the BL.

4.3 Local approach for assessing the impact of unsteady flow

It should be noted that there are different types of wake generators [11]. As already noted in the section
“Materials and research methods”, for modeling the unsteady flow with wake in this work such types of
generators were installed in a wind tunnel: a still and hesitating cylinder, a still and rotating “squirrel” wheel.
Based on the application of a local approach to determining the distribution of local heat transfer coefficients
on a flat surface, the occurrence of a wake-induced laminar-turbulent transition initiated by stationary and
moving wakes is confirmed. In this case, pre-transitional BL was pseudolaminar and characterized by
substantial heat transfer growth in comparison with laminar boundary layer. By means of such wakes, it is
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possible to change the intensity of heat transfer in the pseudo laminar boundary layer up to 80%, while
simultaneously controlling the location and length of the wake-induced transition.

As experimental results have shown, a peripheral shear zone and a non-uniform turbulence field
characterize the external flow with periodic non-stationarity. To evaluate the characteristics of such an external
flow, it was replaced by a shear equivalent and a method for separating the total pulsations into turbulent and
non-stationary components was proposed. For dividing turbulent and nonstationary components the additional
measurement was conducted after still “squirrel cage”. The method of dividing was based on two following
assumptions: 1. rotation does not substantially influence on turbulent component; 2. energies of disturbances

of different nature are not correlated, i.e. u/> =u> +u.” .
The distributions of total fluctuations (u/) including turbulent (u, ) and nonstationary (u, ) components

differ by peaks (fig.2), amplitude of which decreases downflow. As shown at fig.3 the decay law of averaged
total fluctuations u, /U, = f(x) was similar to the one after traditional still grids widely used for generation

of turbulence in aerodynamic tubes. The values of total fluctuations changed from u, /U, = 15% to u./U, ~
4.3% at x=50 and 600 mm respectively.
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Fig.2. Total velocity fluctuations behind rotating Fig.3. Distribution of components of velocity
“squirrel cage” fluctuations

The decay law of total energy of longitudinal velocity fluctuations of shearless equivalent permits to
estimate the transport properties of turbulized flow in the working part of aerodynamic tube. For that, it is

possible to use the traditional form of decay laws behind stationary generators of turbulence:
2

L Ax+x,)", )

where the exponent values (7 ) usually are chosen in the range of m =1,2-1,4, while virtual distance (x,) and

coefficient ( A ) are determined in the results of experimental investigations. On the base of decay law (4) it is
possible to calculate the kinetic energy of fluctuations, their dissipation and characteristic scale as well as to

estimate turbulent viscosity of turbulized flow v,, in the frames of “energy — dissipation” turbulence model.

Preliminary calculations show that values of the latter change from v, ~2,7.10° to v, ~ 1,4.10° m*/c along

the length of working part, i.e. exceed values of molecular viscosity almost into 200 times at x =50 mm.

The analysis of the obtained results (Fig. 3) demonstrates that the non-stationary component decreases
significantly faster than the turbulent one. In the initial sections of the plate, the main contribution to the
longitudinal fluctuations in the external flow is made by the non-stationary component, while in the middle
and final sections of the plate, the turbulent component became prevailing. The revealed fact is important from
a practical point of view, since it allows one to control the intensity of transfer processes using separately the
parameters of non-stationarity (frequency, amplitude) or turbulence. The application of the local approach
allows one to calculate the kinetic energy of fluctuations, dissipation and characteristic scale, and to estimate
the turbulent viscosity of a turbulized flow with periodic non-stationarity. These data are necessary for
calculating transfer processes in flows with periodic non-stationarity, for example, in turbomachines, based on
turbulence models.
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4.4 Local approach to improving the coolant supply system

Another example of the local approach application to the control of transfer processes in heat power
equipment was the work to improve the aerodynamic characteristics of the coolant supply system in the
technology of final drying and technological conditioning of plant materials [9]. The design of the full-scale
installation was preceded by an aerodynamic calculation of the coolant supply system. However, as further
tests showed, this calculation did not sufficiently take into account the influence of the installation structural
elements on the hydrodynamic structure of the flow. To improve the aerodynamic characteristics of the coolant
supply system, studies were conducted on a specially manufactured experimental model of the installation,
which completely reproduces the operating conditions of a full-scale installation in terms of geometric
parameters and air supply system (Fig. 4). The main difference was that the experiments were carried out
without heating the coolant (air) and with a fixed working line.

Fig. 4. Scheme of air supply to the working line

The processed plant material is placed on a fixed working line, which is a thin metal plate perforated with
holes. The working line is blown with vertical air jets flowing from the system of longitudinal slots. The non-
uniformity of the flow velocity field as well as the degree of turbulence were estimated based on the results of
measurements at characteristic points of the working space. The results of the experiments confirmed that the
initial design of the installation does not satisfy the optimal parameters of the coolant supply system. For this
installation, the recommended values are U,,~0.5-0.8 m/s with a permissible degree of non-uniformity of
velocity field 0.6-1.8.

Specific measures are proposed to improve the design of this system, namely: significant changes have
been made to the size of the slots; the sections of the slots are partially covered at the ends of the rows;
minimized leakage in the distribution box and others. As a result of these measures in final modification the
velocity field non-uniformity coefficient k changed by no more than ~1.8 at an average velocity U,,=0.77 m/s
(Fig. 5a). Thus, a significant improvement in the velocity field was observed both along the rows and along
their length. The measurement results also showed that in final modification there is an increase in the degree

of flow turbulence, reaching at some points ul/ y = 52% at an average level of ~30% (Fig. 5 b).
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An increase in both the average flow velocity of the coolant and its degree of turbulence contributes to
the intensification of the heat and mass transfer process. This will improve the quality of the product and reduce
the drying time. Analysis of the results of these studies allows us to develop a more rational design option for
a full-scale installation. The use of the local approach consisted in estimating the value of average velocities
and non-uniformity in local velocity distributions, as well as determining the degree of flow turbulence at
characteristic points of the working space. Aerodynamic improvement of the coolant supply system contributes
to the intensification of heat and mass transfer, and, as a result, increases productivity while reducing the time
of the final drying process of plant raw materials.

5. Conclusion

The article presents a generalized study of a local approach application to assessing transfer processes in
heat power equipment for various purposes. The advantage of the local approach is the possibility of fixing
the thermophysical parameters of the process in any characteristic zone of the working space. Based on the
data obtained, methods for calculating complex flows were developed and methods for monitoring and
controlling work processes in heat power equipment were improved.

The scientific novelty and practical significance of the application of the local approach is as follows:

1) To generalize data on heat transfer intensification using turbulent viscosity in assessing the transport
properties of complex flows.

2) The reason for the formation of a pseudolaminar boundary layer is formulated, which is caused by
the simultaneous manifestation of two mutually related processes: selective penetration of turbulent pulsations
from the external flow into the boundary layer (BL) and the development of powerful pulsations inside the BL
itself.

3) The reasons for the significantly faster intensification of heat transfer in a pseudolaminar boundary
layer compared to friction are substantiated.

4) Methods for predicting the type of flow in the boundary layer and determining the coordinates of the
bypass laminar-turbulent transition region have been developed.

5) Conditions for controlling the most dangerous heat-stressed areas during the development of mixed
flow regimes are created.

6) A bank of new experimental data on the intensity of the processes occurring for a flat surface with
prismatic elements has been obtained, which allows taking into account the spatial unevenness of the
temperature field and organizing measures to eliminate the unevenness.

7) To obtain many important characteristics of the dynamic and thermal BL in the relaxation zone,
which can be used in the development of promising engineering and numerical methods for calculating
complex flows in heat power equipment.

8) To justify the possibility of controlling the location and length of the wake-induced transition using
stationary and moving wakes.

9) To evaluate the turbulent viscosity of a turbulent flow with periodic non-stationarity for the
development of numerical methods for calculating flow transfer processes in heat power equipment.

10) To improve the aerodynamic characteristics of the coolant supply system, to ensure the required
quality of material processing while reducing the time for the final drying process of plant raw materials.
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Abstract. Improving wind power plant efficiency is crucial due to the increasing demand for renewable energy.
This study analyzes the aerodynamic characteristics of a wind power plant equipped with two combined blades that
integrate fixed blades and rotating cylinders. The object of the study is a wind power plant model designed to
optimize airflow direction and enhance lift. The methodology involves numerical modeling using the Ansys Fluent
software package, as well as experimental testing under laboratory conditions. The main results show that as when
the air-flow velocity increases from 3 to 12 m/s, and thrust force rises from 0.5 N to 3.85 N. Comparative analysis
of the minimum and maximum pressure on the blade surfaces demonstrates a strong correlation between increasing
rotational speed and elevated pressure differentials: pm. rises from approximately 0.4 Pa to 0.7 Pa, while puin
increases from about 0.15 Pa to 0.4 Pa. The thrust coefficient decreases from 1.45 to 1.05 as the Reynolds number
(Re) increases, indicating improved aerodynamic characteristics during the transition to turbulent flow. A
comparative analysis of numerical and experimental data reveals a deviation of no more than 5%, confirming the
model’s reliability and the soundness of the research methodology. The conclusions indicate that employing
combined blades can enhance the aerodynamic efficiency of a wind power plant by 8—10% compared with
traditional designs. This improvement may foster the development of more efficient and stable wind energy systems,
particularly in regions with low to medium wind potential.

Keywords: wind power plant, combined blades, pressure distribution, aerodynamic characteristics, numerical
modeling.

1. Introduction

In the context of growing global energy consumption and the need to reduce dependence on fossil energy
sources, the development of renewable energy technologies, in particular wind energy, is becoming
particularly relevant [1]. Modern wind power plants (wind turbines) are constantly being improved to increase
the efficiency of converting kinetic wind energy into electrical energy [2]. By 2022, the total number of
installed wind power capacities in the European Union countries amounted to 202.8 GW, which demonstrates
the stable growth of this sector in recent years. Denmark and Sweden occupy the leading positions in terms of
wind energy capacity per capita, which underlines the significant potential of Northern Europe in the
development of this area [2].

There are various types of wind turbines, among which special attention is paid to vertical and horizontal
structures [3]. However, vertical wind turbines have significant disadvantages that limit their wide application
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[4]. The main problems include low efficiency, power surges, and maintenance complexity, which negatively
affect the efficiency and reliability of such installations. Additionally, vertical turbines often encounter
instability of aerodynamic forces due to turbulence and changes in wind direction [5]. This leads to an uneven
load on the blades and other components, increasing wear and shortening the service life of the equipment [6].

Horizontal wind turbines, being the most common type, are characterized by higher efficiency and stable
operation [7]. Their peak power factor can reach 50%, whereas for vertical turbines this figure is about 40%
[8]. However, they are not designed to operate efficiently at low wind speeds. For example, at a wind speed of
6 m/s, a horizontal turbine with a capacity of 20 kW produces about 3 kW, while a vertical turbine under the
same conditions generates about 1.8 kW. At speeds below 5 m/s, the performance of horizontal turbines is
significantly reduced, which limits their use in regions with low wind potential and reduces the overall
efficiency of the power system.

In this regard, horizontal turbines using the Magnus effect are of particular interest [9]. The use of rotating
cylinders in the turbine design creates additional lift, which increases the overall efficiency of the installation,
especially at low wind speeds. Studies show that such turbines are capable of operating efficiently in a wide
range of wind speeds from 2 to 40 m/s, whereas traditional blade turbines are usually effective at speeds from
5 to 25 m/s [10]. The improved aerodynamic characteristics of these turbines reduce turbulence and flow
pulsations, which contribute to stable and reliable operation. Nevertheless, the optimization of such systems
requires an in-depth study of aerodynamic characteristics and the influence of various design parameters [11].

In recent years, many studies have been conducted to improve the aerodynamics of wind turbines using
various methods, including numerical simulations and experimental studies [12,13]. Nevertheless, the issue of
combining fixed blades with rotating cylinders to stabilize the flow and increase efficiency remains
insufficiently studied [14].

The purpose of this study is to analyze the aerodynamic characteristics of a wind power plant with two
combined blades using the Magnus effect. This includes the development and research of a new turbine design
that combines the advantages of traditional fixed blades and rotating cylinders to improve the efficiency of
wind energy conversion.

The novelty of the work lies in the combination of fixed blades with rotating cylinders in a single wind
turbine design. This combination is aimed at improving aerodynamic performance and increasing lift,
especially at low wind speeds. Unlike previous studies, this paper proposes a new geometry of the blades and
optimization of their location to achieve maximum efficiency.

As part of the study, numerical simulations were carried out using the Ansys Fluent software package, as
well as experimental tests in laboratory conditions at air flow velocities from 3 to 12 m/s. A comparative
analysis of numerical and experimental data confirmed the effectiveness of the proposed design and the
reliability of the model used.

2. Main part
2.1 Numerical studies

To study the aerodynamic characteristics, a mathematical model of a wind turbine with two combined
blades was created. The wind turbine model includes structural elements that ensure the conversion of kinetic
wind energy into mechanical energy. The main components of the system are fixed blades and cylinders
mounted on the central shaft. These elements are fixed to the mast, which supports the main shaft, creating the
necessary strength and stability of the entire installation.

The cylinders located around the circumference of the wind wheel have a length of 205 mm and a
diameter of 50 mm, and the fixed blades, 225 mm long and 25 mm wide, serve to stabilize the flow and
optimize the direction of the air flow, which increases the efficiency of energy conversion. The diameter of
the wind wheel is 500 mm, which contributes to a significant capture of the air flow, providing the power for
the installation. The 420 mm long mast serves as the basis for the installation of the main shaft, creating a
reliable basis for the operation of the structure in various meteorological conditions (Figure 1a).

In contrast to conventional, non-combined cylindrical blades, the combined power elements employ
stationary guide vanes interacting with rotating cylinders to induce a controlled swirl, diminish the
recirculation zone, and raise the lift coefficient, while the fixed blades—set at an angle to the rotation axis—
simultaneously stabilize the airflow, minimize wake distortions, and thereby maximize the Magnus effect,
collectively boosting the turbine’s aerodynamic efficiency.
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Initially, a computational domain was created around a mathematical model of a wind power plant to set
boundary conditions and rotation conditions (Figure 1b). A cylindrical subdomain (type 1) with a thickness of
5 mm was formed around each power element to set the conditions for the rotation of the blades. To stabilize
the flow and create an area of rotation around this subdomain, a cylindrical area (type 2) with a radius of 0.1
m around the z-axis was added. An external area in the form of a parallelepiped with dimensions of 0.7 m x
0.7 m x 3 m has been created around the cylindrical subdomain (type 2), which provides the necessary
conditions for modeling the rotation of the entire wind wheel.
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a) b)
Fig.1. Wind turbine with 2 combined blades: a) a mathematical model, b) the calculated area around the wind

turbine.

Basic assumptions:

1. Incompressibility of the flow: At low values of Mach numbers (M << 0.1), air is considered as an
incompressible medium.

2. Turbulence of the flow: At high values of the Re > 104, the flow is considered turbulent.

3. Isothermicity: Due to the low Mach numbers and small temperature differences near the wind wheel,
the current is assumed to be isothermal.

To calculate the turbulent flow, the Realizable k—¢ model was chosen, taking into account turbulent
energy and dissipation. The system of equations was solved in Ansys Fluent using the finite volume method
and the SIMPLE scheme for matching pressure and velocity fields.

For incompressible flow, the continuity equation is expressed as:

where u, represents the velocity components of the flow, and x, represents the spatial coordinates.
The Reynolds-averaged momentum equations for turbulent flow are given by:

a(pui)l 6(,0“1'”;): apl 0
o0 ox, v, or

ou. 0
(u—)——(pu,'u;)
ox;”  Ox,

where, p is the fluid density; p is the pressure; g is the dynamic viscosity; u,u;" are the Reynolds stresses

that model the turbulent stresses arising from velocity fluctuations.

The Realizable k& — & model is applied in this study, which improves upon the standard & — & model by
imposing realizability constraints on the turbulent kinetic energy and dissipation rate. This approach enhances
accuracy for complex turbulent flows, such as rotating and recirculating flows around the wind turbine’s
cylindrical elements.

The transport equation for turbulent kinetic energy & is given by:

o(pk) 6(puik): i[(/u _,ﬁ)%] + Pk— pe
ot axi ox (o ox .

where, k is the turbulent kinetic energy; 4, is the turbulent viscosity; o, is the turbulent Prandtl number £ ;
P, is the production of turbulent kinetic energy; ¢ is the dissipation rate of turbulent kinetic energy.
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The transport equation for the dissipation rate ¢ is:
2
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where o, the turbulent Prandtl number for ¢ epsilone, C, and C, are empirical constants, and S is the modulus
of the mean rate-of-strain tensor.
The turbulent viscosity g, is computed as:
2
M= pCﬂk—
P
where C, is a model constant.

The boundary conditions are presented in Table 1.

Table 1. Boundary conditions.

Parameter Condition Value/Description
Domain Turbulence intensity, | 0.1
Inlet
Hydraulic diameter of the inlet region 1 m
Velocity 3,5,7,9,12 m/s
Domain Pressure at the outlet P=Pp external
Outlet
Rotor Walls | Wall movement speed Depends on the rotational speed of the cylinders around

their longitudinal axis and the rotor axis
Near-Wall Boundary conditions for turbulent | k=0

Region kinetic energy
Turbulent kinetic energy dissipation rate | Calculated based on equality of production and
dissipation of turbulent energy (logarithmic velocity
profile)

Constant x for the logarithmic profile 0.42

Distance from the center of the cell to the | If y,<11.06 , k=0 if y,>11.06, turbulent dissipation is
wall, yp considered

2.2 Experimental studies

Experimental studies were conducted in the laboratory "Aerodynamic measurements" of the scientific
center "Alternative Energy" of the E. A. Buketov Karaganda University. A model of a combined wind turbine
with rotating 2 cylindrical blades was developed, which was then studied at various wind speeds in a transverse
air flow from 3 to 12 m/s (Figure 2). The laboratory layout allows for experimental tests to evaluate
aerodynamic characteristics and confirm the results of numerical modeling.

Fig.2. Laboratory layout of a wind turbine.
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Air-flow velocity was measured with a cup anemometer JDC Skywatch Atmos (range 2—150 km h',
accuracy £ 3 %), while the three orthogonal components of aerodynamic force and moment acting on the
model were resolved by a mechanical three-component balance (Fig. 2) whose overall measurement
uncertainty does not exceed 5—7 %. The rotational speed of the cylinders was monitored with a contact/non-
contact laser photo-tachometer CEM AT-8 (2-99 999 rev min’, resolution 0.1 rev min™' below 10 000 rev
min', accuracy £ 0.05 %).

Each point represents the mean of five consecutive runs; the standard deviation never exceeded 0.04 N
(1.2 %) for forces and 0.02 m/s (0.6 %) for velocity.

3. Results and discussion

This section provides a comparative analysis of the aerodynamic characteristics of a two-bladed wind
power plant based on numerical and experimental data. Figure 3 shows a comparative graph of the drag force
for a two-bladed wind power plant.
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Fig. 3. A comparative graph of the drag force for a two-bladed wind power plant.

Figure 3 shows how the drag force of a two-bladed wind turbine increases with increasing air flow
velocity. The values of F ¢ num= 4.1 N and F 4 xp = 4.2 N was obtained at a speed of 12 m/s. The drag force
increases with increasing speed due to increased pressure on the front surface of the blades. The resulting
resistance of 4.1-4.2 N is almost twice as low as that of diffuser microturbines of similar diameter [15]. The
comparison of experimental and numerical data demonstrates a good match, which confirms the adequacy of
the model used in describing the aerodynamic properties of the turbine. Error bars denote +1 ¢ experimental
uncertainty: £0.04 N for forces (1 %—2 % of the value).

The numerical data of the drag force are approximated by a power function:

F dtoum = 0,2262V1’2018

Figure 4 below shows a comparative graph of the thrust force for a two-bladed wind power plant.

As can be seen from Figure 4, the thrust force increases linearly with increasing flow velocity. The values
Of F (.num=3.85 N and F (exp, = 3.8 N were obtained at a speed of 12 m/s. The thrust force associated with the
lift generated by the Magnus effect increases with increasing wind speed. This indicates an increase in the
efficiency of converting wind energy into mechanical work. The consistency of the numerical and experimental
results confirms the accuracy of the model.

It is established that the thrust force is approximated by a power function:

F=0,1624 V'8

Figure 5 shows a comparative graph of the drag coefficient for a two-bladed wind power plant.
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Fig. 4. Comparative graph of the thrust force for a two-bladed wind power plant.

Cx
1.9
1,7 £
1,5 .
e 4 Cxexp
1,3 i ............ [ ] CX num
11 I' ..............
00 S T &
=
0,7
0,5
9000 14000 19000 24000 29000 34000 39000 44000

V, m/s
Fig. 5. Comparative graph of the drag coefficient for a two-bladed wind power plant.

As can be seen from Figure 5, with increasing Re, the coefficient of drag force decreases. The maximum
experimental data at Re = 10000 is 1.75, and the numerical data is 1.8.

The decrease in the coefficient with an increase in the Re indicates an improvement in the aerodynamic
properties of the blades at higher flow velocities, which is associated with the transition to a turbulent regime,
reducing the relative magnitude of resistance.

In comparison, it was found that the coefficient of resistance in similar conditions turned out to be 12-
15% lower than that of a traditional Magnus wind turbine with two blades [16]. This is because the addition
of a fixed blade helps to minimize drag.

Figure 6 shows a comparative graph of the drag coefficient for a two-bladed wind power plant. As can
be seen from Figure 6, the coefficient of thrust decreases with increasing Re. The maximum values of the
coefficient of thrust obtained experimentally are 1.42 and numerically, 1.45. The thrust coefficient of 1.42—
1.45 exceeds the range of 1.20-1.30 typical for vertical-axis turbines with Gurney flaps, and lies within the
lower limit of the 15 percent increase demonstrated by active flow control on large HAWT profiles [17]. Error
bars denote +2 % for aerodynamic coefficients.

The decrease in the coefficient with an increase in the Re is associated with a change in the ratio between
the lifting force and the dynamic pressure of the flow. This reflects the peculiarities of the aerodynamic
behavior of the combined blades under different flow regimes. The obtained results of the lift coefficient turned
out to be 8-10% higher than in the work [16]. This improvement can be explained by a more optimal ratio of
length to diameter of rotating cylinders, as well as the use of fixed blades, which made it possible to use the
Magnus effect more effectively at low air flow speeds.
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Fig.6. Comparative graph of the coefficient of drag force for a two-bladed wind power plant.

Figure 7 below shows a comparison of experimental and numerical data of minimum and maximum
pressure depending on the rotation speed.

0,9
0,8
0,7
< 00
A
o 0,5
—
7
§ 0,4
~~ 0.3 O pmin_exp
02 —&— pmin_num
X pmax_exp
0,1
—@— pmax_num
0
200 400 600 800 1000 1200

n, rpm

Fig. 7. Comparison of experimental and numerical data of minimum and maximum pressure depending on the
rotation speed.

As can be seen from Figure 7, a good convergence of the experimental points with the results of numerical
modeling is visible, indicating the correctness of the mathematical model used and the boundary conditions.
As the rotation speed increases, the installation shows an increase in pmax from 0.4 Pa to 0.7 Pa, which is due
to the increasing pressure action of the air flow on the front surface of the blade, while pmin increases from 0.15
Pa to 0.4 Pa due to increased vacuum on the back side. The increase in pressure drop to only 0.3 Pa remains
approximately twice as low as the 0.6—0.8 Pa levels recorded on diffusor-reinforced rotors of a similar radius,
which indicates a softer load profile of the proposed installation [18]. An essential factor that can change these
indicators is the air temperature, since when it increases, the density of the working medium decreases, which
leads to a decrease in pressure gradients and may slightly reduce the observed pressure values; on the contrary,
at a lower temperature, air density increases, and pressures at the same rotational speeds may increase. The
combined expanded uncertainty of pressure measurements (k = 2) does not exceed 0.10 Pa.
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4. Conclusion

In the course of the study, it was found that the use of combined blades, combining fixed blades and
rotating cylinders, contributes to a significant increase in the aerodynamic efficiency of a wind power plant.
The analysis showed an increase in the coefficient of thrust by 8-10% compared to traditional designs at
identical air flow speeds. In addition, it was found that the addition of a fixed blade reduces the drag coefficient
by 12-15% relative to turbines equipped exclusively with cylindrical blades. As demonstrated by the pressure
distribution measurements at varying rotational speeds, the maximum pressure on the front surface of the
blades increases from approximately 0.4 Pa to 0.7 Pa, while the minimum pressure rises from around 0.15 Pa
to 0.4 Pa. This trend correlates with a more uniform airflow around the rotating and fixed elements and aligns
well with numerical predictions. The total combined uncertainty remains below 3 %, therefore the observed
8-10 % improvement is statistically significant.

These improvements are due to a more uniform distribution of air flow and minimization of turbulence
zones behind the blades, which has a positive effect on the aerodynamic characteristics of the installation.

The results obtained confirm the expediency of using the proposed design for the development of highly
efficient wind energy systems, especially in regions with low wind potential. Prospects for further research
include optimizing the geometry of the blades and scaling the design for industrial implementation.
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Abstract. This work introduces a technology for Fourier-Transform InfraRed spectroscopy of hydrocarbon
materials at low temperatures and atmospheric pressure. This device allows to study optical properties of various
substances at temperature range of 77 — 300 K without need of a vacuum and to obtain new fundamental data
since there is insufficient research in this area. Described new techniques and methods are working with Fourier-
Transform InfraRed spectrometer, diffuse reflection attachment and two Dewar vessels using for cooling with
liquid nitrogen inside cryogenic capillary system and blowing with gaseous nitrogen to create InfraRed inactive
environment. It makes this new technique a valuable method for obtaining fundamentally new data useful for
various energy and infrastructure spheres along with education field as a theoretical information.

Keywords:  Fourier-Transform InfraRed spectroscopy, low temperature, cell, cryogenic capillary system,
hydrocarbon materials.

1. Introduction

At the dawn of spectrometry and since the creation of technologies that allow studying hydrocarbon
compounds using spectroscopic methods at low temperatures, the process was accompanied by the formation
of a vacuum, without which it was difficult to study the nanostructure [1-2], molecular composition [3-4] and
physical, chemical, thermal, and optical properties [5-9] of a substance due to the presence of moisture and
other impurities in the air that prevent high-quality study and analysis of a substance by any of the
spectroscopic methods, including FTIR (Fourier-Transform InfraRed) [10-13].

Low-temperature study of substances [14], in particular hydrocarbon compounds, which involves the
use of InfraRed (IR) spectroscopy, presupposes the presence of ultra-low pressure [15], i.e. vacuum, in
consequence of which the results of high-quality fundamental studies of the optical properties of
hydrocarbon substances under atmospheric pressure are still very rare, since this issue is associated with a
number of problems, such as the complexity of developing, maintaining and subsequently upgrading
technologies for spectroscopic study that allow achieving low temperatures at atmospheric conditions, the
difficulty of creating an inert and IR-inactive or IR-transparent environment [16-17] that helps to achieve
accuracy due to the low noise level of spectra and high radiation intensity, as well as the lack of a developed
accurate step-by-step research methodology.

Overall, there are very few technologies in the world to study hydrocarbon substances at low
temperature and atmospheric pressure. Even though some research studies [18-21] include experiments of
spectroscopy at atmospheric pressure and low temperatures, there is limited scientific research in this
direction, due to the issues described above. We offer a technology [22] for FTIR spectroscopic study of


mailto:darhan_13@physics.kz

Eurasian Physical Technical Journal, 2025, Vol.22, No.2(52) Engineering 89

hydrocarbon fuels under atmospheric pressure, but at low (77 K) temperatures, which presents solutions to
the above problems when studying outside of a vacuum.

The idea of the article is the proposed experimental setup of a cryogenic-capillary system with a low-
temperature cell and a measurement technique on it, allowing to obtain profoundly new fundamental data on
the properties and behavior of hydrocarbon materials at low temperatures and atmospheric pressure,
representing valuable information that can contribute to the subsequent development of high-quality research
in this direction, including more factual data related to the action of molecules under these conditions, which
can further contribute to the development of more accurate technological equipment.

In this paper, we study kerosene — a hydrocarbon used in energy, technology and other industries as a
fuel or solvent and this compound as a test sample, as well as comparison of its spectra with the results of
other authors were chosen and carried out in order to confirm the effectiveness of this technique and setup.
So, this research corresponds to the goals according to the Sustainable Development Goal (SDG) [23] SDG 4
— Quality education and SDG 9 — Industry, innovation and infrastructure adopted by the United Nations
(UN). These new data can be used in writing academic textbooks for higher education students in technical
universities with Science, Technology, Engineering, Mathematics (STEM) direction as well as theoretical
data for innovative energy industry sphere.

2. Materials and methods

In order to obtain high-quality results of low-temperature spectroscopic research of hydrocarbon
materials at atmospheric pressure, we conduct experiments using cryogenic capillary system with low-
temperature measuring cell. To provide accurate information about spectroscopic data of hydrocarbons we
use high-precision mid-IR Fourier-spectrometer from “Infraspec” with a spectral resolution of 0.125 cm™' in
the range of 370-7800 cm™! (figure 1).

Fig.1. Infrared Fourier spectrometer “FSM 2203 with a diffuse reflection attachment.

To be able to conduct experiment of low-temperature diffuse reflection spectroscopy at atmospheric
pressure we had to develop the installation allowing us to study hydrocarbon substances in these conditions.
The focus shifts to enabling temperature control of the test sample within the diffuse reflection attachment
(figure 2), where the sample is positioned in the cuvette compartment of the FSM 2203 spectrometer. Of
utmost significance is the capability to lower the temperature to 77 K. The use of the diffuse reflection
method entails minimal sample preparation requirements and allows for the examination of irregular surfaces
and various coatings, including polymers. Furthermore, this method enables spectrum analysis across a broad
range, offering an advantage over traditional transmission measurement techniques.

The central components of this accessory consist of a mirror system and an retractable sample holder
(fig. 2, item 4) where the test samples are housed. A micrometer screw (fig. 2, item 1) is utilized to modify
the vertical position of the sample holder, by moving the directive (fig. 2, item 5) along its way we can
modify horizontal position. The radiation entering the accessory passes through its inlet and strikes a flat
double-sided mirror (fig. 2, item 2). This beam is then reflected towards an elliptical mirror (fig. 2, item 3),
which focuses it onto the test sample's surface within the retractable holder. The diffusely reflected light
from the sample's surface is redirected back towards the elliptical mirror, which guides it to a spherical
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mirror (fig. 2, item 6). The reflected beam further encounters the opposite side of the double-sided flat mirror
before entering the detector chamber of the FSM 2203 spectrometer.

Initial processing of the obtained IR spectra is conducted using the FSpec software, with subsequent
analysis carried out through the Origin software. In order to achieve temperature reduction of the test sample
within the retractable holder's cell of this accessory, a specially designed modification was implemented
based on the standard sample holder (figure 3). The enhanced holder's construction comprises two primary
materials: polylactide and copper. The selection of these materials for specific holder components is based
on their respective thermal conductivity properties. Polylactide, with a thermal conductivity ranging from
about 0.11 to 0.19 W/m*K, is chosen to counteract the adverse impact of external atmospheric temperatures
on both the copper bar and the samples housed in the measuring cells.

Fig.2. Schematic representation of the diffuse reflection attachment: 1 — micrometer screw; 2 — double-sided flat
mirror; 3 — elliptical mirror; 4 — retractable sample holder; 5 — directive; 6 — spherical mirror.

J

a) ¢)

Fig.3. Three-dimensional model of a retractable holder. a) standard retractable sample holder, b) modernized
specialized retractable sample holder, assembled, ¢) modernized specialized retractable sample holder, disassembled. 1
— holder handle, 2 — heat insulating cover of the holder, 3 — cryogenic capillary system, 4 — temperature sensor
(thermocouple), 5 — container

The bar with cylindrical cavities (cells) for sample placement (fig. 3, item 5) is crafted from copper, a
high thermal conductivity material, to facilitate rapid and even distribution of temperature provided by the
cryogenic capillary system. The cryogenic capillary system itself (fig. 3, item 3) is also constructed from
copper for similar reasons.

Cooling the samples under study to a temperature of 77 K is facilitated by the continuous flow of liquid
and gaseous nitrogen through the copper tube of the cryogenic capillary system. The close contact between
the copper tube, copper bar, and the cells, along with copper's high thermal conductivity, enables swift
cooling of the test material (such as hydrocarbon) to the desired temperature. The copper bar temperature is
monitored using a thermocouple attached to the surface of the bar by the LakeShore PID controller (fig. 3,
item 4). Heating the test samples is accomplished by halting the nitrogen circulation through the cryogenic
capillary system, thereby restoring thermodynamic equilibrium between the sample and the surroundings. To
circulate nitrogen through the copper tubes of the cryogenic capillary system, high pressure is established
through heating in a specialized Dewar vessel. This process causes nitrogen to be expelled from the vessel
into the cryogenic capillary system, enabling the cooling of the samples.
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The cryogenic capillary system is connected to the Dewar vessel mentioned above through a
hermetically sealing fastening system (figure 4). This installation is made to supply and cool samples at
atmospheric pressure in the low-temperature cell with permanent liquid and gaseous nitrogen circulation (77
K) via copper capillaries. The installation consists of Dewar vessel (vacuum flask) (fig. 4, item 1), fastening
system (fig. 4, item 3), copper capillary (fig. 4, item 4) covered with thermal insulating coating, manometer
or pressure gauge (fig. 4, item 2), contacts for electrical clamp (fig. 4, item 6) to create electrical connection
and provide with voltage from heater, check valve (fig. 4, item 5) to prevent exceeding pressure inside a
flask.

b)
Fig.4. Cryogenic capillary system and Dewar vessel (vacuum flask)

To start an experiment, we first need to ensure that the installation is ready:

1) Dewar vessel which is connected to the cryogenic capillary system is firmly hermetically sealed, a
check valve is not stuck and the manometer (pressure gauge) indicates pressure at least 6 psi (0,4 atm)

2) Voltage supplied from the heater is reaching a contact element inside the vessel and heating a liquid
nitrogen which is supposed to circulate inside capillary system by thermal expansion

3) There is no electrical contact with other metal parts of the installation to avoid short circuit

4) Thermocouple is working with LakeShore PID-controller

5) Capillaries are thoroughly covered with thermal insulating coating to avoid thermal conductivity with
ambient environment while nitrogen is circulating inside them.

To ensure the experiment's purity, a blowing system was incorporated into the diffuse reflection
attachment. By introducing gaseous nitrogen into the attachment, an inert environment is created, which not
only safeguards the samples and the copper bar from frost formation but also supports the experiment's
wholeness by creating IR-inactive environment. The next step of our experiment technique is preparation
above mentioned blowing system, gasifier — ensuring hermetical sealing of the gasifier, pouring nitrogen into
the gasifier’s vessel, connecting it to the spectrometer’s cuvette compartment with rubber hose in order to
provide the diffuse reflection attachment, inside of which the IR radiation will pass, with inert IR-inactive
environment that, in addition, lets us to avoid water vapor deposition on the samples while cooling.
Preparation of gasifier is accurately described below:

1. Ensuring that the gasifier’s Dewar vessel is empty and ready to get filled with nitrogen, being aware
that manometer (pressure gauge) indicator is pointing to zero and only then opening the vessel’s lid

2. The hose has to be attached firmly to both outlets and has no holes or another opening to avoid
outflows

3. To check all radiators for frost absence, in order to provide quality gaseous nitrogen flow

4. When the gasifier is ready to be filled up, starting carefully pouring nitrogen into its vessel from
another Dewar vessel

5. Closing the vessel’s lid tightly and ensuring its manometer shows some additional pressure

6. Check the hose’s outlet for the nitrogen to be flowing unhindered.

The gasifier’s structure is shown in figure 5 — the vessel (fig. 5, item 1) is dedicated to store nitrogen
since it is also a Dewar vessel, the manometer (pressure gauge) (fig. 5, item 4) shows overpressure inside the
vessel and helps us to calculate approximate time of nitrogen exhaustion, the rubber hose (fig. 5, item 2)
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connected to the spectrometer to provide diffuse reflection attachment with a nitrogen inert IR-inactive
environment, the capillary tube (fig. 5, item 5) for nitrogen transfer, the radiators (fig. 5, item 3) that are
meant to conduct a heat and help to provide with gaseous nitrogen particularly, the lid (fig. 5, item 8) to
prevent nitrogen outflow, the valve (fig. 5, item 6) to regulate nitrogen flow and the check valve (fig. 5, item
7) to avoid excess pressure.

b) 9]
Fig.5. Gasifier generating nitrogen for inert IR-inactive environment

Temperature of the samples in container’s cells changes as we cool them with nitrogen flow or heat
them by stopping nitrogen circulation. We need to know exact temperature of the samples while taking a
spectrum. To measure the temperature of the sample we use E-type thermocouple (chromel and constantan)
connected to the LakeShore Model 325 cryogenic temperature PID-controller. Within the controller’s
interface we can set initial temperature, room temperature, thermocouple type, an output (A or B) of
thermocouple contact, etc.

The controller provides two separate proportional-integral-derivative (PID) control loops. The PID
algorithm determines the control output by considering the temperature setpoint and feedback from the
control sensor. With broad tuning parameters, it is compatible with most cryogenic cooling systems and
many small high-temperature ovens. A high-resolution digital-to-analog converter ensures smooth control
output. Users can manually set the PID values, or use the Autotuning feature to automatically adjust the
tuning process.

By connecting cryogenic capillary system to the cell and putting it into diffuse reflection attachment
inside of “FSM 2203” FTIR-spectrometer, we start our experiment. As temperature is going down after
reaching crystallization point of hydrocarbon substance, we are taking spectra at every few certain
temperatures. One of our goals is to study hydrocarbons’ physical and chemical properties at atmospheric
pressure and nitrogen boiling temperature (77 K) by taking spectra of samples in these conditions. Once the
samples’ temperature has reached its minimal point and the PID-controller shows 77 K we are taking
Fourier-transform infrared spectra and starting heating process by stopping nitrogen flow and letting
thermodynamical equilibrium to take place, and in the same way take spectra at every few certain
temperatures.

After ensuring that all installations and instrumentation we need are ready, we start our experiment of
studying optical properties of test substances (hydrocarbon compounds) at low temperature (77 K) and at
atmospheric pressure. To conduct the experiment, we perform the following steps:

Stage I: Filling up the gasifier and cryogenic capillary system with nitrogen and sealing them properly.
Connect them to the following instrumentations: 1) gasifier to the spectrometer’s inlet of cuvette
compartment with rubber hose to supply with inert environment, 2) cryogenic capillary system to the
LakeShore 325 temperature PID-controller with E-type (chromel-constantan) thermocouple, and to heater
with wires via alligator clips to create additional pressure inside the flask and thereby enhance nitrogen
circulation through capillary.

Stage 2: Covering cuvette compartment with polypropylene and polyethylene film to keep IR-inactive
inert nitrogen environment inside the cuvette for obtaining more quality IR-spectra, with only some space for
micrometer screw and retractable holder. Due to comparatively similar molecular weight of air and Ny, it
does not seem difficult to keep such an environment.
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Stage 3: Putting pre-pestled potassium bromide sample, which absorbs moisture from ambient, into first
cell of retractable holder’s container bar so we can obtain its spectrum and use as base that will then divide
test substance’s spectra. Preparation of the test sample (kerosene in this case) includes only few steps —
opening properly sealed vessel, picking up 1 ml kerosene using new disposable syringe, putting it into
second and third cells (0.5 ml each) and inserting the holder into diffuse reflection attachment. Syringe is
used to take equal doses of kerosene for each experiment. The kerosene used in our experiment is from brand
“Derzhava” with sulfur content 1% according to GOST 18499-73.

Stage 4: Finding out the holder’s position with the strongest intensity of IR-beam by adjusting vertical
micrometer screw for every cell separately. Once it is found, we stop adjusting and further use this position
to register samples’ spectra by “FSpec” and analyze them in “Origin” software.

Stage 5: Taking spectra while cooling samples starting from room temperature (290-300 K) and all the
way down to the nitrogen boiling point (77 K), using temperature controller to real-time determine the
sample temperature and applying heater to force nitrogen inside the flask flowing more intensively through
capillary. It is important not to miss test substance’s phase transition and record its spectra in each phase to
further describe the differences. After passing phase transition temperature taking a few spectra every certain
temperature until reaching lowest point — 77 K and registering samples spectra at this point. After that we
stop the heater thereby reducing nitrogen circulation and let the thermal equilibrium to take place. This will
force a sample to get heated and increase its temperature while we are taking spectra. Afterwards we
compare sample’s cooling and heating spectra and describe their differences.

Stage 6: After obtaining spectra we needed, stopping the experiment by removing the holder from
attachment, electrical contacts from vacuum flask and PID-controllers thermocouple. Blowing spectrometers
compartment with nitrogen to get rid of possible residual hydrocarbon vapors and thereby cleaning inside of
diffuse reflection attachment and FSM 2203 spectrometer.

Afterwards we need to analyze spectra obtained by this experiment and draw up the results. These
research and experiment can be used as fundamental information for many spectroscopic studies of
hydrocarbon materials since results are obtained at low temperature but at atmospheric pressure. But before
that it is important to compare our results with another data of obtaining spectra of hydrocarbons using low-
temperature setups.

3. Results and discussion

Results of the experiment are shown in figure 6. Test substance is kerosene, a hydrocarbon used in
energy, technological and other industries as a fuel or solvent. In this transmission spectrum, characteristic
peaks of the functional groups of kerosene are visible, in particular, the stretching and bending of the C-H
bonds, one can also notice a tendency to shift the peak of the C-H bond bending relative to the results of
other authors, a difference in wave numbers is obvious during the stretching of the above-mentioned bond in
the kerosene molecule, that is, a hypsochromic shift.

160K Cooling
120K Cooling
90K Cooling
85K Cooling | |
80K Cooling

T T T
1000 2000 3000

Wavenumber, cm™!

Fig.6. Spectra of kerosene while cooling from room temperature (only few temperatures are shown)
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As we can see, there is the C-H stretching in the wavenumber range of 2800-3000 cm™, mild
hypsochromic shift in the range of 1500-1700 cm™ for the C-H bending (scissoring) and almost no shift in
the range of 600-900 cm™ for C-H bending (rocking and out-of-plane) relative to the results of other authors.
Highlighted with dotted lines areas represent the peaks that indicate presence of kerosene key C-H group and
its vibrations at specific wavenumber range. These lines are meant to give importance and significance to the
vibrations. To show data in more clear way we are providing the table of our research and other authors
research results of kerosene spectra (tab. 1).

Table 1. Comparison of spectra results

Ne | Authors C-H stretching C-H bending C-H bending (rocking
(cm™) (scissoring) and out-of-plane) (cm™)
(cm™)
1. | Our data 2800-3000 1500-1700 600-900
2. | Dollah, A., Zainol Rashid, Z. et al [24] 2800-3000 1300-1500 800
3. | Mirea, R., & Cican, G. [25] 2800-3100 1300-1500 650-800
4. | Biaktluanga, L., Lalhruaitluanga, J. et al [26] 2800-3000 1500 800

Results of authors [24] correspond to the wavelength under normal conditions: C-H stretching at 2800-
3000 cm™!, C-H bending (scissoring) at 1300-1500 ¢cm™ and C-H bending (rocking and out-of-plane) at 800
cm!. Other researchers’ results [25] are given as well; they correlate well with our data what additionally
confirms effectiveness of the measurement technique used in our research. More of other authors’ results in
this field [26] are given. We can see the same characteristic peaks we observed in previous comparisons,
particularly C-H stretching at 2800-3000 ¢cm™!, C-H bending (scissoring) at 1500 ¢m™ and C-H bending
(rocking and out-of-plane) at 800 cm™'. The physical meaning of this comparison is that we obtained spectral
results of characteristic peaks of kerosene molecules’ key functional groups, well-correlated with results of
other respected authors in this field. This comparison confirms the effectiveness of our new cryogenic setup,
used for obtaining FTIR-spectra of hydrocarbon fuels at low temperature and atmospheric pressure.

The kerosene spectra at low temperature shown in fig. 6 are obtained at atmospheric pressure, which
undoubtedly influences the spectra and vibration wavenumbers of the sample, and that is proved by
hypsochromic shift of C-H stretching, which was mentioned before. This result shows that conditions of test
sample as well as the way of obtaining solid kerosene (below 226 K) directly affect FTIR-spectra, since
other researchers’ spectra being compared with our data [24-26] are received in vacuum.

We are truly sure that given comparison analysis proves the operability and effectiveness of our setup
with low-temperature cell and cryogenic-capillary system being used in our experiments at low temperatures
(down to 80 K) and atmospheric pressure (101,325 Pa, 1 atm).

4. Conclusions

In this paper, we have described an experimental setup and measurement technique for studying
hydrocarbon compounds, particularly a kerosene, at low-temperatures and atmospheric pressure using the
cryogenic-capillary system with nitrogen blowing system, the gasifier, and high resolution FTIR
spectrometer. The verification performed by comparing the FTIR spectra of kerosene obtained using our
setup with the results of FTIR spectra reported by other researchers allows us to conclude that there is a good
correlation.

Also, we can say that kerosene being studied at atmospheric pressure has slightly different result in one
characteristic peak of one vibration, related to the C-H stretching, from research results of kerosene under
vacuum. That can be valuable fundamental information about kerosene (may be not only) properties and
behavior. The presented setup has a number of advantages, such as a possibility to study low-temperature
samples at atmospheric pressure, to obtain profoundly new fundamental data about properties and structure
of hydrocarbon substances under unusual conditions and opportunity to present it to scientific community as
a new operable device for cryogenic studies at atmospheric pressure.
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Abstract. In the presented work the factors influencing the strength and corrosion rate in seawater of
magnalium aluminum-magnesium alloy were considered. It was shown that in unsaturated solid alpha solutions
the main form of magnesium in the aluminium structure was the electronic compound Mg:Als entering the
rhombic subsystem of aluminium cells. The calculation showed that the more aluminium cells contain Mg>Al4
group as a rhombic subsystem, the higher the strength of these alloys. The mechanism of destruction by halogen
ions of pure aluminium cells and aluminium cells containing the Mg>Aly group was determined by the PM3
method. Destruction of both types of cells occurred by the same scenario, through the detachment by halogen ions
of the central atom in the upper edge of cells bordering. It was shown that in seawater the corrosion rate of
aluminium cells containing MgyAly; group was higher than the corrosion rate of pure aluminium cells. A
mathematical model has been developed that allows calculating the change in the corrosion rate of magnesium
alloys with low magnesium mass fraction (up to 3.5 % magnesium inclusive) in seawater. The model allowed to
take into account the change of influence of the mass fraction of the main alloying elements (Mg, Cr, Mn, Zn, Ti,
Cu) on the corrosion rate. Change of corrosion rate in seawater of three aluminium-magnesium alloys variants
was calculated using this model. These aluminium alloy variants include a magnesium content of 2.6 mass % with
higher levels of the alloying elements Cr and Mn.

Keywords: Corrosion, aluminum-magnesium alloy, magnalium, aluminium, cubic subsystem, halogens, quantum-
chemical calculations.

1. Introduction

Aluminium alloys are used in various industries due to their low density, high corrosion resistance and
low cost [1]. Modelling of the alloys structure depending on the quantitative composition of the alloy is one
of the ways to accelerate the search and prediction of improved alloy compositions. For example, a hybrid
model on a combination of neuro-fuzzy and physical models for predicting the flow stress and
microstructural evolution during thermomechanical processing has been developed in the paper [2].
Comparison with experimental data have shown generally good agreement for Al -Mg alloy with 1 mass %
of Mg deformed under thermomechanical processing conditions. Using of machine learning for molecular
material modelling of Al, Mg and Al-Mg alloy samples is shown in [3]. Ability to create uniformly accurate
models of potential energy surfaces with a minimum amount of reference data is shown on the basis of the
active learning procedure.

Another example of a complex study (experimental and numerical) is the work [4]. Reducing the
number and size of Als;Fe intermetallic particles in aluminum alloy leads to an increase in the corrosion
resistance of the material. This result was obtained on the basis of electron microprobe analysis and
transmission electron microscopy. A large number of works [5- 9] have been devoted to the study of the
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corrosion process and methods of protection against it. The works were carried out both experimentally [5-
7] and with the involvement of numerical calculations and mathematical models [8, 9]. Therefore, the
creation of calculation methods capable of predicting with good accuracy the corrosion resistance of new and
modified alloys is an urgent task.

The purpose of this work was to develop a methodology for predicting the corrosion resistance of
aluminium-magnesium alloys with a percentage of magnesium not exceeding 3.5 mass %. This allows to
significantly reduce research costs and increase the speed of development of new alloy modifications.

2. Materials and experimental details

The structure of magnalium and other samples have calculated using the parametric method 3 (PM3),
which was specially developed for calculations of compounds containing aluminum and halogen atoms [10].
In the aluminium unit cell model 14 atoms were used for the calculations. It was taken 14 atoms in the cell of
AMg-aluminium-magnesium (AMg) alloys, as in the cell of pure aluminum.

Considering that the cells of AMg alloys have had the same number of atoms as in the cell of pure
aluminum (14 atoms). The density of AMg alloys was calculated with different numbers of magnesium
atoms in the structural cell. The calculation was started with the condition that all cells of the AMg alloy
contain 1 magnesium atom, and all other atoms in the cells are aluminum atoms (13 aluminum atoms). A
model of an aluminum cell consisting of 9 atoms have been used in order not to take into account the same
aluminum atoms twice in the calculations. This sell was called a calculated aluminium cell. The number of
magnesium atoms changed depending on the concentration of magnesium in the alloy. Only one halogen
atom - chlorine was used for modeling interaction cells with seawater.

In order to clarify the corrosion resistance of AMg alloys in seawater, samples of pure aluminium
(analytic grade - 99.99 % Al), AMg2, AMg3 and AMg6 identical in size and external surface area were
placed for 72 hours in 5% iodine solution in ethanol. Samples with dimensions of lem*1.5cm*2 mm were
used. The gravimetric method was used to measure the corrosion rate in the samples - the samples were
weighed before and after being placed in iodine solution. The mass of samples was measured on electronic
scales RADWAG AS 60/220.R2 with an accuracy of 10 grams.

3. Results and discussion

The structure of the pure aluminium cell has been known from X-ray diffraction analysis [11]. A
schematic representation of the aluminum cell structure obtained as a result of the PM3 calculation is shown
in Figure 1. The aluminium cell is a face- centred cubic lattice of 14 aluminium atoms, consisting of two
subsystems: cubic and rhombic (Figure 1). There are no aluminium atoms in the centre of the aluminium
cell, which accounts for the good ductility of pure aluminium. Under normal conditions, these aluminium
cells on the surface of products are partially oxidised. The cubic subsystem of the aluminium cell lattice on
the surface is oxidised. It is reason why pure aluminum does not corrode in fresh water. However, pure
aluminium has low strength and hardness and has currently very limited use, e.g. for producing electrical
wires.

Fig.1. Structure of the pure aluminium cell (atoms 1-6 form the rhombic subsystem of the aluminium cell).

Alloys of aluminium with magnesium (magnalia) are widely used for technological purposes. These
alloys have significantly higher hardness and strength than pure aluminium, Table 1 [12]. It is known that the


https://www.multitran.com/m.exe?s=magnalium&l1=1&l2=2

Eurasian Physical Technical Journal, 2025, Vol.22, No.2(52) Engineering 99

strength of magnesium increases with increasing magnesium content in the alloy in the series from AMgl,
AMg2, AMg3, AMg4, AMgb6 (the figure indicates the percentage of magnesium content in the aluminium
alloy by mass). An almost linear dependence of magnesium strength increase on magnesium percentage is
observed (Table 1).

Table 1. Mechanical characteristics of aluminium alloys [12]

Tensile strength, MPa Yield strength, MPa Brinell hardness, Kgs/mm?
Pure aluminium 70 25 25
AMgl 140 50 30
AMg2 170 80 45
AMg3 200 100 58
AMg4 250 120 75
AMg5 280 150 65
AMgb6 320 160 100

There are 14 atoms in the cells of AMg alloys as in the cells of pure aluminium. There is a
homogeneous distribution of magnesium and other alloying elements in AMg alloys, as is known from X-ray
diffraction analysis [13]. It is believed that the increase in the strength of alloys of aluminium with
magnesium (magnalium) compared to pure aluminium is due to the emergence of strengthening phases in
these alloys in the form of intermetallic compounds of magnesium and aluminium [14].

In further, issues related to the structural formula of intermetallic compounds of magnesium with
aluminum in each type of AMg alloy, their localization in the structure of cells and their influence on the
strength of the alloys as a whole were considered. Table 2 presents data on the density of AMg alloys
depending on the mass content of magnesium atoms [15]. A large mass fraction of magnesium in an
aluminum alloy leads to a lower density of the alloy. The density of AMg alloys at different number of
magnesium atoms in the structural cell was calculated taking into account that in the cells of AMg alloys the
same number of atoms as in the cell of pure aluminium (14 atoms). As a starting calculation, the condition
was adopted that each cell of the AMg alloy contains one atom of magnesium. All other atoms in the cells
were aluminium atoms (13 aluminium atoms). Below, the algorithm for calculating the density of the AMg
alloy containing a given number of magnesium atoms was considered.

Table 2. Basic initial parameters of pure aluminium and alloys (magnalias) and alloy cell modelling parameters

PA* AMgl | AMg2 AMg3 AMg4 AMg5| AMgb6 AMn*

Density, kg/m? 2700 2690 2680 2670 2660 2650 2640 2730

Average number of magnesium - 0,25 0,5 1 - - 2 -
atoms N per cell of AMg alloy**

Percentage of cells containing

0% 12% 25% 50% - - 100% -
MgyAl4 group
Alloy tensile strength 70 140 170 200 - - 250 -
MPa MPa MPa MPa MPa
Corrosion, mm per year 0,75 - 0,4 - 0,73 - 1,5 0,32
Here

* - PA (pure aluminium) - aluminium with 99.99 % purity; AMn - aluminium-manganese alloy with percentage of
manganese 1.5 mass %;
** _ average number of magnesium atoms in each magnalium cell.

The calculation took into account the fact that the aluminum atoms forming cell faces of 14 atoms are
simultaneously part of two bordering cells. The computational aluminium cell included the first 4 aluminium
atoms (atoms 9, 10, 13, 14 in the Figure 1) of the cubic subsystem (there are 8 atoms in the cubic subsystem
of the physical cell). The rhombic subsystem of the physical cell contained 5 aluminium atoms (atoms 1-3, 5,
6 in the Figure 1). Atoms 4, 7, 8, 11, 12 of the physical cell belonged in the computational model to the
neighboring computational cell.
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Then 8 aluminium atoms and one magnesium atom was used in the calculated aluminium cell model.
Both types of cells (physical and the cell used for calculations) contained one magnesium atom. It was
considered that the magnesium atom is localised in the rhombic subsystem of the physical cell.

1) The total mass of 1 m® of pure aluminum (Mone Al) is determined for all aluminum atoms occupying
positions with a given number (e.g. atoms 10, Figure 1) in all calculated aluminium cells. The density of pure
aluminium is 2700 kg/m?.

Mone a= 2700 kg/ 9 aluminium atom= 300 kg. (D

The total masses of aluminium atoms under any other numbers in all cells in 1m? are the same.

2) The total mass of magnesium atoms in 1 m* of AMg alloy was calculated, knowing the total mass of
aluminum atoms under a certain number Moy a1, the mass of a magnesium atom, which is 0.901 of the mass
of an aluminum atom, and the number of magnesium atoms N in aluminum cells. If 1 magnesium atom N in
the cells equals 1, then all magnesium atoms in this case are 1/9 of the total number of atoms in the alloy:

Mone Mg= Mone a1 * 0.901 * N =270.3 kg )

3) The total mass of aluminum atoms M a1 in 1 m? of the AMg alloy was found for a given number of
magnesium atoms N in the elementary cells of the alloy.

Mot A= Mone Al * (9 - N), (3)

There were 270.3 kg of magnesium and 2400 kg of aluminium for 1 m*® of AMg alloy containing 1
magnesium atom in each cell. When they were summed up, it turned out that in 1 m? there is 2670.3 kg of
the total mass of aluminium and magnesium (add up 8 mass fractions of aluminium and one mass fraction of
magnesium). That is the density of the alloy in which in 100% of structural cells there are 8 atoms of
aluminium and 1 atom of magnesium will be 2670,3 kg/m?. This density corresponds to the alloy AMg3
(Table 2).

Assuming that one magnesium atom is in every second real physical cell (N=0.5) of the alloy. It was
got the density of the alloy 2682.15 kg/m3. The number of magnesium atoms by condition is 2 times less
than in the alloy AMg3 and the total mass of magnesium in 1 m>of this alloy was 134.15 kg. The mass of
aluminium in 1 m>of this alloy was 2548 kg. The value is 2682.15 kg/m*® which is close in density to the
AMg? alloy. In this case, it was assumed that only half of the cells of the AMg?2 alloy contain a magnesium
atom and the other half of the cells were pure aluminium cells.

If a magnesium atom was contained in every fourth physical cell of N= 0.25 aluminum, then alloy
density would be 2692.6 kg/m3. The number of magnesium atoms by the condition was 4 times less than in
the alloy AMg3 and the total mass of magnesium in 1 m? of this alloy is 67,575 kg. The mass of aluminium
in 1 m?® of this alloy was 2625 kg, which is close to the density of the alloy AMgl. In this case, it is assumed
that only 25% of the cells of the alloy contain a magnesium atom and 75% of the cells are pure aluminium
cells.

Also consider the case when in all real physical cells of pure aluminium 2 atoms of aluminium out of 14
atoms of cells were replaced by atoms of magnesium (2 atoms of magnesium + 12 atoms of aluminium;
N=2) in 1m? of AMg alloy there were 540,6 kg for magnesium and 2100 kg for aluminium. When they were
summed up, it turned out that 1m? contains 2640.6 kg of the total mass of aluminium and magnesium, which
corresponds in density to the alloy AMg6 (Table 2). At the average content of magnesium atoms in the cell
N=2 it is unlikely that there are cells of pure aluminium in the alloy AMg6.

Taking into account the data of Table 1 and Table 3, we could conclude that the strength of AMg alloys
increases as the number of aluminium cells containing magnesium atoms increases. Aluminium cells that
containing a magnesium atom are the centres of strength. The situation is similar to the strengthening of iron
structure by carbon. In steels, iron cells containing carbon compounds (carbides) are the centres of strength.
The more cells containing carbon compounds (up to 2.14 % of the mass fraction), the harder and stronger is
the iron structure.

Having determined the average statistical distribution of magnesium atoms in different AMg alloys
(Table 2) it was necessary to determine the structural formula of compounds with aluminium atoms in AMg
alloys. When considering the possible cell microstructure of AMg alloys, it should be taken into account that
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aluminium atoms are trivalent and magnesium atoms are divalent. In this regard, the localisation of atoms in
the cubic subsystem of the face-centred cubic lattice of aluminium is unlikely. The localisation of
magnesium atom in the cubic subsystem of the aluminium cell would lead to the creation of lattice defects in
the form of vacancies, which in turn would lead to a decrease in the strength of the crystal cells, which
contradicts the experimental data that any alloy of aluminium with magnesium is stronger than pure
aluminium (Table 1). It has been observed that the strength of aluminium cell-based alloys increases
significantly when the mass fraction of magnesium in the alloys increases, and consequently the number of
magnesium atoms in aluminium cells [12].

Due to the fact that the localisation of magnesium atoms in the cubic subsystem is difficult, hence the
localisation of magnesium atoms in the alloy is very likely to occur in the rhombic subsystem of aluminium
cells (atoms 1, 2, 3, 4, 5, 6, Figure 1). A fact showing that strengthening intermetallic compounds can be
formed on the basis of the rhombic subsystem of the aluminium cell is the known intermetallic compound of
manganese in aluminium AlgMn [16]. The manganese in AlsMn compound has embedded inside the rhombic
subsystem of the aluminium cell. There are 6 aluminium atoms per one manganese atom in this AlsMn
intermetallide. Exactly 6 aluminium atoms are located in the rhombic subsystem of the aluminium cell. The
aluminium cell containing the AlsMn group contains 15 atoms - 14 aluminium atoms and one manganese
atom. It was showed the possible configuration of this AlsMn intermetalide inside the aluminium cell at
Figure 1, Supplementary Material.

It was revealed that in alloy AMg3 in all cells of the alloy contains on the average on 1 atom of
magnesium after calculation of average statistical distribution of magnesium atoms. At the same time, all
cells of the alloy still contain 14 atoms, of which the rhombic subsystem contains six atoms. If the embedded
atoms of magnesium in AMg alloys led to an increase in the number of atoms in the unit lattice, an increase
in the density of AMg alloys would be observed. However, this did not occur. For example, in the aluminium
alloy AMn (containing 1.5 mass % manganese), 10% of the alloy cells have 15 atoms in their composition,
which led to an increase in density to 2730 kg/m? (the density of pure aluminium is 2700 kg/m?).

The analysis showed that five trivalent aluminium atoms and one divalent magnesium atom cannot
form a one-position heterovalent solid solution. There is always one unoccupied valence bond and this
makes the compound unstable. Therefore, if it assumes that in the alloy AMg3 in half of the cells there is no
magnesium, in the other half of the cells there are two atoms each of magnesium in the rhombic subsystem
of the AMg alloy cell in the form of solid solution Mg,Als, then the average statistical distribution of
magnesium atoms in the AMg3 alloy will still be as follows equal to one (Figure 2, Supplementary Material).
Mg,Aly is an electronically coupled alpha phase solid solution. There are 2 magnesium atoms and 4
aluminium atoms at the 6 atoms in the thombic subsystem. Aluminium atoms 1 and 2, Figure 1 have been
replaced by magnesium atoms in the rhombic subsystem. Half of the cells of AMg3 alloy not containing
magnesium atoms are actually pure aluminium cells (Figure 2). In these cells, as in pure aluminium, the
aluminium atoms of the thombic subsystem are not completely oxidised. This is the reason for the corrosion
of pure aluminium cells in seawater. MgsAls compound was found in AMg10 alloys but it cannot be formed
in AMgl, AMg2, AMg3 alloys due to low magnesium concentration and uniform distribution of magnesium
in the alloy structure [13].

;::_;: i _j ]
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Fig.2. Variant of the average statistical distribution of aluminium cells containing Mg,Als groups in different AMg
alloys. The cells containing Mg,Als groups are marked in black: a) pure Al; b) AMg2; ¢) AMg3; d) AMg6.

Then in the alloy AMg2, taking into account the average statistical distribution of magnesium atoms in
the alloy cells (Table 2) and taking into account the structure of the compound Mg,Als, two magnesium
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atoms are contained in 25% of the alloy cells. On the other hand, the alloy AMg2 contains 75% of pure
aluminium cells.

In the alloy AMgl 12% of cells contain the group Mg»Als and 88% of cells of pure aluminium. In alloy
AMg6, on average, all cells of the alloy contain two magnesium atoms in the rhombic subsystem of
aluminium MgyAly cells. 100% of the cells of AMgb6 alloy contain two magnesium atoms (Figure 2).

Thus, it is possible to assert that for magnesium from AMgl, AMg2, AMg3 to AMg6 the regularity is
determined that the more aluminium cells contain the compound Mg>Al4 located in the solid solution of the
rhombic subsystem, the higher the strength of the alloy (Table 2).

Corrosion of AMg alloys.

It is known that aluminium and all magnesiums have no corrosion in the atmosphere and in fresh water.
In [12] data on corrosion of different AMg alloys in seawater were given. This data was showed in Table 2.
Table 2 shows that the least corrosion in seawater in the range of alloys AMg (AMg2, AMg4, AMg5, AMg6)
and PA (pure aluminium) for the alloy AMg2. According to Table 2, the corrosion rate of AMg2 alloy in
seawater is 2.34 times less than that for pure aluminium. It is believed that the corrosion rate in seawater
increases significantly when the mass fraction of magnesium in the alloy increases. The corrosion rate in
seawater of AMg4 alloy is 45% higher than that of AMg2, while that of aluminium is 46.5% higher than that
of AMg2. At the same time there is no direct dependence of corrosion rate in seawater on the magnesium
content in the alloy.

The following questions arose when analysing the data in Table 2:

Why is the corrosion rate of AMg?2 alloy much lower than in pure aluminium?

Why do alloys containing more magnesium than AMg2 alloy have significantly higher corrosion rates
than AMg2 alloy?

It was shown in [17] that in pure aluminium cells, corrosion of aluminium cells was possible only
through the central aluminium atom 1 of the upper plane of aluminium cells (Figure 1) bordering with
seawater. Aluminium atom 1 is part of the rhombic subsystem of the cubic face-centred lattice of aluminium.
It was shown in [17] that corrosion of pure aluminium in seawater is caused by corrosion of the rhombic
subsystem of aluminium cells, in which aluminium atoms are not oxidised. At the same time, the cubic
subsystem of pure aluminium on the surface of products is completely oxidised.

Comparative calculations of the structure of pure aluminium cells and aluminium cells containing the
Mg,Al4 group were carried out using the PM3 method (Figure 3). Since corrosion occurs on the surface of
the products, it was taken into account that both types of cells were partially oxidised (cubic subsystems of
cells were oxidised).
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Fig.3. Proposed detachment mechanisms of atom 1 (see Figure 1) from aluminium cells containing Mg,Als group (a),
from pure aluminium cells (b).

The experiment showed that AMg2 alloy is significantly more stable in halogen solution than AMg3
alloy and pure aluminium. The calculation by the PM3 method showed that negative halogen ions produce
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detachment of magnesium atoms from the cells of aluminium containing the Mg,Als group. At the same
time, the calculation showed that negative halogen ions produced detachment of atoms from the cells of pure
aluminium in the case of pure aluminium cells (Figure 3, a), negative halogen ions could not destroy the
cubic lattice subsystem in which each aluminium atom has three covalent bonds with oxygen atoms in
partially oxidized cells containing Mg,Als group on the surface of products (Figure 3, b). At the same
mechanism of destruction of cells in the alloy AMg2 in comparison with pure aluminium, a much lower
corrosion rate was observed (Table 2). Given the data in Table 2, a question arised. If 25% of aluminium
cells contain Mg>Als group, and 75% of cells are pure aluminium, and the corrosion mechanism in both
types of cells is the same, then why in AMg?2 alloy the corrosion rate in seawater is 46% lower than in pure
aluminium?

In contrast to the works [5, 6], which focus on the corrosion processes in the interphase spaces of
magnalium, our work investigates the corrosion process inside crystal grains of magnalium.

4. Experiment

In order to clarify the corrosion resistance of AMg alloys in seawater, the studied samples were placed
for 72 hours in 5% iodine solution in ethanol. The experiment showed that the alloy AMg?2 is significantly
more resistant in halogen solution than pure aluminium and alloys AMg3, AMg6. The difference in weight
loss between samples AMg2 and AMg3 was 16.8 %, between samples AMg2 and AMg6 the difference in
weight loss was 23%. Between samples of AMg2 and pure aluminium (PA) the difference in weight loss was
42%, between samples of AMg6 and aluminium was 25%. The obtained results do not contradict the data of
Table 2. It was necessary to consider in more detail the chemical composition of AMg2 and AMg3 alloys for
explaining the obtained results, Table 3 [15]. The main alloying elements in AMg alloys are manganese,
chromium, zinc, titanium. Copper in dosages from 0.15 to 0.22 has an anticorrosive effect [18].

Table 3. Chemical composition of aluminium alloys AMg2, AMg3.

Mass fraction of elements, mass %

Mg Mn Cr Zn Ti Cu Fe
AMg2 2.6 0.6 0.05 0.15 0.15 0.15 0.5
AMg3 3.8 0.6 0.05 0.2 0.1 0.1 0.5

One atom of alloying elements per cell is sufficient to either completely block the corrosion of the
aluminium cell (manganese, chromium, titanium atoms) or to increase the rate of cell failure (iron). The
influence of alloying element atoms was considered in more detail:

1) Aluminum cells containing manganese in the form of the intermetallic compound AlsMn are not
destroyed in sea water, moreover, they are centers of strength, which increases the wear resistance and
microhardness of AMg alloys. Also the AlsMn compound can capture iron atoms to form the AlsMnFe
compound (iron is usually present in aluminium and its alloys as a harmful impurity and reduces the
corrosion resistance of the alloy). The formation of AlsMnFe compounds inside aluminium cells does not
allow halogens to destroy these cells and increases the strength of these cells compared to cells containing
AlgMn compounds. Manganese atoms in aluminium alloys neutralise iron atoms, which leads to
strengthening of the alloys.

2) As shown in [19], in alloys, any increase in the number of bonds with chromium atoms increased the
corrosion resistance in seawater. For example, this occurs when the number of chromium atoms in the alloy
was increased. Trivalent chromium atoms could be incorporated into both the cubic and rhombic subsystems
of the aluminium cell lattice to form various intermetallic compounds such as Al;;Cr (Figure 3,
Supplementary Material). Also, atoms of chromium and manganese can simultaneously be in the aluminium
cell, forming the compound Al;>CrMn, but given the small concentrations of chromium and manganese in
the alloy AMg2, AMg3 the number of cells containing this compound is insignificant.

Taking into account the above, it can be stated that in seawater, aluminium cells containing chromium
or manganese atoms, or chromium and manganese atoms simultaneously, do not corrode.

3) The embedded of titanium creates intermetallic compounds in the alloy structure that do not interact
with halogen ions. This reduces the grain structure, which decreases structural corrosion.

4) Implantation of zinc into AMg alloys leads to the disappearance of anisotropy of mechanical
properties in tensile strength of samples. Zinc atoms as well as magnesium atoms are divalent and at
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interaction of zinc with magnesium in aluminium cells instead of Mg,Als structure the compound MgZnAl4
is formed. At a mass fraction of not more than 0.5 mass % zinc has an anticorrosive effect on aluminium and
its alloys [8].

5) Iron is always contained as a harmful impurity in aluminium alloys - free iron always impairs
corrosion resistance [3, 19].

The percentage of aluminium cells containing each of the listed atoms was calculated. The number of
cells containing a certain type of atoms of alloying elements, it was calculated knowing the density of the
alloys under consideration, the spatial structure of the alloy cells, and the mass fraction of each of the
alloying elements in each of the alloys. The results of calculations were shown in Table 4.

Table 4. Chemical composition of aluminium alloys AMg2, AMg3.

% of protected cells
Mn Cr Ti Cu Zn Fe Total
percentage of
protected cells

AMn (1,5 mass %) 10% 0% - - - - +10

AMg2, (Mg 2.6 mass %, Cr 0.05 mass %, +4,1 +0,36 | +1.18 | +0.89 | +0,86 | -3.36 +4.03
Mn 0.6 mass %, Zn 0.15 mass %, Ti 0.15
mass %, Cu 0.15 mass %)

AMg3, (Mg 3.8 mass %, Cr 0.05 mass %, | +4.08 | +0.36 | +0.75 | +0.6 | +1.14 | -3.34 +3.59
Mn mass 0.6 %, Zn 0.2 mass %, Ti 0.1 mass
%, Cu 0.1 mass %)

First, the maximum number of structural cells was calculated in which the atoms of these alloying
elements can be located (at the rate of one alloying element atom per one structural cell). It was calculated
for each alloying element, taking into account its mass fraction in alloys. The plus sign (+) in the cell of
Table 4 before the figure shows that this result increases the degree of protection of the alloy from corrosion.
The minus sign (-) before the figure in the cell of the table shows that this result reduces the degree of
protection from corrosion. The results of calculation of the total number of protected from corrosion cells
(taking into account the positive and negative influence of alloying elements) of aluminium in AMg2 and
AMg3 alloys correlate with the results of our experiment on comparative corrosion of AMg2 and AMg3
alloys in seawater. The more protected from corrosion structural cells, the lower the corrosion rate of the
alloy. The calculation showed that in the alloy AMg2 (Table 4) the total number of cells protected from
corrosion is 11% higher than in the alloy AMg3 (Table 4). We believe that the corrosion rate of alloys is
directly related to the number of corrosions protected cells of the alloy. The difference in the number of
protected from cell corrosion is equal to the difference in the corrosion rate of alloys. In the case of the
considered alloys AMg2 and AMg3, the theoretically calculated difference in the corrosion rate of alloys in
AVeor was equal to 11%. This result was close to the result obtained by us in the experiment on comparative
corrosion of alloys AMg2 and AMg3. Experimentally determined corrosion rate in seawater in alloy AMg2
was16.8% less than in alloy AMg3 (AVexp= 16.8%).

Some difference between the result of this model and the experimental result is due to the different
number of pure aluminium cells in AMg2 and AMg3 alloys. According to the average statistical model of
cell calculation (Figure 2) in the alloy AMg2 the number of pure aluminium cells is twice as much as in the
alloy AMg3. In the alloy AMg3, half of the cells contain pure aluminium and the other half contains the
compound Mg>Als. The PM3 calculation showed that the corrosion mechanism in seawater for both types of
cells is the same, but the rate of interaction with halogen ions is different. For practical use of this model of
corrosion rate calculation it is necessary to use a correction factor:

AVexp: AV icor +K, (4)
where K= 5.8% correction factor - for investigated alloys AMg2 and AMg3 of the given composition.

The value of K depends on the percentage of aluminium cells containing Mg»Als group. The greater the
percentage, the greater the value of K, and the greater the corrosion rate of the studied alloy AMg. The
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corrosion rate of aluminium cells containing Mg,Als in seawater is higher than the corrosion rate of pure
aluminium cells.

In the AMg3 alloy the number of cells containing Mg>Als group is 50% of the total number of cells. In
alloy AMg2 number of cells with group Mg Als is 25% less. In the case of the studied alloys AMg2 and
AMg3 correction factor K = 5.8% is due to 25% difference in the number of cells containing the group
MgyAls. Then for AMg alloys containing any number of cells (from AMg0.2 to AMg3.5) the correction
factor K was calculated by the formula.

K=0.232 * AN, (5)

where, AN is the difference between the percentage of cells containing Mg,Als in the alloy AMg2 and
the percentage of cells with Mg,Als in the studied AMg alloy. The alloy AMg; contains 25% of cells with
Mg,Aly group. For analysed AMg alloys with a percentage of cells with MgyAls group less than 25%, the
correction factor is applied with a minus sign.

It is possible to calculate the change in the corrosion rate of known AMg alloys with a fairly good
accuracy when changing the percentage of alloying elements, using the calculation model that takes into
account the average percentage of alloy cells protected from corrosion. The model is not intended for
calculation of corrosion resistance of AMg alloys with magnesium content in the alloy of 4 and more %of
the mass fraction. This limitation on the use of the model is due to the fact that starting from 4% of
magnesium content the solid alpha solution of AMg alloy is oversaturated with magnesium) [20].

For example, it was calculated the change in corrosion rate of the modified alloy AMg2+Mn (0.2 mass
%) (Mg - 2.6 mass %, Cr -0.05 mass %, Mn - 0.8 mass %, Zn -mass 0.15 mass %, Ti -0.15 mass %, Cu -
mass 0.15%, Fe -mass 0.5%). Since the percentage of cells containing the Mg,Al4 group has not changed the
correction factor is not used. In this alloy the mass fraction of manganese is increased by 0.2 mass % in
comparison with the standard alloy AMg2 (Mg - 2.6 mass%, Cr -0.05 mass %, Mn - 0.6 mass %, Zn - 0.15
mass %, Ti - 0.15 mass %, Cu - 0.15 mass %). It is known that if the mass fraction of Mn is less than 1 mass
%, the brittleness of aluminium alloys does not increase. In this way increasing the mass fraction of
manganese in the alloy AMg2 up to 0.8 mass % should increase the strength of the alloy and corrosion
resistance, without increasing brittleness. The change in the number of corrosion-protected cells of alloy
AMg2 was calculated when the mass fraction of manganese increases by 0.2 mass %. The percentage of
corrosion-protected cells of AMg2 alloy increased to 5.04% of the total number of cells of the alloy.
Increasing the number of corrosion-protected cells should reduce the corrosion rate by 14% compared to the
standard alloy AMg?2.

Further it was calculated the change in corrosion rate of modified alloy AMg2+ Cr 0.55%, (Mg - 2.6
mass %, Cr - 0.6 mass %, Mn- 0.6 mass %, Zn- 0.15 mass %,Ti - 0.15 mass %, Cu- 0.15 mass %, Fe - 0.5
mass %). Since the percentage of cells containing Mg>Al4 group did not change the correction factor is not
used. In the studied alloy AMg2 the chromium content is increased to 0.6 mass %. It is known that there are
no technical problems in melting aluminium alloy if the mass fraction of chromium does not exceed 0.7 mass
% [21]. When the mass fraction of chromium is 0.6 mass % in AMg?2 alloy, the percentage of cells protected
by chromium will increase to 4.32 mass %, of the total number of cells. The total number of protected cells
at increasing the mass fraction of chromium to 0.6 mass % in the alloy AMg?2 increased to 8%. At the same
time, the corrosion rate of AMg2 alloy decreased by 34% compared to the standard AMg2 alloy with
chromium content of 0.05 mass %.

Furthermore, it was calculated the modified alloy AMg2 in which the mass fractions of manganese and
chromium were increased simultaneously AMg2 + Cr 0.55 mass % +Mn0.2 mass % (Mg - 2.6 mass %, Cr -
0.6 mass %, Mn - 0.8 mass %, Zn - 0.15 mass %, Ti - 0.15 mass %, Cu - 0.15 mass %, Fe - 0.5 mass %).
Since the percentage of cells containing Mg,Als group has not changed the correction factor is not used. In
this modification of AMg2 alloy, the percentage of protected cells reached 13.4 %, which reduced the
corrosion rate by 54.9 % compared to the standard AMg?2 alloy (Table 2).

Taking into account the results of the article [17], it was assumed that if cells without magnesium atoms
are completely oxidized in the AMg?2 alloy, these completely oxidized cells will stop to interact with halogen
ions from seawater. The corrosion resistance of the treated AMg2 alloy will increase significantly. It is
necessary to oxidize 75% of the alloy cells on the surface of the products.

AMg2 samples were placed in a 5% iodine solution in ethyl alcohol for 72 hours to test the hypothesis
shown above. The corrosion resistance of untreated AMg2 samples and AMg2 samples exposed to ozone for
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6 hours at a temperature of 190 °C. was studied. Ozone was generated by ultraviolet radiation from
atmospheric oxygen. The experimental method is described in detail in the article [19]. The choice of a
temperature of 190 °C during sample processing was chosen due to the fact that the source [13] shows that
the physico-chemical properties of AMg alloys deteriorate sharply when these alloys are heated above a
temperature of 210 °C. This phenomenon was caused by a change in the internal structure of the cells
containing a magnesium atom, as the beta phase of AlsMg, is formed [14].

The surfaces of the untreated AMg2 sample after 72 hours in the iodine solution and the sample
pretreated for 6 hours of ozone treatment with AMg2 after 72 hours in the iodine solution are shown in
Figure 4.

a) b)
Fig.4. Photographs of the surface of samples exposed to alcohol solution of iodine for 72 hours:
a) an untreated AMg2 sample; b) a sample treated with ozone for 6 hours.

Significant surface damage is recorded on the surface of the untreated AMg2 sample (Figure 4, a). Only
a small pitting corrosion was observed on the surface of the ozone-treated AMg2 sample (Figure 4, b). If the
untreated AMg2 alloy sample lost 5.74% of its mass in 72 hours, then the sample subjected to ozone
treatment lost 4.23% of its mass within 6 hours. The experiment showed a significant increase in the
corrosion resistance by 26% of the surface of the AMg2 alloy treated with ozone for 6 hours.

Thus, the surface treatment of AMg2 alloy products with ozone at a temperature of 190 ° C can be
recommended in order to increase corrosion resistance in seawater.

5. Conclusions

1) The analysis showed that the corrosion resistance of AMg2, AMg3 alloys depends on the percentage
of aluminium cells containing manganese, chromium, titanium, zinc, copper, iron and magnesium atoms.
The combined effect of these elements increases or decreases the corrosion resistance of AMg alloys in
seawater. In seawater destruction of structural cells in pure aluminium and in cells of AMg alloys containing
Mg,Als compound occurs by the same mechanism, but at different rates. There is a detachment by the
negative halogen ion of the central aluminium or magnesium atom located on the outer edge of the alloy
cells. Aluminium cells containing the compound Mg>Al4 are destroyed faster than pure aluminium cells.

2) The developed model of calculation of change in corrosion resistance of AMg2 and AMg3 alloys
showed results close to those obtained in the experiment.

3) It is recommended to use AMg2 alloys with increased manganese and chromium content in marine
atmospheres:

a) In the modified alloy AMg2 (Mg - 2.6 mass %, Cr - 0.05 mass %, Mn - 0.8 mass %, Zn - 0.15 mass
%, Ti - 0.15 mass %, Fe - 0.5 mass %) the amount of manganese has been increased by 0.2 mass %
compared to the standard alloy AMg2. The corrosion rate in this modification of AMg2 alloy have been
reduced by 14 % compared standard AMg2 alloy with manganese content of 0.6 mass %;

b) In the modified alloy AMg2 (Mg - 2.6 mass %, Cr - 0.6 mass %, Mn - 0.6 mass %, Zn - 0.15 mass %,
Ti - 0.15 mass %, Cu - 0.15mass %, Fe - 0.5mass %) the amount of chromium has been increased by 14
times compared to the standard alloy AMg2. The corrosion rate in this modification of AMg2 alloy have
been reduced by 34% compared to the standard AMg?2 alloy with chromium content of 0.05 mass %;
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¢) In the modified alloy AMg2 (Mg - 2.6 mass%, Cr - 0.6 mass%, Mn - 0.8 mass%, Zn - 0.15 mass %,
Ti - 0.15 mass%, Cu - 0.15 mass%, Fe - 0.5 mass%) the amount of chromium has been increased by 14 times
in comparison with the standard alloy AMg2 and the amount of manganese have been increased by 0.2
mass% compared to the standard alloy AMg2. The corrosion rate in this modification of AMg2 alloy have
been reduced by 54.9% compared to the standard AMg2 alloy with chromium content of 0.05 mass% and
manganese content of 0.6 mass%.

d) Additional oxidation of the AMg?2 alloy surface with ozone significantly reduces the rate of corrosion
by 26% in seawater.
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INVESTIGATION OF THE STRESS-STRAIN STATE DURING NEW
COMBINED DEFORMATION TECHNOLOGY
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Abstract. This paper presents the results of finite element modeling of a novel technology of combined
deformation by radial-shear broaching and traditional drawing. Using DEFORM program, the parameters of
stress-strain state and deformation forces were studied. A range of models with varying initial diameters of the
workpiece, single and total compressions, and different temperatures of heating the workpiece were considered. It
was revealed that the optimal conditions occurred at 30-25-20 scheme at a temperature of 900°C. However, this
scheme can be recommended when the strength of the deforming equipment is sufficient. In other cases, it is
necessary to select a scheme that allows for deformation without exceeding the limiting loads.

Keywords: drawing, modelling, bar, steel, stress-strain state.

1. Introduction

The manufacture of high-quality carbon steel bars is a complex undertaking requiring a synthesis of
traditional and contemporary metalworking methodologies. Conventional techniques, with their proven track
record and years of application, ensure stability and predictability of outcomes. Nevertheless, their capacity
to attain the highest quality and dimensional accuracy is constrained. Furthermore, these methods frequently
incur substantial production costs, often due to considerable energy consumption and protracted processing
cycles. Furthermore, traditional methods such as hot rolling frequently result in heterogeneity of the metal
structure and an increased level of internal stresses, which have a detrimental effect on the properties of the
finished product. For instance, during the rolling process, significant fluctuations in thickness and geometric
parameters occur, necessitating subsequent additional processing, which increases the cost.

However, modern technologies, particularly those involving severe plastic deformation (SPD) [1-5] and
progressive deformation methods such as radial-shear rolling (RSR) or hydrostatic extrusion, offer novel
solutions to this challenge. Nevertheless, it should be noted that these modern methods also have their
limitations, including the high cost of equipment and the complexity of mastering the technology, which can
render them economically unprofitable for some enterprises [6-8].

The optimal approach to be adopted is the creation of flexible, modular technological processes that
combine the advantages of both traditional and modern methods [9-11]. This approach enables the adaptation
of the production process to the specific requirements of the customer, the utilization of the most effective
methods at each stage of production, and the minimization of costs. It is imperative to acknowledge the role
of heat treatment, a critical component in the production of carbon steel bars, in significantly extending the
duration of the technological cycle and escalating costs. Consequently, it is imperative to minimize the
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number and duration of thermal operations. Optimal process design, therefore, entails the use of pressure
treatment methods in a more efficient manner, thereby reducing the necessity for additional heat treatment.
For instance, the selection of the most appropriate deformation mode and tool can result in the attainment of
the desired mechanical properties without the necessity for additional annealing or quenching.

The proposed innovative technology for deforming carbon steel rods is based on a combination of
radial-shear broaching (RSB) and traditional drawing [12, 13]. The fundamental distinction between the two
methodologies lies in the cessation of the roll drive during the RSB process. This configuration is designed
to prevent the conflict between the two deformation methods that would otherwise be impossible to avoid in
a traditional configuration. The cessation of drive during the RSB phase facilitates a seamless transition to
the drawing phase, thereby enabling the effective integration of the merits of both methodologies. RSB
ensures rough processing and preforming of the rod, while drawing ensures high dimensional accuracy and
excellent surface quality. This technological integration enables the optimization of energy consumption,
enhancement of productivity, and reduction of production costs, while ensuring the manufacture of bars that
exhibit superior mechanical characteristics and exceptional surface quality.

The complexity of the processes involved in designing and optimizing plastic deformation using a
complex loading scheme necessitates the implementation of multiscale analysis and numerical modelling
support. A plethora of models of plasticizing stresses are employed in computer modelling. Some of these
models are based on empirical equations, such as the Sabbat model, while others are based on physical
principles and phenomena occurring in a deformable material. The DEFORM software package is utilized
for the analysis of diverse metalworking and heat treatment processes. With the help of DEFORM it is
possible:

- To test the developed process not experimentally, in real production, but virtually on a computer;

- To conduct a numerical experiment and, based on its results, make changes to the parameters of the
technological process;

- To predict the nature of metal shaping during pressure treatment. This significantly reduces the cost of
experimental research;

- To study the processes of metal deformation during different types of tool movement. It is possible to
vary the friction conditions, the models of the medium and the rheological properties of the material;

- To evaluate the process for defects (formation of cracks, creases, non-filling of the stamp, etc.). The
results include a force graph, stress, strain, and temperature distribution fields.

The utilization of modelling in DEFORM has been demonstrated to facilitate a reduction in the
production time of structures and components, enhance their quality, and mitigate costs that may emerge
during the production process.

The novelty of this work lies in the study of the stress-strain state of a carbon steel bar deformed by a
novel combined technology in the DEFORM program. The key feature of this work is a comprehensive
study of energy-force parameters at the theoretical level using FEM modeling. The data obtained will form
the basis at the design stage of the experimental installation, which will avoid possible equipment
breakdowns from overloads.

2. Materials and Methods

In order to analyze the stress-strain state in the DEFORM program, a number of models of the radial-
shear broaching process with subsequent drawing were constructed. In these models, both geometric and
technological parameters were varied with the objective of determining the most optimal process conditions.
Geometric parameters, such as the initial diameter of the workpiece and the absolute compression at each of
the two passes, were varied. Among the technological parameters, the initial temperature of the workpiece
was varied. As a result, the following models were built:

- the workpiece with a diameter of 30 mm was compressed sequentially to 27 mm, then to 23 mm.;

- the workpiece with a diameter of 30 mm was compressed successively to 25 mm, then to 20 mm.;

- the workpiece with a diameter of 20 mm was compressed successively to 18 mm, then to 16 mm.

Each of these models was considered at three temperatures: 20°C, 500 °C and 900°C.

The material of the blank was steel 10. The following friction coefficients were set: at the contact of the
workpiece with the rolls of the RSR mill — 0.4; at the contact of the workpiece with the fiber — 0.1. The rolls
of the RSP mill were disconnected from the drive and rotated from friction upon contact with the workpiece.
The compression in the rolls and in the fiber were set to be similar, i.e., for example, in the model 30-27-23,
on the first pass, the gap between the rolls and the diameter of the drawing die were equal to 27 mm.
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The mesh of finite elements on the workpiece was constructed using tetragonal elements. Their
distribution on the workpiece was carried out according to two distribution criteria:

- using the Size Ratio coefficient equal to 6, which grinds the volume of elements in the loaded zones
by 6 times compared to the rest of the zones;

- using two zones of local condensation of elements — "Mesh Window" with a coefficient of 0.1, located
in two deformation zones — in the rolls and in the drawing tool. These windows additionally thicken the mesh
by a factor of 10.

All this led to the fact that in both deformation zones, the average face length of the final element was
0.18 mm approximately.

3. Results and discussion

In the course of the study of the strain state, the parameter "equivalent strain" was considered, which is
a cumulative parameter reflecting the accumulation of all types of deformation. As illustrated in Fig. 1, a
comprehensive overview of the equivalent strain of all models is provided. As the results for all nine models
are presented on a single scale of € = 0-4, it can be observed that the strain patterns in the horizontal direction
are consistent across all models.

30-25-20 (20°C) 30-27-23 (20°C) 20-18-16 (20°C)

P e — §:Ti“ - Effective (m Strain - Effective (r:r:;mm Strain - Effective (mm/

- \ a X 4.00

y 3. 3.50 I 3.50

/ L 3.00 :::

. 1.50 1.ﬂﬂ

\ / § N 1.00 0.500

\ / o 0.500 I 0.000
\ . - / 0.0 B .

30-25-20 (500°C) 30-27-23 (500°C) 20-18-16 (500°C)
Strain - Effective (mn = Strain - Effective (mm/i Strain - Effective (mn
al P 4.00 4

3t 3.50 3k

3.00 3L

2.50 2.8

2.00 2¢

;150 18

1.00 1

0500 0.5¢

0.000 0.0¢

30-25-20 (900°C) 30-27-23 (900°C) 20-18-16 (900°C)
Strain - Effective (mm - Strain - Effective (mi1 ) Strain - Effective (mr

4.00

3.5
3.00 34
2.50 24

2.0 24

1.5¢
1.00
0.50¢ 0.5(

0.00¢ 0.0(

Fig. 1. Distribution of equivalent strain over the workpiece section
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Furthermore, it is evident that models 30-25-20 exhibit the maximum metal processing over the entire
cross-section at all temperatures considered. This phenomenon can be attributed to the highest values of
single compression and total compression (10 mm versus 7 mm and 4 mm). A comparable outcome was
achieved in a study of conventional zirconium RSR [14]. In the 30-27-23 model, the processing effect is
slightly lower, but it is still at a fairly high level in the areas of contact with the rolling rolls. The lowest
effect is observed in models 20-18-16. In this model, the level of processing in the surface layers is
comparable to the level of elaboration of the central zone in model 30-25-20.

It is evident from the presented patterns of vertical strain that the initial temperature of the workpiece
exerts a significant influence on the distribution of strain, both in terms of its extent and its nature. In this
instance, the predominant effect of elevated strain is discernible solely in the surface areas of the workpiece.
In areas of direct contact with rolling rolls, an increase in temperature leads to an enhancement in the metal's
malleability, resulting in a gradual increase in strain. To quantify the strain state, the obtained values of
equivalent strain in the surface zones and in the center were summarized in the resulting diagram in Fig. 2.
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Fig. 2. Numerical values of equivalent strain

As illustrated in the diagram, the maximum strain values exceeding 3 are observed at maximum
compression in the 30-25-20 model at an elevated temperature of 900°C. Concurrently, a decline in
temperature to ambient levels results in a reduction in the degree of processing in the surface areas by
approximately 25-30% across all models. Furthermore, a comparison of the values at constant temperatures
reveals a heightened sensitivity to the degree of compression. To illustrate this point, we may consider the
strain level in model 30-25-20 as the baseline. A decrease in the total compression level by 3 mm (model 30-
27-23) results in a 15% decrease in deformation at 900°C. However, this difference diminishes to 3% as the
temperature is reduced, thereby reducing the ductility of the metal in the areas of contact with the rolls. A
further decrease in the total compression level by 3 mm (model 20-18-16) results in a 48% difference in
strain values at 900°C, while with a decrease in temperature, this difference decreases to 42%. Consequently,
it can be deduced that the extent of equivalent strain in the process under investigation is more dependent on
the total compression applied. While the influence of temperature is also observed, its effect is significantly
less pronounced.

It is evident that analogous dependencies of the strain amount on the total compression and temperature
are sustained for the central layers of the workpiece. However, the location of the rolling rolls in the space in
the form of a RSR mill leads to the fact that at the broaching stage, strain develops only in the surface zones,
and the central region receives an increase in strain only at the drawing stages. Consequently, an uneven
gradient structure emerges in the cross-section of the workpiece, exhibiting a disparity in equivalent strain
ranging from 200% to 300%. It is also noteworthy that the central zone of the workpiece demonstrates
minimal processing across all cases, with strain levels ranging from € = 0.5 - 0.7 at room temperature, and
reaching € = 0.7 - 0.95 at elevated temperatures of 900°C.
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In order to study the stress state, there are a number of recommended parameters that must be selected,
with the consideration of the strain pattern being of particular importance. For instance, within the ECAP
process, the study of the equivalent stress is adequate due to the utilization of an all-encompassing
compression scheme. In the studied combined process of radial-shear broaching with drawing, there are both
compression zones from the action of deforming tools and stretching zones from the action of a pulling force
applied to the front end of the workpiece. Consequently, the most appropriate approach would be to analyze
the average hydrostatic pressure, which accounts for the direction of the applied stresses. As illustrated in
Fig. 3, the images depict the average hydrostatic pressure within the workpiece section situated within the
deformation zone of the rolling rolls. A comparison of the obtained patterns of average hydrostatic pressure
as a function of total compression (in the horizontal direction) reveals a direct proportional relationship.
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Fig. 3. Distribution of the average hydrostatic pressure over the workpiece cross section in the deformation zone
of the rolling rolls

The highest levels of compressive stresses are observed in models 30-25-20, where the compression
value is maximum. With a decrease in total compression, compressive stresses decrease, and a decrease in
the length of direct impressions from contact with the rolls is also clearly visible. In addition, an inverse
proportional relationship is evident when comparing the patterns of average hydrostatic pressure as a
function of temperature (in the vertical direction). The highest level of compressive stresses is observed in
models where the workpiece temperature is 20°C. As the temperature increases, the level of compressive
stresses decreases, as well as the extent of the deformation zones. In order to quantify the stress state, the
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values of the average hydrostatic pressure on the surface and in the deformation zone of the rolling rolls were
summarized in the resulting diagram in Fig. 4.
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Fig. 4. Numerical values of the average hydrostatic pressure in the deformation zone of rolling rolls

As illustrated in the diagram, the maximum values of the average hydrostatic pressure above 1 GPa are
attained at maximum compression in the 30-25-20 model at a temperature of 20°C. An increase in
temperature to 900°C leads to a decrease in the level of average hydrostatic pressure in the surface zones by
approximately threefold. A parallel comparison of the values at constant temperatures reveals a high degree
of correlation with the extent of compression. For instance, when the total compression level is reduced by 3
mm (model 30-27-23), the pressure level decreases by approximately 20% at 20°C. However, as the
temperature rises, this difference increases to 40%, resulting in enhanced ductility of the metal in the areas of
contact with the rolls. A further decrease in the total compression level by 3 mm (model 20-18-16) results in
an increase in the strain values at 20°C of almost 60%, with an increase in temperature causing an
enhancement of this difference to 65%.

In considering the pressure within the central layers of the workpiece, it is important to note their
comparatively low level in relation to the surface layers. Concurrently, under certain conditions (at an
elevated temperature of 900°C), tensile stresses reaching up to 100 MPa begin to act within this zone. This
heterogeneous stress state gives rise to a gradient of properties across the workpiece cross-section.
Consequently, it can be deduced that the mean hydrostatic pressure during the process under scrutiny is
found to be considerably influenced by both the total compression and the temperature of the workpiece.

In the analysis of deformation forces, the force values on each passage for each deforming tool (rolls
and lugs) were taken into consideration. The resultant force graphs for the 30-25-20 model are presented in
Fig. 5. The graphs for rolls are shown in red, and for drawing dies in green. A close examination of the
graphs reveals that the most significant exertions take place during the drawing stages. Concurrently, the
level of effort exerted during the initial pass invariably surpasses that of the subsequent pass, which is
concomitant with a diminution in the length of the deformation zone within the drawing die. This reduction
in length is attributable to a general decrease in the workpiece diameter. The influence of the heating
temperature on the nature of the graphs is also clearly noticeable. At a temperature of 20°C, all graphs
exhibit an even horizontal appearance. However, when the workpiece is heated to 500°C during the initial
stage of radial-shear broaching, the graph exhibits an upward trend, indicating the workpiece's cooling and a
reduction in the ductility of the material. Conversely, at the subsequent stage (the initial stage of drawing),
the temperature has already decreased to a sufficient extent, resulting in the force graph acquiring a
horizontal appearance. However, when the workpiece is heated to 900°C, the force graphs at the first stage of
radial shear broaching, the first stage of drawing, and the second stage of radial-shear broaching have an
increasing appearance, indicating a prolonged cooling process for the workpiece.

A quantitative analysis of the forces reveals that the maximum level of 209 kN is attained at the initial
stage of drawing in the model at 20°C, with a subsequent decline to 130 kN at the subsequent stage. With an
increase in temperature to 500°C, a force of approximately 182 kN is observed at the first stage of drawing,
and at the second stage of drawing, the force is around 112 kN. When the workpiece is heated to 900°C at
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the first stage of drawing, a force of about 170 kN is exerted at the end of the stage, and at the second stage
of drawing, the force is about 124 kN.
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Fig. 5. Force graphs for the 30-25-20 model: a — at 20°C; b - at 500°C; ¢ - at 900°C

Notwithstanding the elevated heating temperature, a greater degree of force was documented at the
second stage of the drawing process. The underlying reason for this phenomenon becomes evident when
analyzing the force graphs of radial shear stretching. At 20°C, the initial stage of radial shear broaching
yielded a force of 108 kN, while the subsequent stage resulted in an approximate force of 117 kN. It is
noteworthy that the force graphs at both stages exhibited a horizontal trajectory, indicating the absence of a
cooling factor for the workpiece. At 500°C, the graph at the first stage of radial shear broaching has an
inclined appearance due to the reduction in ductility of the material resulting from the cooling of the
workpiece, with a force of 108 kN being reached at the end of the stage. At the second stage of radial shear
broaching, the force is approximately 117 kN, and the force graph at this stage has a horizontal appearance.
At 900°C in the initial stage of radial shear broaching, the force reduces to 28 kN by the conclusion of the
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stage. Concurrently, the augmentation in exertion at this stage is less pronounced in comparison to the
preceding instance, signifying a diminished cooling intensity of the more heated workpiece. In the
subsequent stage of radial shear broaching, the force curve exhibits an upward trend, reaching a maximum of
105 kN before leveling off, suggesting the termination of the pronounced cooling process. Subsequently, a
force jump of up to 128 kN, a hallmark of the RSR scheme, occurs, denoting the output of the workpiece

from the rolls [14]. Fig.6 shows the force graphs for the 30-27-23 model.
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Fig. 6. Force graphs for the 30-27-23 model: a — at 20°C; b - at 500°C; ¢ - at 900°C
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In this model, it is necessary to take into account the unevenness of the compression: in the initial
stages, the compression is 3 mm, whereas in the subsequent stages, it is 4 mm. Consequently, the drawing
forces of the second stage at all temperatures exceed the drawing forces of the first stage. This phenomenon
is also the underlying cause of the increased force difference observed during the stages of radial shear
broaching. As observed in the 30-25-20 model, the maximum effort is also encountered during the drawing
stages. At 20°C, a force of 130 kN is generated during the initial stage of drawing, while the subsequent
stage generates approximately 150 kN. The force graphs at both stages exhibit a horizontal trajectory, owing
to the absence of cooling of the workpiece. Drawing graphs at a temperature of 500°C demonstrate a similar
appearance, with the cooling process concluding at the initial stage of radial shear broaching. At 500°C, the
graphs for the first stage of drawing show a force of 118 kN, and for the second stage, the force is
approximately 140 kN. At 900°C, the nature of the graphs is similar to the previously considered 30-25-20
model — at the first stage of drawing, the graph has an oblique appearance, as the workpiece cools
intensively, which ends at the second stage of radial shear broaching. The second stage of drawing is
distinguished by the absence of cooling, resulting in a horizontal graph. At 900°C, a force of 80 kN is
generated during the initial stage of drawing, while at the subsequent stage, the force increases to
approximately 128 kN.

In the initial phase of radial-shear broaching at 20°C, a force of 53 kN is generated. At the subsequent
stage, the force increases to approximately 125 kN. The force graph at both stages exhibits a horizontal
trajectory. At 500°C, the graph at the first stage of radial shear broaching has an inclined appearance,
reaching 50 kN at the end of the stage. At the second stage of radial shear broaching, the force is
approximately 120 kN, and the force graph at this stage has a horizontal appearance. At 900°C in the initial
stage of radial shear broaching, the force reaches a mere 10.5 kN at the conclusion of the stage.
Concurrently, the augmentation in force at this stage is found to be negligible, in contrast to the 30-25-20
model, which can be attributed to a diminution in the cooling intensity due to a reduction in the value of a
single compression from 5 mm to 3 mm. The force graph of the second stage of radial shear broaching also
exhibits an upward trend, which becomes horizontal at approximately 120 kN, suggesting the termination of
the intensive cooling process. The absence of a force jump in this model can be attributed to the disparity in
single and total compression of the same workpiece with a diameter of 30 mm.

As demonstrated in Fig. 7, the force graphs for the 20-18-16 model are presented. In contradistinction to
the preceding model (30-27-23), it is imperative to consider the uniformity of compression in this model. At
both stages, the uniformity of compression is 2 mm; however, the diameter of the initial blank is reduced to
20 mm. Consequently, a decrease in the length of the deformation focus is observed at all deformation zones,
resulting in a substantial reduction in effort when compared to blank models with a diameter of 30 mm.
Notably, this model exhibits an opposite effect, where maximum forces are attained at all temperatures
during the second stage of radial-shear broaching. Concurrently, the magnitude of the force at the initial
stage of radial-shear broaching is found to be negligible, with a maximum recorded force of 6.5 kN.

At 20°C, a force of 64 kN is generated during the initial stage of drawing, while at the subsequent stage,
the force reduces to approximately 50 kN. The force graphs for both stages exhibit a horizontal trajectory, a
consequence of the inadequate cooling of the workpiece. Drawing graphs at a temperature of 500°C
demonstrate a similar appearance — here, cooling ceases at the initial stage of radial shear broaching. At
500°C, a force of 56 kN is generated during the initial stage of drawing, and in the subsequent stage, the
force is approximately 42 kN. At 900°C, the nature of the graphs is similar to that of the previously
considered models 30-25-20 and 30-27-23. At the first stage of drawing, the graph has an oblique appearance
due to intensive cooling of the workpiece. Conversely, the second stage of drawing is distinguished by the
absence of cooling, resulting in a horizontal graph. At 900°C, a force of 46 kN is generated during the initial
stage of drawing, while at the subsequent stage, the force reduces to approximately 40 kN.

At the initial stage of radial-shear broaching at 20°C, a force of 6.5 kN is generated, while at the
subsequent stage, the force increases to approximately 62 kN. Notably, the force graphs at both stages
exhibit a horizontal orientation. At 500°C, the graph at the first stage of radial shear broaching has an
inclined appearance, reaching 5 kN at the end of the stage. At the second stage of radial shear broaching, the
force is approximately 55 kN, and the force graph at this stage has a horizontal appearance. At 900°C, the
force at the end of the first stage of radial shear broaching is only 1.5 kN. In the subsequent stage of radial
shear broaching, the force increases to approximately 47 kN. It is evident that the absence of a force jump in
this model is attributable to the reduced diameter of the initial workpiece.
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Fig. 7. Force graphs for the 20-18-16 model: a — at 20°C; b - at 500°C; ¢ - at 900°C

4. Conclusion

The paper employed finite element modelling of the radial-shear broaching process, followed by
drawing in the Deform program, to study the stress-strain state and energy-strength parameters. A range of
models with varying initial diameters of the workpiece, single and total compressions, and different
temperatures of heating the workpiece were considered. The study revealed that the optimal processing of
the metal occurred under the 30-25-20 scheme at a temperature of 900°C, with the 30-27-23 scheme
demonstrating comparable efficacy. Concurrently, it is imperative to acknowledge the substantial reduction
in compressive stresses that occurs at elevated temperatures. The selection of the deformation scheme is
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paramount, and the values of the deformation forces must be given due consideration, as they provide a
comprehensive representation of the loads occurring at all stages of the process. It is noteworthy that a
considerable degree of effort is required for models with a blank of 30 mm. However, when the strength of
the deforming equipment is sufficient, the 30-25-20 scheme can be recommended. In cases where this is not
the case, it is necessary to select a scheme that allows for deformation without exceeding the limiting loads.
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Abstract. Object detection is a fundamental task in computer vision and remote sensing, aimed at
recognizing and categorizing different types of objects within images. Unmanned aerial vehicle - based thermal
infrared remote sensing provides crucial multi-scenario images and videos, serving as key data sources in public
applications. However, object detection in these images remains challenging due to complex scene information,
lower resolution compared to visible-spectrum videos, and a shortage of publicly available labeled datasets and
trained models. This article introduces a Unmanned aerial vehicle - based thermal infrared object detection
framework for analyzing images and videos in public applications and evaluates the performance of
YOLOv8n/8s, YOLOvIIn/vils, and YOLOvI2n/vi2s models in extracting features from ground-based thermal
infrared images and videos captured by Forward-Looking Infrared cameras, as well as from unmanned aerial
vehicle - recorded thermal infrared videos taken from various angles. The YOLOv8n/v8s, YOLOvIIn/vi1s, and
the latest YOLOv12n/vi2s models were deployed on a Raspberry Pi 5 using the OpenVINO framework. The
successful deployment of these models, including the most recent version, demonstrates their feasibility for
unmanned aerial vehicle-based thermal infrared object detection. The results show that YOLOvVS and YOLOvI1
achieved high accuracy and recall rates of 93% and 92%, respectively, while the YOLOvI2 model demonstrated
good precision but comparatively lower performance in accuracy and recall, suggesting the possibility for further
improvement.

Keywords: object detection, YOLO models, Unmanned aerial vehicle, Forward-Looking Infrared cameras, thermal
infrared images, Raspberry Pi 5.

1. Introduction

Object detection is a key task in computer vision, primarily focused on classifying and locating specific
objects within an image. Remote sensing images, captured by various sensors on different platforms, often
contain multiple objects at various scales, making them a rich source for object detection. Remote sensing
has been applied to spaceborne, aerial, and ground-based platforms [1, 2]. Ground remote sensing systems,
which use platforms such as high towers, vehicles, and ships, provide valuable optically labeled datasets.
However, there are fewer thermal infrared (TIR) datasets available for detecting multiple objects at ground
level. Unmanned aerial vehicle (UAV) platforms, on the other hand, can capture high-resolution thermal
images and videos, compensating for the lack of high-resolution thermal data from satellites due to sensor
limitations. With the rapid development of UAVs, the demand for efficient and effective detection
algorithms is growing. UAV-based TIR images are now used in precision agriculture (PA), which helps
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optimize farming practices by detecting variations in soil and crops. However, UAV TIR platforms generate
large volumes of unlabeled data, creating challenges for the development of transfer techniques, algorithms,
and detection applications based on ground-labeled data [1-9]. Unlike optical sensors, TIR sensors can
capture images in both day and night conditions. As TIR technology continues to improve, it has found
widespread use in applications like body temperature detection, traffic monitoring, and public health and
safety, receiving significant attention. Despite this, object detection on UAV TIR images and videos remains
relatively underdeveloped. Previous studies have focused on pedestrian detection using TIR images in
ground settings [3], as well as the detection of ships [4], vehicles [5], thermal bridges in buildings [6], and
electrical equipment [7]. For instance, in [8] authors compared the accuracy and performance time of various
surveillance systems for detecting human presence using thermal imagery. In [9] authors developed a method
for detecting vehicles with TIR images, which was successfully applied to traffic flow monitoring. They
demonstrated that thermal image-based object detection could be effectively used in road traffic surveillance
[9].

In general, object detection and UAV technologies are growing fields with diverse applications, not
only in computer vision and deep learning but also in areas such as COVID-19 prevention and control,
search and rescue operations, and Advanced Driver Assistance Systems (ADAS) using thermal imaging [10].
Despite these advances, object detection from UAV TIR images and videos continues to face numerous
challenges, including complex backgrounds, low resolution, long imaging distances, and the presence of
multiple scenes and objects [11-13].

Recently, YOLO-based object detection in thermal infrared imagery has gained significant traction,
offering enhanced accuracy and efficiency in diverse real-world applications. In [11], the authors proposed
enhancing search and rescue (SAR) missions using YOLOv8 for human detection in thermal imagery,
achieving high precision with YOLOv8n at 90%. To expand object detection beyond the visible spectrum, in
[12] authors proposed a TIR detection framework using YOLO models for Forward-Looking Infrared (FLIR)
cameras. In [13], the authors propose an improved Mask-RCNN algorithm for UAV TIR video stream target
detection, enhancing efficiency and reducing storage, but with potential limitations in complex environments
and varying target sizes. In [14], the authors introduced ALSS-YOLO, a lightweight detector for TIR aerial
images, achieving state-of-the-art wildlife detection performance on the BIRDSAI and ISODTIR UAV
datasets. The above-mentioned articles [9-15] demonstrate relatively good efficiency in object detection, but
there is potential to further improve metrics such as precision, accuracy, and recall.

This article presents an object detection framework based on thermal infrared (TIR) imaging using
unmanned aerial vehicles (UAVs) for public applications. It evaluates the performance of the latest
YOLOVI12 models alongside YOLOv8n/v8s and YOLOv11n/11s. These models were tested on ground-
based TIR images and videos captured by FLIR cameras under both bright and dark conditions, prior to
being applied to UAV-captured TIR videos from various angles. The YOLOv8n/v8s, YOLOv11n/11s, and
the latest YOLOv12n/v12s models were successfully deployed on a Raspberry Pi 5 using the OpenVINO
(Open Visual Inference and Neural Network Optimization) framework, demonstrating their feasibility for
UAV-based TIR object detection. We believe that the proposed integrated approach has strong potential to
enhance real-time object detection performance in public applications.

2. Background
2.1 YOLO models

The YOLO architecture [16-18] consists of three core components: the backbone, the neck, and the
head. The backbone is responsible for extracting features from the input image, while the neck and head
process these features to generate predictions for bounding boxes, object classes, and confidence scores. The
loss function integrates squared errors for bounding box coordinates, square-rooted differences for width and
height, and classification errors, with weighted coefficients to emphasize both localization precision and
object detection accuracy. Table 1 presents the structures of the YOLO models.

YOLOv8 focuses on a lightweight architecture with CSPNet, anchor-free design, and balanced
performance between speed and accuracy. YOLOv11 improves upon YOLOvS8 by introducing C3k2 blocks
and spatial attention (C2PSA), enhancing computational efficiency and detection precision. YOLOv12
further refines the architecture with R-ELAN backbones, FlashAttention-driven area attention, and 7x7
separable convolutions, achieving higher accuracy, especially for small or occluded objects, while
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maintaining real-time speeds. Each version builds on its predecessor to optimize object detection for diverse
scenarios [19-21].

Table 1. Comparison of YOLOvS8/11/12 structure

YOLO Backbone Neck Activation | Loss Models

model

YOLOv | CSPNet+CBS+C2 | FPN+PAN+SPPF SiLU Anchor-free | YOLOv8n/s/m/l/
8 f approach X

YOLOv | CSPNet+C3k2 FPN+PAN+SPPF+C2P | LeakyReL | Bounding YOLOvVI 1n/s/m/l
11 SA U Box,Class /X

YOLOv | CSPNet+R-ELAN | FPN+PAN+Area LeakyReL. | Bounding YOLOvV12n/s/m/1
12 Attention U Box,Class /X

2.2 Evaluation metrics

In this study, the performance of the YOLO models for object detection training and validation was
assessed using precision, recall, accuracy, and FPS (Frames Per Second).

Precision measures the proportion of true positive samples out of all the predicted positive samples,
while recall measures the proportion of true positive samples out of all the actual positive samples [22-24].
The calculations for precision and recall are provided in Egs. (1) and (2):

TP

precision = ——, )
recall = —~ , 2)
TP+FN

TP (True Positive) refers to the number of persons that are correctly identified as persons, while FP
(False Positive) indicates the number of instances where non-person objects are incorrectly classified as
persons. FN (False Negative) represents the number of persons that are incorrectly classified as non-person
objects.

Accuracy is a common performance metric in machine learning and object detection tasks, which
measures how many predictions the model got right (both positive and negative) compared to all predictions
made [25-28]. It is calculated using the formula:

TP+TN

accuracy = ———— 3)
TP+TN+FP+FN

While accuracy provides a general sense of model performance, it can be misleading when there is a
class imbalance. In such cases, other metrics like precision and recall are often used alongside accuracy to
gain a more comprehensive understanding of the model’s performance.

FPS is a performance metric used to measure how quickly a model can process and analyze video
frames or images. In the context of object detection, FPS indicates how many frames the model can process
in one second, giving an idea of the speed or real-time capability of the detection system. A higher FPS value
means the model is able to process more frames per second, which is crucial for real-time applications such
as video surveillance, autonomous vehicles, or drones. The ability to maintain high FPS while accurately
detecting objects ensures that the system can operate effectively in dynamic environments where fast
responses are necessary. In object detection tasks, balancing FPS with accuracy is important, as a model that
runs too slowly might not be practical in real-time applications, even if it achieves high accuracy [29].

2.3 TIR image dataset

The FLIR Thermal Starter Dataset (FLIR, 2019) was used, which includes four object classes: person,
car, bicycle, and dog. It contains both annotated thermal images and non-annotated optical images for
training and validating object detection neural networks. The dataset comprises 10,288 annotated thermal
infrared (TIR) images, featuring 28,151 persons and 46,692 cars, as well as 4,224 video-annotated TIR
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images, with 21,965 persons and 14,013 cars. These images were captured on streets and highways in Santa
Barbara, California, USA, between November and May, under mostly clear sky conditions, both during the
day and at night. The images were taken with either a FLIR Tau2 camera (13 mm /1.0, 45° horizontal field
of view (HFOV) and 37° vertical field of view (VFOV)) or a Boson camera. While TIR images typically
have lower spatial resolution, smaller signal-to-noise ratios (SNR), and fewer texture features compared to
conventional optical images, they offer the advantage of being captured both day and night. In contrast,
optical images can only be collected during the day unless artificial lighting is available. To take advantage
of both all-day thermal infrared imaging and the features of optical images, it was assumed that the shape
features learned by YOLO models from optical datasets [30] for detecting persons and cars would also apply
to TIR images. This assumption provides a solid foundation for using pre-trained models to detect objects in
thermal infrared images, offering a reasonable starting point for effective detection in this type of imagery
[31-33].

2.4. Performance of YOLOv8/v11/v12

The Raspberry Pi 5 is a high-performance single-board computer designed for real-time processing.
Equipped with a 64-bit Broadcom BCM2712 processor (Cortex-A76, up to 2.4 GHz) and a VideoCore VII
GPU (800 MHz), it offers substantial improvements over its predecessors. With options for 4 GB or 8 GB
LPDDR4X-4267 RAM, it efficiently manages multitasking and large datasets. The PCle 2.0 interface
facilitates external accelerator integration, boosting data processing capabilities. Despite requiring SA and
5V of power, the Raspberry Pi 5 remains compact and efficient for various applications [34-37].

To deploy YOLOv8, YOLOv1l and YOLOvVI12 on the Raspberry Pi 5, the trained models were
converted to an OpenVINO-compatible format. Using OpenVINO's Model Optimizer, the best.pt file was
converted into an Intermediate Representation (IR) model, optimizing it for more efficient execution on
resource-constrained devices. OpenVINO is an Intel toolkit that optimizes deep learning models for CPUs,
GPUs, FPGAs, and VPUs. It converts models from frameworks such as TensorFlow and PyTorch into IR
format using the Model Optimizer, and the Inference Engine ensures efficient execution. When integrated
with the Raspberry Pi 5, OpenVINO improves inference efficiency, reducing computational overhead and
enabling real-time processing through its BCM2712 processor and VideoCore VII GPU.

After converting the model to the OpenVINO format, the best_yolov8s_openvino_model was deployed
on the Raspberry Pi 5. Test images stored in./test/images, along with their corresponding YOLO-format
annotations in./test/labels, were used for evaluation. A Python script running on the Raspberry Pi 5 handles
the complete object detection process: it loads and preprocesses images, performs inference using the YOLO
model via OpenVINO, and compares the predicted bounding boxes with ground truth annotations. This
workflow enables a detailed assessment of the model’s accuracy and performance in real-time object
detection on resource-constrained hardware.

For each test image, the following steps are performed: the image is loaded into memory, processed
through the YOLO model to obtain predicted object coordinates, and compared with the ground truth
annotations. Bounding boxes are visualized, with predictions shown in green and actual annotations in red,
providing a clear indication of detection accuracy. The inference time for each image is recorded to evaluate
real-time performance. Finally, the processed images, with bounding boxes, are saved in the./results
directory for further analysis. This methodology ensures a thorough evaluation of both detection accuracy
and processing efficiency.

3. Results and discussions
3.1 Confusion matrix and accuracy

In Figure 1, an example of thermal reflections is shown, with thermal reflections placed in a box. To
accurately identify the specific area of an object in a thermal image, it is crucial to detect and differentiate
the thermal reflections. Figure 1 demonstrates that the detection capabilities of the YOLOv8, YOLOvI11 and
YOLOvVI12 models are suitable for use in a range of public applications and conditions. Figure 2 shows the
confusion matrix (a, ¢) and accuracy curves (b, d) of the YOLOv8n/s models. The x-axis represents the true
class labels of the samples, while the y-axis indicates the predicted results.

In Figure 2, YOLOv8n (a) correctly identifies 213 people with 23 background instances misclassified as
people and 6 people as background, while YOLOVSs (c) detects 212 people correctly, misclassifying 23
background instances as people and 7 people as background. The accuracy curves in (b) and (d) illustrate the
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training process over 100 epochs, showing a sharp initial improvement followed by a gradual stabilization
around 92%.

(b) YOLOv8n

(c) YOLOv11s (d) YOLOv11n

(¢) YOLOvI12s - (f) YOLOv12n

Fig.1. Thermal images with thermal reflections.

Figure 3 presents the results of the confusion matrix (a, c) and accuracy curves (b, d) of the YOLOv11n
and YOLOvV11s models. In Figure 3, YOLOv11n (a) accurately identifies 211 people, misclassifying 30 as
background and 8 background instances as people, resulting in zero correctly classified background
instances, while YOLOv11s (c) also detects 211 people correctly, misclassifying 21 as background and 8
background instances as people, again leading to no correctly identified background instances. The accuracy
curves in (b) and (d) illustrate the training progression over 100 epochs, showing a steep initial gain before
gradually stabilizing around 93%.
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Figure 4 presents the results of the confusion matrix (a, ¢) and accuracy curves (b, d) of the YOLOv12n
and YOLOv12s models.
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Fig.4. (a,c) — YOLOVI12n/s confusion matrix; (b,d) — Accuracy curve

In Figure 4, YOLOv12n (a) correctly identifies 211 people, misclassifying 30 as background and 8
background instances as people, while YOLOv12s (c) detects 210 people, misclassifying 33 as background
and 9 background instances as people, with both models failing to correctly classify any background
instances. The accuracy curves in (b) and (d) depict the training process over 100 epochs, showing an abrupt
initial gain before gradually stabilizing around 90%.

3.2 Recall and precision

In Figure 5, the precision and recall values demonstrate the performance of YOLOv8n/s, YOLOv1 1n/s,
and YOLOvVI2n/s over 100 training epochs. All models show rapid improvements in the first 20 epochs,
followed by stabilization beyond epoch 50.

YOLOvV8n/s begins with a Precision of approximately 0.60 and Recall around 0.55. By epoch 20, these
rise to about 0.88 and 0.85, respectively, and eventually stabilize at around 0.95 (Precision) and 0.92
(Recall). YOLOv11n/s starts similarly with Precision near 0.58 and Recall at 0.50 but shows slightly more
fluctuation during training. After minor instability around epoch 25, it reaches a stable Precision of about
0.94 and Recall of 0.91-0.92. YOLOv12n/s outperforms both, starting stronger with Precision around 0.62
and Recall at 0.58. It surpasses 0.90 in both metrics by epoch 20 and stabilizes after epoch 50 with Precision
near 0.97 and Recall around 0.95. Its training curves are smoother and more stable, indicating better learning
dynamics and generalization.

3.3 Accuracy and FPS comparison

Figure 6 (a, b) presents the comparative analysis of object detection accuracy and FPS for the
YOLOvVS8n/s, YOLOv11n/s, and YOLOv12n/s models. According to Figure 6 (a), YOLOv8n and YOLOvS8s
achieve the highest accuracy, both nearing 0.88, indicating strong performance, while YOLOv1l1s also
performs well at a similar level, suggesting optimizations in this version. YOLOvI11n follows with slightly
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lower accuracy, remaining above 0.84, while YOLOvI12n is close behind. YOLOv12s records the lowest
accuracy, approaching 0.82. According to Figure 6 (b), YOLOvVI11n achieves the highest FPS, exceeding 11,
followed by YOLOv8n, which reaches approximately 10 FPS.
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Fig.5. Precision and recall results of YOLO models.

YOLOvVI12n performs moderately, achieving approximately 7 FPS. YOLOv8s and YOLOv11s show
lower performance, with FPS values around 5 and 4, respectively. YOLOv12s has the lowest FPS, measuring
slightly above 2 FPS. Figure 7 provides a comparison of the efficiency of YOLOv8n/s, YOLOv1In/s and
YOLOvVI12n/s models, showcasing their performance in terms of accuracy and processing speed.

Figure 7 demonstrates that YOLOv8n, YOLOvI1In and YOLOvI2n achieve the highest FPS and
accuracy compared to the other evaluated models. Meanwhile, YOLOv8s and YOLOvl11s exhibit slightly
lower FPS but maintain competitive accuracy, balancing speed and precision in object detection, while

YOLOvV12s demonstrates the least efficiency.
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4. Conclusion

In summary, this study assessed the performance of YOLOv8n/v8s, YOLOvlln/vlls, and
YOLOvVI2n/v12s models for human detection in thermal infrared (TIR) UAV-captured imagery across
various public applications. The results demonstrate that the YOLOv8n/v8s and YOLOv11n/v11s models
offer notable improvements in detection accuracy (92% and 93%, respectively) and computational efficiency
compared to YOLOv12n/v12s. YOLOv11n achieved the fastest detection speed at 11.50 frames per second,
while YOLOv12s had the smallest model size. Additionally, the YOLOv11 models achieved the highest
recall at 93% and strong precision of 92%. Their successful deployment on a Raspberry Pi 5 using the
OpenVINO framework confirmed their feasibility for real-time object detection in thermal infrared imagery
captured by UAVs.

The use of FLIR thermal infrared cameras provides a significant advantage by capturing high-quality
imagery in both day and night conditions, allowing for effective object detection even in low-light and
obscured scenarios. The ability to capture images from different angles further enhances detection
performance, providing a broader view of the scene and improving object localization and identification in
real-world applications. Future work will focus on integrating YOLO models with FPGA hardware and
advanced thermal infrared imaging in UAV systems, enabling ultra-efficient, real-time object detection for
public safety and monitoring applications. Additionally, we plan to utilize improved FLIR cameras with
enhanced resolution and sensitivity to further boost detection accuracy and reliability during both day and
night captures.
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Abstract. The paper presents the results of the analysis of the reflectivity spectra of asteroids based on
observations obtained on 2024-02-22, 2023-11-03, 2023-11-04 and 2023-11-21 at the Assy-Turgen Observatory
(77°.87114 E, 43°.225527 N, 2658 meters above sea level, international observatory code 217) using a long-slit
spectrograph based on volume-phase holographic gratings (VPHG) installed at the prime focus of the AZT-20
telescope with an aperture of 1.5 meters. The observations were carried out in the low-resolution mode (R=600)
in the range of 3500-75004 using a grating of 360 lines per mm, a dispersion of 4.254 per pixel, in the first
binning in the EMCCD mode with a gain of 5 and an exposure time of 10 seconds, the slit width of 9 arc seconds.
The spectrum of asteroids was measured using the differential method: by comparing the fluxes from the object
and a standard star. Solar analog stars (G-class stars) were used as standards. Processing and calculation of
reflectance spectra, alongside the determination of taxonomic classification according to the Tholen and SMASSII
systems, based on spectral morphology and selected spectral characteristics, were conducted for a sample of 19
asteroids, primarily consisting of Main Belt members (14). A comparison was made with the spectra of asteroids
based on INASAN observations in 2013-2017 and the reflectivity spectra of asteroids obtained from Gaia (DR 3)
observations, and their taxonomic types were determined without taking into account the albedo of the asteroids.

Keywords: spectrophotometry, asteroids; reflectance spectra; Gaia DR3

1. Introduction

Asteroids are the least altered relics of the primordial matter of the Solar System. The study of
the physical and chemical composition of these bodies is necessary for solving cosmogonic
problems: analysis of the type of minerals that make up the surface of asteroids allows us to assess
the plausibility of various models of the formation of the Solar System. In addition, asteroids are
considered as possible sources of extraterrestrial natural resources (Board S. S. et al., 2010) [1].

The presence of fragmented material on the surface of asteroids allows us to determine their
shape, structure, particle parameters, and also makes it possible to study their chemical and mineral
composition. Traditional methods of studying these bodies are photometry, spectrophotometry, and
polarimetry, which are independent and complement each other. Photometry and polarimetry are
most effective in studying the physical parameters of solid celestial bodies, while
spectrophotometry allows us to carry out a qualitative, and sometimes quantitative, assessment of
the composition of the substance of these bodies. Spectrophotometry allows us to obtain a
reflectivity spectrum of the entire visible hemisphere of a sufficiently distant celestial body,
observed as a point-source object.
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The spectral range of optical transparency of the Earth's atmosphere is approximately between 350 and
1000 nm. In this range, the asteroid only reflects solar radiation, so such a characteristic as "reflection
spectrum" is used, which is the measured spectrum of the object divided by the average spectrum of the Sun.
Spectral and geochemical studies of meteorites, which are most likely fragments of asteroids, show that the
features of the reflection spectra in the range of ~200-2500 nm characterize their chemistry and mineralogy.
That is, the asteroid's reflection spectrum (normalized to flux at wavelength of 550 nm) mainly characterizes
the composition of the asteroid's matter. Bodies are categorized into several classes based upon the
predominant substances within their composition.

2. Characteristics for the classification of the asteroids under study

C-type asteroids are important objects for studying the evolution of the Solar System and potential
targets for future resource mining missions. Their composition allows us to study the early stages of planet
formation and the possible presence of water. Research by Binzel (2019) [2] highlights the key role of these
asteroids in understanding the evolution of the Solar System due to their pristine chemical composition.
DeMeo and Carry (2014) [3] note the importance of spectral analysis for understanding the distribution of
carbonaceous materials in the asteroid belt, showing that such asteroids may contain significant reserves of
water in the form of hydrated minerals. Clark et al. (2002) [4] investigated the space weathering processes
affecting the spectral properties of these objects and found that long-term exposure to the solar wind and
micrometeoroid bombardment alters their surface properties, reducing reflectivity and changing spectral
lines. Examples of this asteroid class include 51 Nemausa, 70 Panopaea, 107 Camilla, 144 Vibilia, 163
Erigone, 345 Tercidina, and 481 Emita.

M-class asteroids have been studied rather poorly and are classified as a separate class because their
spectra in the 0.3-2.5 um range do not have noticeable absorption bands, and their reflectivity increases with
wavelength similar to the spectra of iron meteorites and enstatite chondrites with a high content of free metal
(Lupishko et al., 2000) [5]. According to Tholen's spectral classification the (97) Klotho and (55) Pandora
belongs to the metal-rich M-class asteroids, but radar observations do not confirm a notable content of iron-
nickel composites in the composition of its surface (Shepard et al., 2005) [6]. It should be noted that
asteroids of this type can vary significantly in their composition, ranging from metal-rich to metal-poor, and
include various groups of minerals. In particular, Hardersen et al. (2011) [7] found diagnostic absorption
bands of pyroxenes, olivines, phyllosilicates and hydroxides in the near infrared (NIR: ca. 0.75-2.50 pm)
spectrum of 60% of Tholen class M/X asteroids. These data highlight the spectral and mineralogical
diversity in the M-class asteroid population. Possible meteoritic analogues include mesosiderites, CB/CH
chondrites and silicate-containing nickel-iron meteorites. Asteroids lacking characteristic spectral signatures
are related to meteoritic analogues such as nickel-iron meteorites, enstatite chondrites and stony-iron
meteorites.

S-type asteroids are silicate asteroids, which make up about 17% of all discovered asteroids.
The concentration of celestial bodies in this class decreases with distance from the Sun. Asteroids of
this class are moderately bright, with a slightly reddish color. Spectrophotometry indicates olivine,
pyroxenes, and Fe-Ni metal (Lupishko et al., 2000) [5] as the main components of the S-type
asteroids. Given that the majority of S-type asteroids exhibit an olivine-metal composition with a
comparatively limited amount of pyroxene, it is postulated that contemporary S-type asteroids, such
as (482) Petrina, are remnants of larger S-type asteroids that underwent fragmentation. These
ancestral asteroids are theorized to have originated in the proximity of the core-mantle boundary
within their respective parent bodies.

P-type asteroids are objects with a fairly low albedo of 0.02 to 0.07 and a flat reddish spectrum
without noticeable absorption lines. Such properties are characteristic of carbon- or organic-
enriched matter silicates that have not undergone significant changes since their formation (De
Pater, Imke et al., 2001) [8], (Ehrenfreund et al., 2004) [9]. They are, for example, part of
interplanetary dust, which probably filled the near-solar protoplanetary disk even before the
formation of the planets. Based on this similarity, it can be assumed that P-asteroids are the most
ancient, little-changed bodies in the Main Belt (McSween Jr. and Harry Y., 1999) [10]. Such
asteroids may be rich in carbon and silicates, possibly mixed with water ice. According to the
Malkhe classification, this class of asteroids includes (65) Cybele, (447) Valentine and (160) Una.
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B-type asteroids are a relatively rare class of asteroids that belong to the carbonaceous asteroids and are
predominantly found in the outer part of the Main Belt. They are generally similar to C-type asteroids, but
are distinguished by an almost complete absence of absorption at wavelengths below 0.5 pm and have a
slightly bluish color. Spectroscopic studies have suggested that the main components of the surface are
anhydrous silicates, hydrated clay minerals, organic polymers, magnesites, and sulfides. Most asteroids that
have signs of cometary activity belong to this class, for example, according to the SMASSII classification,
asteroids (88) Thisbe and (47) Aglaja belong to this class.

X-type asteroids are a class of asteroids that cannot be classified into any of the other classes.
Typically, such objects are assigned to M, E, or P classes after albedo analysis.

3. Statement of the research objective

It is known that the reflectivity spectra of asteroids observed with different detectors and at
different epochs often show significant differences, mainly in the slope of the spectrum from blue to
red wavelengths.

Reflectivity spectra of asteroids observed with different detectors and at various periods of
time often show significant differences. This issue is the subject of an extensive analysis of the
diversity of reflectivity spectra obtained at different epochs for moderately large and bright Main
Belt asteroids. Mostly, such differences concern the slope of the spectrum from “blue” to “red”
wavelengths. Sometimes such differences are considered to be a consequence of surface
inhomogeneity, but this interpretation is often speculative.

The differences in the reflectivity spectra obtained may be related to the spectral variability of
the asteroids and their heterogeneous composition, and to the fact that the comparison spectrum is
not the spectrum of an ideal solar analogue. Research conducted over decades shows that there are
essentially three physical processes that play a major role in the evolution of the asteroid population
and affect the change in the reflectivity spectrum. The first is collisional evolution, which gradually
affects the size distribution of Main Belt asteroids and their surfaces. When objects collide, the
outer layers of the surfaces can be destroyed and fragmented, the inner layers of the asteroid can be
exposed, changing the visible chemical composition of its surface. In addition, collisions can lead to
an exchange of matter between the asteroid and the object it collided with. If the impactor and target
asteroid initially belonged to different spectral classes and had different mineralogical
compositions, then their collision leads to a mixing of materials. This makes it difficult to determine
their spectral class, since the surface begins to show signs of different minerals characteristic of
both parent bodies. The second is space weathering, which occurs due to cosmic rays, solar wind
and collisions with micrometeoroids on the asteroid surface. Over decades, space weathering
gradually changes the reflectance spectra of asteroids. The surface of the asteroid darkens and
becomes reddish. This change is associated with processes that change the spectral characteristics of
the surface, such as the formation of thin metallic films and a change in the size of regolith
particles. The most important effects were found for the class of asteroids belonging to the S-class.
This class includes objects considered to be the parent bodies of the most common class of
meteorites - ordinary chondrites. The third is that a simple cycle of thermal expansion and
contraction of the material constituting the outer layer of the surface regolith, due to the rotation of
the asteroid, leads to a progressive evolution of the structural and thermal properties of the regolith.

Observations and analyses of reflectance spectra are essential for elucidating the principal
physical mechanisms governing asteroid evolution and spectral alterations. Notably, there has been
an increasing discovery of asteroids exhibiting sublimation-dust and dust activity triggered by
diverse physical factors in recent years. This paper presents the findings of spectrophotometric
observations conducted on several Main Belt primitive asteroids, aimed at detecting potential
indications of sublimation-dust activity induced by elevated subsolar temperatures and solar
eruptive events. This endeavor necessitates a comparative analysis of reflectance spectra derived
from various sources and observational epochs. As an illustration, Busarev et al. (2019) posit that
spectral signatures of sublimation activity are discernible in (51) Nemausa and (65) Cybele.
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In the present study, one of the primary objectives is the selection of the most optimal stars—
solar analogues—for accurate computation of asteroid reflectance spectra. The most common
methodology for obtaining normalized asteroid reflectance spectra involves using a single solar
analogue for each observed object, which is observed on the same night as the target. In contrast,
this work employs a method of averaging the spectra of several top-quality solar analogues
(described in detail in Section 3), which enhances the accuracy and reliability of the resulting
spectra and prevents loss of observational data due to a poor choice of solar analogue. By
comparing these results with data from other observatories, one can objectively assess the
applicability and advantages of this approach based on the quality of the reflectance spectra.

4. Observations

To analyze the reflectivity spectra of individual Main Belt asteroids, data were obtained from
three sources: observations conducted at different times at the Fesenkov Astrophysical Institute
(FAI), the Institute of Astronomy of the Russian Academy of Sciences (INASAN), and the Gaia
DR3 Mission of the European Space Agency (ESA).

The observations FAI were carried out in 2023 at the Assy-Turgen Observatory using a long-
slit spectrograph based on volume-phase holographic gratings (VPHG) installed at the prime focus
of the AZT-20 telescope with an aperture of 1.5 meters and a relative focal length of 5.72 meters
(f=1:3.8). The focal lengths of the collimator and the spectrograph camera are 130 mm and 85 mm,
respectively. The spectrograph is equipped with an iXon Ultra 888 EMCCD with a size of 1024 x
1024 pixels, and the pixel size is 13 microns, which gives an image scale of 0”.717 per pixel.

The observations were carried out in the low-resolution mode (R=600) using a grating of 360
lines per mm, a dispersion of 4.25 A per pixel, in the first binning in the EMCCD mode with a gain
of 5 and an exposure time of 10 seconds, the slit width of 9 arc seconds. To calibrate the
wavelengths, the spectra of a standard source - a He-Ne-Ar lamp - were taken. The spectrum of the
asteroids was obtained using the differential method - by comparing the fluxes from the object and a
standard star. Solar analogues stars (class G stars) were used as standards.

Table 1 presents the designation of asteroid, date and time of observation, exposure time and
air mass. Data format: 1 - Date and time in YYMMDD, 2 - Universal Time in hhmmss, 3 and 4 -
right ascension and declination at the time of observation in the J2000, 5 - distance from the
observer to the object (in AU), 6 - distance from the Sun to the object (in AU), 7 - solar elongation
(in °), 8 - phase angle of the object (in °), 9 - predicted stellar magnitude, 10 - air mass, 11 -
exposure time. Columns 3-9 are given according to the Minor Planet Center at the time of
observations. The last row of the table contains information on the EMCCD mode used during
observations.

INASAN reflectivity spectra were obtained at the Peak Terskol observatory (3150 meters
above sea level) using a 2-meter telescope manufactured by Carl Zeiss Jena GmbH, with a prism
CCD spectrometer (WI CCD 1240X1150). Low-resolution spectra (R=100) were used in INASAN
observations, which nevertheless allowed determining the spectral classes of asteroids and
identifying large features of the reflectivity spectra (wide absorption bands). Data processing was
performed using DECH software (DECH20T and DECHO95 packages).

The GAIA mission of the European Space Agency has been regularly observing Solar System
objects since the beginning of its operations in August 2014. The third Gaia data release (DR3)
includes for the first time the mean reflectance spectra of a selected sample of 60,518 such objects,
mostly asteroids, observed between 5 August 2014 and 28 May 2017. Each reflectance spectrum
was obtained from measurements taken with the “blue” and “red” photometers operating in the
wavelength ranges 330—-680 nm and 640—1050 nm, respectively (Gaia Collaboration: L. Galluccio
et al., 2023) [12]. The Gaia DR3 database presents the mean reflectance spectrum for each asteroid,
calculated for 16 points representing integrated reflectivity.
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5. Research methodology

The main research method is the meticulously carried out observations and analysis of the
spectra of solar radiation reflected by the object and the spectra of solar-type stars. Data processing
was performed using standard procedures, using the Image Reduction and Analysis Facility (IRAF)
package. The spectra of asteroids and the standard source were processed using an identical
technique, taking into account the effect of air mass changes during observations.

Observational and instrumental difficulties in observing asteroids in the range below 5000A
make this wavelength range poorly studied compared to the visible and near infrared range. In
particular, the choice of the solar analog star used to obtain the asteroid reflectivity spectrum is a
major challenge (Noem et al., 2016) [13], (Cellino et al., 2020) [14], (de Ledn et al., 2010) [15].

Not all solar analogues present in catalogues are truly identical to the Sun. This effect is
particularly important in the blue part of the spectrum, where solar analogues often show significant
differences with respect to each other and to the solar spectrum (Ramirez et al., 2012) [16].
Furthermore, the suitability of many used solar analogues is usually assessed only in the visible
wavelength range, while some of these objects show spectra that are quite different from the Sun's
spectrum at wavelengths below 5500A. The stars HD 28099 (Hyades 64) and HD 186427 (16 Cyg
B) are well-studied solar analogues that have spectra very similar to the Sun's spectrum in the
wavelength range between 3600A and 5500A.

In Tinaut-Ruano et al. (2023) [17], the authors assessed the suitability of the solar analogues
selected for the near-ultraviolet reflectivity study of asteroids included in the Gaia DR3 release.
They found that the solar analogues selected for Gaia DR3 to calculate the asteroid reflectivity
spectra have a systematically redder spectral tilt at wavelengths shorter than 5500A than Hyades 64.

For the analysis of asteroid reflectivity spectra, it is important to select comparison stars whose
spectral type is as close as possible to the Sun's. Additional criteria are availability of the star for
observations on a given night, as well as its sufficient brightness to obtain a spectrum with a high
signal-to-noise ratio. To minimize possible errors when using the spectra of Sun-like stars to obtain
reflectivity spectra, the spectra of several best (in terms of the quality of the obtained spectra and
proximity to the Sun’s spectral type) Sun-like stars observed on the night of observations were
averaged, as was done by Farnham et al. (2000) [18] and Tedesco et al. (1982) [19]. Four stars were
selected from a total of 12 observed stars. An analysis was performed of the extinction-corrected
and 0.55 pum flux-normalized spectra of all standard spectra observed on that night. Figure 1 shows
the normalized spectra of the standard stars selected for analysis - HD 34411 (G1.51V), HD 13043
(G2V), HD 219018 (G5V). Then, the average spectrum of the best solar-like stars for the given
night was compiled, which is shown in the figure as the “average spectrum”.
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Fig.1. - Normalized spectra of standard stars - HD 34411 (G1.51V), HD 13043 (G2V), HD 219018 (G5V)
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The resulting reflectivity spectra of asteroids were obtained by dividing the asteroid spectrum
by the spectrum of a standard star, in our case by the same averaged spectrum of several standard
stars. This procedure introduces additional noise into the final result due to the presence of noise in
the spectra of solar analog stars.

Our experience with satellite reflectance spectra has shown that the Butterworth filter (Serebryanskiy et
al., (2022)) [20] is effective for smoothing the reflectance spectra. The Butterworth filter is implemented in
the scipy package (Virtanen et al., 2020) [21] using the signal.butter method, which uses the order of the
filter and cutoff frequency in Nyquist frequency units as parameters. In our case, the filter’s order is chosen
to be 3, and the cutoff frequency is 0.086, which corresponds to smoothing the spectrum in a window of 50A
wide with a spectral resolution of about 4A. Testing with different cutoff frequency values showed that this
is the optimal value and the smoothing result, when choosing this parameter in a reasonable range, does not
change the final conclusions. The smoothing process itself is carried out by the signal.fultfilt method of the
scipy package. Measurement errors in the reflection spectra were determined through averaging multiple
spectra to account for fluctuations in observational conditions, rather than solely relying on the formal errors
of the spectra or the signal-to-noise ratio. The final error, incorporating the smoothing procedure, is within
10% of the reflection value. Notably, a substantial increase in error below a 4000A wavelength range
imposes limitations on the analyzed spectral range.

6. Results and discussion

A comparative analysis of the reflectance spectra obtained at FAI in 2023 was carried out with
the spectra obtained at INASAN in 2013-2017 and with the reflectance spectra from the GAIA DR3
database. Figure 2 shows the reflectivity spectra of asteroids (51) Nemausa, (70) Panopaea, (107)
Camilla, 144 Vibilia, 163 Erigone, 345 Tercidina, 481 Emita, which according to the classification
of Tholen D.J. (1989) [22] belong to class C, as well as asteroids (366) Vincentina, (381) Myrrha,
(407) Arachne, which belong to subclass Ch (SMASSII classification). The results obtained align
broadly with those from independent sources. Reflectance spectra of (51) Nemausa, (366) Vincentina, (407)
Arachne, (481) Emita, and (107) Camilla demonstrate qualitative correspondence to the INASAN spectra,
exhibiting a variation in the gradient within the blue region, and deviate from the GAIA spectra. The
observed spectral discrepancy in the 0.4-0.6 nm range may indicate a subtle manifestation of sublimation
activity.

Figure 3 shows the reflectivity spectra of the asteroids (97) Klotho and (55)
Pandora, according to the classification of Tholen. Whilst for the asteroid (97) Klotho we obtained
a fairly good agreement with the INASAN and GAIA DR3 data during the comparative analysis,
the spectrum of (55) Pandora does not agree with either the INASAN or GAIA data. At the same
time, the INASAN and GAIA DR3 data agree well in the spectral region of 5000-9500A.
According to the spectral classification of Tholen, the asteroid (55) Pandora belongs to class M, but
according to the SMASS classification it belongs to class X. Rather, it corresponds to the spectral
classification of SMASS (class X), showing stronger absorption in the region below 0.5 pm.

Asteroid (482) Petrina (Fig.4) belongs to the Tholen class S and has growth in the long-wavelength
region and, according to Shcherbina et al. (2019) [23], corresponds to high-temperature mineralogy.
According to FAI data, the reflectivity spectrum also increases in the long-wavelength region and is closer to
the GAIA DR3 data. This asteroid has a high albedo (0.24), which indirectly confirms its belonging to the S
class.

Fig.5 shows the reflectivity spectra of class P asteroids - (65) Cybele, (447) Valentine and (160) Una.
The reflectivity spectrum of the asteroid (65) Cybele shows agreement with the GAIA DR3 spectrum
obtained for this class and has discrepancies with the spectrum obtained by INASAN in 2017 (Fig.5).
However, the peculiarity of the reflectivity spectrum obtained at the Peak Terskol observatory, namely the
maximum reflectivity in a fairly wide range of 0.4 to 0.7 um, changing in intensity in the range of 0.4 to 0.5
um, was explained in Busarev et al. (2019) [11] by the presence of weak sublimation activity of the asteroid.
The sharp change in the shape of the reflectivity spectrum in the short-wave region according to FAI data for
(160) Una and the slight increase in the reflectivity spectrum according to INASAN data remain questionable
and require additional observations of this asteroid.
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Fig.2. Reflectivity spectra of class C and subclass Ch asteroids
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Fig.6 shows the reflectivity spectra of asteroids (88) Thisbe u (47) Aglaja. (88) Thisbe is a
Main Belt asteroid of SMASSII class B, Tholen class CF, and Malkhe class C, indicating that it
likely contains hydrogen, nitrogen, ammonia, and iron. (47) Aglaja is Tholen class C and has a
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carbonaceous composition. The SMASSII classification system rates it as a rare B-class asteroid
associated with the presence of magnetite, which gives the asteroid a blue color. The reflectivity
spectrum of asteroid (47) Aglaja shows good agreement with the GAIA DR3 spectrum and the
spectrum obtained by INASAN in 2017. The reflectivity spectrum of asteroid (88) Thisbe has
discrepancies with the spectrum obtained by INASAN in 2017 and the spectrum of the GAIA DR3
database. We suspect the presence of sublimation activity. To clarify the observed variations in the
short wavelength region of asteroid (88) Thisbe’s reflectance spectrum, additional observations at
different heliocentric distances, including around perihelion, are required. The spectral
classification derived from our measurements is consistent with that reported by previous studies.
Consequently, asteroid (88) Thisbe should be considered a promising candidate for activity and
included in future observation programs.
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Fig.6. Reflectivity spectra of asteroids (88) Thisbe and (47) Aglaja

Fig.7 shows the reflectivity spectra of (718) Erida, which, according to SMASSII, belongs to
class X, i.e. to asteroids that remain poorly classified. A more precise determination of the asteroid
class requires additional albedo analysis and comparison with classes C, S and M.
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Fig.7. Reflectivity spectra of asteroids (718)

7. Conclusions

Spectral processing and reflectance spectra calculations were performed for 19 Main Belt asteroids,
followed by taxonomic classification according to Tholen and SMASSII based on spectral morphology and
characteristic features. Reflectance spectra were derived from data collected at the Fesenkov Astrophysical
Institute (FAI), the Institute of Astronomy of the Russian Academy of Sciences (INASAN), and the Gaia
DR3 Mission of the European Space Agency (ESA). To mitigate potential inaccuracies in reflectance spectra
resulting from the use of solar-analog stars, multiple high-quality solar-analog star spectra, closely matching
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the Sun's spectral class and obtained during the observation period, were averaged. Furthermore, to minimize
noise in the reflectance spectra, multiple spectra were averaged to account for observational variations.

This approach delivers high-quality reflectance spectra comparable to those obtained using a
single standard star analogue. Moreover, it minimizes the risk of unwanted spectral distortions—
spurious features in the asteroid’s reflectance spectrum caused by employing an improperly
matched solar analogue that significantly differs from the Sun.

The study's findings indicate that the reflection spectra of asteroids (51) Nemausa, (366)
Vincentina, (407) Arachne, (481) Emita, and (107) Camilla exhibit qualitative correspondence with
the INASAN spectra. This correspondence is characterized by a variation in gradient within the
blue spectral region, and these spectra are notably divergent from the GAIA spectra. It is posited
that the spectral disparity observed within the 0.4-0.6 nm range may signify a subtle expression of
sublimation activity.

The discrepancy observed between the FAI and INASAN data regarding the reflectivity
spectrum of asteroid (160) Una, specifically the sharp alteration in the short-wave region and the
marginal increase, respectively, warrants further investigation and additional observational data for
confirmation.

The reflectivity spectrum of asteroid (718) Erida, which belongs to the SMASSII class X and
was obtained by FAIL does not permit the precise classification of the asteroid. Furthermore,
evidence confirms the potential sublimation activity of asteroids (51) Nemausa and (65) Cybele.

To ascertain the taxonomic classification of individual asteroids from spectra acquired by FAI
supplementary investigations will be conducted employing the “template” methodology delineated
in the study by Savelov et al. (2022) [24], alongside the utilization of visual albedo, a parameter
indicative of the chemical and mineralogical attributes of the asteroids' surface material.
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Tablel. Logs of observations

Appendix

Date UT R.A. Decl. Delta R Elong | Ph | V™ |Airmass|Exp Time (s)
ymd) | (ms) | (ms) | 9 | QY | AU | O | O
1 2 3 4 5 6 7 8 9 10 11
47 Aglaja
20231103 | 151112 | 220342.0 | -132229 | 2.067 | 2.549 | 107.7 | 21.8 | 12.9 | 1.907 120
20231103 | 151316 | 220342.0 | -132228 | 2.067 | 2.549 | 107.7 | 21.8 | 12.9 | 1.903 120
51 Nemausa
20231103 | 161256 | 225459.7 | -082026 | 1.863 | 2.524 | 121.2 | 19.7 | 12.1 | 1.709 120
20231103 | 161502 | 225459.7 | -082027 | 1.863 | 2.524 | 121.2 | 19.7 | 12.1 | 1.715 120
55 Pandora
20231103 | 180255 | 233111.7 | -030440 | 1.585 | 2.362 | 131.4 | 183 | 11.7 | 1.835 120
20231103 | 180501 | 233111.7 | -030440 | 1.585 | 2.362 | 131.4 | 18.3 | 11.7 | 1.849 120
65 Cybele
20231104 | 190303 | 0420352 | +164357 | 2.893 | 3.816 | 1552 | 6.3 | 12.6 | 1.167 120
20231104 | 190508 | 042035.1 | +164357 | 2.893 | 3.816 | 1552 | 6.3 | 12.6 | 1.165 120
70 Panopaea
20231104 | 192008 | 0418 18.0 | +243953 | 1.811 | 2.740 | 1546 | 89 | 12.3 | 1.077 240
20231104 | 192412 | 0418179 | +243953 | 1.811 | 2.740 | 1546 | 89 | 12.3 | 1.074 240
88 Thisbe
20231103 | 163654 | 2317427 | +033903 | 1.710 | 2474 | 130.6 | 17.7 | 11.4 | 1.365 120
20231103 | 163900 | 2317427 | 033903 | 1.710 | 2.474 | 130.6 | 17.7 | 11.4 | 1.369 120
97 Klotho
20231103 | 182443 | 2333565 | -124814 | 1.437 | 2.188 | 127.6 | 21.0 | 11.4 | 2.637 120
20231103 | 182646 | 2333565 | -124814 | 1.437 | 2.188 | 127.6 | 21.0 | 11.4 | 2.667 120
107 Camilla
20231103 | 134138 | 2108374 | -122251 | 3.444 | 3.671 95.3 15.6 | 13.5 | 1.784 10
20231103 | 134155 | 2108375 | -122251 | 3.444 | 3.671 95.3 15.6 | 13.5 | 1.784 10
20231103 | 134226 | 2108375 | -122251 | 3.444 | 3.671 95.3 156 | 13.5 | 1.785 60
20231103 | 134332 | 2108375 | -122251 | 3.444 | 3.671 95.3 15.6 | 13.5 | 1.787 60
20231104 | 142703 | 210908.6 | -122307 | 3.459 | 3.671 944 | 15.6 | 13.5 | 1.923 240
20231104 | 143109 | 210908.7 | -122307 | 3.459 | 3.671 944 | 15.6 | 13.5 | 1.924 240
144 Vibilia
2023-11-04 | 171606 | 034024.6 | +152822 | 1.144 | 2.117 | 1647 | 7.1 | 10.6 | 1.331 120
2023-11-04 | 171812 | 0340245 | +152822 | 1.144 | 2.117 | 1647 | 7.1 | 10.6 | 1.324 120
160 Una
2023-11-04 | 194708 | 0523 253 | +280324 | 1.711 | 2.549 | 139.6 | 14.6 | 13.1 | 1.097 240
2023-11-04 | 195158 | 0523252 | 4280324 | 1.711 | 2.549 | 139.7 | 14.6 | 13.1 | 1.090 240
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Continuation of the Table 1.

1 ‘ 2 ‘ 3 4 ‘ 5 ‘ 6 ‘ 7 8 ‘ 9 ‘ 10 ‘ 11
163 Erigone
2023-11-03 | 153139 | 2215179 | -122630 | 1.857 | 2.393 | 110.6 | 22.8 | 14.1 | 1.887 120
2023-11-03 | 153343 | 2215179 | -122630 | 1.857 | 2.393 | 110.6 | 22.8 | 14.1 | 1.895 120
345 Tercidina
20231103 | 184719 | 0030239 | +0621 15 | 1.341 | 2.248 | 148.6 | 13.3 | 12.3 | 1.468 120
20231103 | 184923 | 0030239 | +0621 14 | 1.341 | 2.248 | 148.6 | 13.3 | 12.3 | 1476 120
366 Vincentina
20231103 | 155150 | 2233439 | -070442 | 2411 | 2992 | 116.8 | 17.2 | 13.9 | 1.661 120
2023 1103 | 155356 | 2233439 | -0704421 | 2.411 | 2992 | 116.8 | 17.2 | 13.9 | 1.667 120
381 Myrrha
20231103 | 174225 | 2324422 | -175706 | 2.552 | 3.202 | 123.0 | 15.1 | 13.8 | 2.715 120
20231103 | 174429 | 2324421 | -175706 | 2.552 | 3.202 | 123.0 | 15.1 | 13.8 | 2.741 120
407 Arachne
2023 1121 | 162505 | 055452.6 | 4302909 | 1.627 | 2.526 | 149.1 | 11.6 | 13.0 | 1.640 240
2023 1121 | 162913 | 0554524 | 4302909 | 1.627 | 2.526 | 149.1 | 11.6 | 13.0 | 1.613 240
447 Valentine
20231103 | 165015 | 0235550 | +111312 | 1.862 | 2.853 | 176.1 1.3 | 129 | 1.291 120
20231103 | 165221 | 0235559 | +111312 | 1.862 | 2.853 | 176.1 1.3 | 129 | 1.287
481 Emita
20231103 | 184257 | 0404384 | +164819 | 1.358 | 2.308 | 158.0 | 9.3 | 119 | 1.173 120
20231103 | 184502 | 0404383 | +164819 | 1.358 | 2.308 | 158.0 | 9.3 | 11.9 | 1.170 120
482 Petrina
20231103 | 144726 | 2157533 | -083351 | 2.458 | 2.921 | 108.0 | 18.9 | 14.2 | 1.652 120
2023 1103 | 144931 | 2157533 | -083351 | 2.458 | 2.921 | 108.0 | 18.9 | 142 | 1.656
718 Erida
20231103 | 171341 | 232444.0 | -093056 | 2.837 | 3.527 | 127.3 | 129 | 15.5 | 1.885 240
20231103 | 171747 | 232444.0 | -093056 | 2.837 | 3.527 | 127.3 | 12.9 | 15,5 | 1.906 240

TEMP = - 60 (matrix cooling temperature);

READTIME = 1.0E-06 (Pixel readout time);
GAIN=5 (signal gain factor)
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Abstract. This document describes explicitly the nonlinear equation handling the oscillation of
charged particles affected by electrical field using the Homotopy Perturbation Method. This method
success to construct a significant approximate solution. Our analysis has resulted in the development of
an initial set of four equations that govern the oscillatory of charged particles. Following this, we have
visually depicted these equations and satisfied a deep clear interpretations vision of the investigated
outcomes. Our analysis has resulted in the development of an initial set of four equations that govern
the oscillatory of charged particles. Following this, we have visually depicted these equations and
satisfied a deep clear interpretations vision of the investigated outcomes.

Keywords: Charged particle oscillation; Nonlinear harmonic equation, Homotopy Perturbation Method.

1. Introduction

The aim of this study is to provide an explicit interpretation and describe the behavior of a charged
body moved under influence of electrical forces that expressed as in real natural physical system by
equation(1) [1]. This actual serious harmonic equation is commonly used in physics to describe the motion of
a charged body under the influence of electrical forces between it and its neighbored charges. Such equations
are used in physics to understand the motion and dynamics of systems affected by electrical forces, aiding in
the comprehension of real natural phenomena, and predicting the behavior of objects in such contexts:

SR3% x(t) +

#(t) +%Q< x(t)3 + ) =0 (D

16R5

where x(t), X(t)the displacement and time dependent acceleration of a particular body from its equilibrium
position over time, the kqQ/R?term represents the electrical force between two charged bodies, where: k is
the Coulomb's constant. And the last two terms introduced as a primary and secondary terms components of

the electrical forces between the two bodies respectively.
kqQ 1
m 2R3

9
The third term ng oG x(t)3: the nonlinear correction to the restoring force

The second term———= x(t): the linear restoring force (attractive force), similar as Hooke's law.
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The Homotopy perturbation (HP) method is one of the most significant methods that considered as a
universal method for solving non-linear partial differential equations (DF) of various kinds. It investigates
the analytic solution by an infinite series which using a phony parameter p. Furthermore, HPM does not
require any small parameter in the equation as that of other iteration methods but it has a parameter p€[0,1]
(a small parameter) so it catches a significant advantage. Otherwise, it is the first time used to solve our
interested problem in our known, that provide a new look on this problem and test other method on
competing to provide accurate solution. This method shows a great efficiency in providing accurate solutions
to partial DF in some physical systems [2]. Biazar and Ghazvini [3] studied the efficient valid condition for
convergence of the HP method, and provide a test of this condition for the three well-known problems of
Burgers’ equation [2], the 4th variable coefficients parabolic, and Schrédinger partial DF [3]. Researchers
found that the analytical approximation to the solutions is reliable and confirms the power and ability of the
HP method as an easy device for computing the solution of partial DF. The examination of convergence
conditions for DF, integral equations, integrodifferential equations, and their systems operating the HP
method, is also developed [4]. The (HP) Transform Method is used to solve the nonlinear RLC circuit
equation [5]. This paper proposes three third-order, sixth-order, and seventh-order iterative methods,
respectively, to solve nonlinear equations using the modified HP technique attached with the equations of the
system [6]. It also provides approximate and exact solutions to the nonlinear Burger’s equation by means of
(HP) method [7]. The (HP) method predicts an approximate analytical description for the nonlinear
Schrodinger equation with a harmonic oscillator. Accordingly, the nonlinear Schrédinger equation was
presented in one and two dimensions to demonstrate the effects of the harmonic oscillator on the behavior of
the wave function [8]. Laplace—Adomian decomposition method (LDM) is hold for describing charge
oscillation and it provides a good sense.

This study is unique since it’s the first for providing a particular description and solution for nonlinear
serious harmonic charged oscillation using the significant HP method. Also, it instructs typical model
procedure to demonstrate a real serious nonlinear harmonic oscillation of charges. Otherwise it provides us
with regular mathematical variables as control switch buttons to recognize and understand the change in
physical properties of the wave motion such amplitude and frequency variance. Finally this method
significantly shortens a lot of mathematical computation, calculation and provides a high degree of accuracy
and efficiency. This paper is settled as follows: section 2 provides the Basic idea for HP method, section 3
demonstrates result and analysis, section 4 declares the conclusion.

2. Basic Idea of HP Method

Here we work to clarify the basic idea of HP Method. So let us suppose the following differential
equation.

AW - f(r)=0, reQ @)
The boundary conditions.
ou
B(uwss) =0, rer 3)
or

(4) is a general calculus operator, (B) is a parametric operator, (€2) is a domain bound, and (f{7)) is a
well-known analytic function. The linear part and the non-linear part can be obtained by decomposing the
operator (A) into two parts, become eq (2):

L@w)+Nw) - f(r)=0 “)

where L(u) linear and N(u) non-linear. If a nonlinear equation does not contain (slight parameter), we can
assume an artificial parameter in eq (2) [4].

L) +p(N@W) - f(r) =0 &)
where p€[0,1] is an artificial parameter, Equation (4) can be indicated as a series of power p [9 ].

u = ug + puy + p?u, + piug + - (6)
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When p—1 in eq (5) then the approximate solution is obtained as eq (4). The adjustment parameter is

quiet.
3. Result and Analysis

The equation

10, +kq—Q(ix(t) b7 + ) =
m \2R3 16R5
The initial conditions
x(0)=1, x(0)' =0
kqQ 9kqQ 3
i (t —x(t t =0
¥+ <2mR3x( )+ Tomrs *® )
kqQ _ 9kqQ _
But SoRE constant and TemRE =
kqQ _
2mR3
And
9kqQ _
16mR5

To become the equation
¥ +Cx(®)+Dx(t)3=0
But
fx)=0
And

L(u) = i(t) + Cx(t) N(@u) = D x(t)3

0

constant, so we can assume.

(7

We are now using the Homotopy perturbation method, with initial condition. Using eq (5) we construct

(HPM) shown below.

H,p) =1 —-p)E+Cx) +p(E +Cx+Dx3) =0

Become

%+ Cx = pDx3

But

X =xg+px; +p%x,+ -
where

x(t) = lirrix =xg+ X1 + x5+ -
p—)
Substituting eq (8) in eq (9), we get
2
at?

But
(vo + pvy + p?vy + )3

(xo + px1 + p?x3 + ) + C(xg + px1 + p*x; = p(D(Wg + pvy + pvy +-+-)3)

(®)
)
(10)

(11

=p2 v} + 3ptvy v + 3pv,vZ + 3pviv, + p°v3
3p°v v + 6p° v v, + 38V, vE + 3p8uy v
3p8viv, + 6p%vv3v, + 3p" v VE + 3p7 Vv,
6p" vV, v, + 6p7 VoUs v, + PO VS + 38 v vE

6p° v, v, v3 + 3P Vi,
3p°vZ v + 6p° vy v, vy
3p*viv, + 6p* vy vy vs
6 p3 vy v v, + 303V Vg
3pviv, + v

++++++ o+

+ 6p° vy v, vy + 3D° vy V2
+ 6p° VoV v, + 3pt vy V2
+ 3p*viv, + p3vd

+ 3p2vyv? + 3p%viv,

We compare both sides of the equation with equal the power of p, we have.
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9%x,
p°: pYe +Cxy=0
0%x,
pt: ozt Cx; =-Dx}
, 0%x;
pe: ETS) + Cx, =3D x3 x4
3 0%x3 2 2
P + Cx3 = =D(3 x§ x5 + 3 x¢ x7)

(12)
(13)
(14)

(15)

Now, we involve Laplace Transform (L7). LT reformulate differential equations into more resolvable
forms, and overcoming complexity of especially with obtaining initial conditions. By transferring derivatives
to a frequency domain, solutions could be demonstrated by standard algebraic treatment which are generally
straightforward and easier to solve. Once the algebraic equation is solved, the inverse LT is used to recover

the original time-dependent solution.

Solve the prior differential equations (1,10,11) using the LT to equations from [12-15]. Solve equation

12 using LT.

0%x,
W+Cx120

xo(t) = Acos(tVC) + B sin (tVC)

but x,(0)=1,A=1
and xy,(0)' =0, B=0

X = cos(tVC)
Solve equation 13 using LT.

axl
o2

xl (t) = DL_l

+Cx; =—Dx3 =-D cos®(tVZ)

(0V7)]

X, = %(Cos(\/_t)+Cos(3\/_t)—12\/_t81n(5\/_t))

Solve equation 14 using LT.

0%x, 5
W‘}'C}CZ - 3Dx0 xl
x,(t) = — 3D* -1 _ L[ Cos(\/_t) +cos(t\/_) Cos(3VCt)
z 32C s2+C
— 12\/Etcos(t\/E)ZSin(3\/Et)]]
3D?2 [ 1 21C? + 652 + s* s(7C + 52
2 (t) = — o2 1 24C s ) ( )
32C s2+C (C +5%2)2(9C + s2)? (C +5s5%)(9C + s?)
+ 1 ( 2 4 1 4 1 )
4°\9C+s2  25C+s2 ' C+s2
X2 =074 c2 [ 72t C cos(t\/_) +96 t\/_sm(t\/_) —-36¢t \/_sm(St\/_)

+ 23 cos(tVC) — 24 cos(3tVC) — cos(5¢VC)]

(16)

(17)

(18)

(19)
(20)

21)

(22)

(23)

24

(25)
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Solve equation 15 using LT.

62
72 %3 + Cx3 = =3D(x3 x, + xq x2) (26)
D3
x3(t) = — Il [32768 (12tVC sin(¢VC) + cos(tVC) — cos(3tVC))
4096 (12 tsm(t\/_) +7 cos(t\/_) 6cos(t\/_) - cos(St\/_))
65536 — cos(7t\/_))

4096( 8t2C cos(tVC) + 8tVC sin(tVC) — 4tVC sin(3tV()
+3 cos(t\/_) — 3cos(3t\/_))

~S97es ——(32¢3 Cz sin(¢VC) + 48 2 C cos(¢VC) — 8t2C cos(3¢VC)
— 48 tV/C sin(tVC) + 12¢VC sin(3tVC) — 7 cos(tVC)
+7 cos(3t\/_))

32768( 72 t2C cos(tV/C) + 72tVC sin(tVC) — 72tVC sin(3tVC)
— 12 tVC sin(5tVC) + 59 cos(tVC) — 54 cos(3tVC) — 5 cos(5¢VC))
+ 382 (—32 £3 ¢z sin(tV/C) — 48 t2C cos(tVC)

— 24 t2C cos(3tVC)
+ 48tV/C sin(¢VC) + 36¢VC sin(3tVC) — 21 cos(tVC)
+21 cos(3t\/_))

~Te38a ———(72t% C cos(tVC) — 72¢VC sin(tVC) — 12tVC sin(5tVC)
+5 cos(t\/_) -5 cos(St\/_))

———(36 tVCsin(tVC) + cos(tVC) — cos(5tVC))

+ Te382 (( 8)t2C cos(tVC)
+ 8t\/E sm(t\/_) 4t\/C Sln(3t\/_) +3 cos(t\/_) -3 cos(3t\/E))

27)

16384-

32768 Csm(t\/_) + cos(tVC) — cos(3tV())
+ 25536 C) — 2 cos(5tVC)
- cos(7t\/_))]

We solve the equation using Equation x(t) = lirq X=Xg+x;+
p—)
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x(t) = cos(t\/_) - m (12t\/f sm(t\/_) + cos(t\/_) - cos(Bt\/_))
[—72 t2 C cos(tV/C) + 96 t VC sin(tVC)

1024 1024 C?
— 36t VCsin(3tVC) + 23 cos(tV/C) — 24 cos(3tVC) — cos(5tVC)]
3
- 23 [32768 (12tVC sin(tVC) + cos(¢VC) — cos(3tVC))

—— (12 tsin(¢VC) + 7 cos(tVC) — 6 cos(tVC) — cos(5tV(C))

65536 - cos(7t\/_))
4096( 8t2C cos(tVC) + 8tVC sin(tVC) — 4tVC sin(3tVC)
+ 3 cos(tVC) — 3cos(3t\/_))
~S97es ——(32¢3 Cz sin(¢VC) + 48 t2 C cos(tVC) — 8t2C cos(3tVC)
— 48 tVC sin(tVC) + 12tVC sin(3tVC) — 7 cos(tVC)
+7 cos(3t\/_))
32768( 72 t2C cos(tVC) + 72¢V/C sin(tVC) — 72tVC sin(3tVC)
— 12 tVCsin(5¢tVC) + 59 cos(tVC) — 54 cos(3tVC) — 5 cos(5¢VC)) (28)

4096

5
+Teagz (32 C2sin(VT) — 48 £2C cos(tVT)
— 24 t2C cos(3tVC)
+ 48tVC sin(tVC) + 36tVC sin(3tVC) — 21 cos(tV(C)
+21 cos(3t\/_))

~ Ta3ga (72t* € cos(tVC) = 726VC sin(tVC) — 126VC sin(5¢VC)
+5 COS(t\/_) — 5cos(5tV())
——(36 tVC sm(t\/_) + cos(t\/_) - cos(St\/_))

16384(( 8)t? Ccos(t\/_)
+ 8t\/E sm(t\/_) — 4t/C Sin(St\/_) +3 cos(t\/_) -3 cos(3t\/E))

16384

32768 C sm(t\/_) + cos(t\/_) - cos(3t\/_))
65536 C sm(t\/_) +3 cos(t\/_) -2 cos(St\/_)
—cos(7t\/_))]

Significantly, these partition solutions agree completely one hundred percent with those provides using
LDM [11]. The four particular solutions are demonstrated in figure 1. The figure shows a convergence of
four mathematical functions. Each curve corresponds to a distinct equation, and their interactions weave a
intricate tapestry. By varying the "t" variable from 0 to 10, the graph unveils the dynamic behavior of these
equations. The contours of the curves, their points of intersection, and the overarching patterns offer valuable
insights into the functions' behaviors and interconnections. However, the first portion of solution x_0; shows
a behavior of simple harmonic motion where the amplitude, wave length and periodic time all are constant.
Otherwise, this state presents the stability of atom, where no nonlinear term (physically no additional
external field) appears.

The second part of solution x1, shows growing in the wave amplitude as the time increase. Also, it
shows a slight decrease in periodic time.
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The third part of solution x_2, also shows growing in the wave amplitude and a recognizable decrease
in periodic time as the time increase.

The effect of the fourth part of solution is very small and doesn’t provide a recognizable contribution on
the general solution.

Lastly, all nonlinear parts of solutions (x_1, x_2 and x_3) show differ from the linear x_0 solution with
about (n/2) phase shift.

On the other hand, figure 2, demonstrates the total solution where the four partition solutions construct
to investigate the charge oscillation as a function of time.

The chart illustrates a intricate physical system or phenomenon, showcasing prominent characteristics
such as oscillations with fluctuations in both amplitude and frequency. These oscillations hint at the system's
periodic behavior. The intricacy of the graph implies the possible involvement of multiple interacting
components or forces within the system. The variations in amplitude and frequency of the oscillations may
suggest a non-linear or chaotic nature of the system.

Multiple Equations

— O

=_1

x_ 3

—

Fig. 1. The relation between the partition solutions as a function of time.
x(t)

40

20

-20

-40

Fig.2. The total solution x(t) as a function of time.

4. Conclusion

We encountered intricacies and demonstrating explicitly the non-linear harmonic oscillation for charged
particles affected by electrical field. The HP method is utilized to involve initially the initial four boundaries
before progressing to ascertain the comprehensive solution. The HP method with a significant accuracy
investigate physical properties of the wave function and demonstrate regular mathematical variables as
control switch buttons to recognize and understand the change in physical properties of the wave motion
such amplitude and frequency variance. This complex dynamic model which expresses a nonlinear oscillator
where the restoring force is not purely linear but involving a cubic term, is demonstrating analytically and
graphically. The presence of the linear term displays the predatory in the motion while the cubic term
provides the system's stiffness changes with displacement. Otherwise, the result provides an identical
partition solutions comparing to those provide by LDM. The outcomes proved to be noteworthy, as
illustrated by the conclusive graphs and sufficient solution.
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Abstract. This paper presents the findings of an analysis of the light curve of the star
IRAS07080+0605, a member of the FS CMa class. The analysis was conducted using data from the
ASAS-SN survey, collected between 2014 and 2025. The year-by-year analysis of the ASAS-SN time
series in the g filter reveals that the system's period changes over time, and the shape of the phase curve
varies during individual intervals. The asymmetry observed in the phase curves suggests potential
orbital changes, possibly related to the system's dynamics, including variations in the separation
between the components. Additionally, we describe changes in the Iluminosity amplitude of
IRAS07080+0605, which may reflect alterations in the star's physical state, such as pulsations in its
outer layers or interactions with its environment.

Keywords: binary systems, light curves, FS CMa, catalog ASAS SN
1. Introduction

The FS CMa-type objects that exhibit the B[e] phenomenon were first distinguished as a distinct
evolutionary group in [1]. The B[e] phenomenon is characterized by the presence of both allowed (Balmer
lines, Fe II, and others, and forbidden ([Ca II], [O I], and others) emission lines in the spectra of stars with
surface temperatures ranging from ~10000 to ~30000 K (formerly classified as B-type stars) and a
significant excess of IR emission relative to the expected stellar emission, attributable to the presence of
circumstellar dust. The most probable scenario for the formation of FS CMa objects [1], according to the
confirmed existing data [2] as well as the results of analyses, is the evolution of a close double system in
which there is a strong mass transfer between the components of the double system, leading to the loss of
some of this mass into the circumstellar space and the formation of a dust shell or disc.

Recent studies have made significant progress in the research of FS CMa-type stars. Through detailed
and comprehensive analyses of long time series of observations, new properties of this group of stars have
been discovered, including rapid spectral variations [3] and the presence of lithium lines in the stellar
spectrum [1, 4]. Furthermore, orbital periods have been determined for a number of objects in this group [4,
5], the physical characteristics of the system components have been described [6], and key physical
parameters of the stars have been determined [6]. These studies have revealed a wide range of luminosities
among these objects, suggesting the existence of numerous such systems both in our galaxy and in others.
The observed strong IR excesses indicate that FS CMa group objects represent a previously unrecognized
source of dust in the galaxy. These objects have not previously been considered dust producers, and a
reassessment of Galactic dust production is necessary.
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Considerable attention has been devoted to the study of hot stars surrounded by circumstellar material,
particularly in binary systems and during late evolutionary phases such as the post-AGB stage. These
investigations have revealed a broad diversity in photometric and spectroscopic behavior, strongly influenced
by dynamic interactions within the system and the structure of the surrounding envelope. For instance, [7]
Zharikov et al. (2025) analyzed the FS CMa-type candidate IRAS 17449+2320, identifying a complex
circumstellar environment affected by a variable magnetic field and orbital modulation, suggesting strong
binary interaction and non-uniform envelope morphology. Similarly, [8] Ikonnikova et al. (2025) examined
the post-AGB star IRAS 21546+4721, reporting cyclic photometric variability and spectroscopic changes
indicative of pulsations and variable extinction from circumstellar dust. On a broader scale, [9] Kwok (2025)
provided an in-depth theoretical review of chemical synthesis in stellar envelopes, emphasizing how mass-
loss and outflow processes contribute to the development of molecular complexity in the circumstellar
medium. These studies further demonstrate the importance of long-term photometric monitoring for
identifying instability mechanisms and interpreting the evolutionary status of stars with extended envelopes.

This work is devoted to the study of the star IRAS 07080+0605 (a northern hemisphere object), which
has one of the strongest IR excesses among objects with the B[e] phenomenon. This object was first
identified as an emission star in [10], in a survey of stars with emission lines.

There are conflicting opinions on the conclusions about the nature of the object. In [11,12], the object
IRAS 07080+0605 is considered to be a pre-main-sequence star. However, in a recent paper [13], it was
concluded that the object IRAS 0708040605 satisfies the observational and physical criteria for the FS CMa
and a suggestion that it could be an analog of Red Rectangle at an early evolutionary stage.

There are also a number of works on the study of the variation of the light of this object, but the values
of the period are different. In [12], the authors discovered multiple periods through the analysis of the
periodogram of the ASAS-SN survey data, with a particular focus on the most reliable ones: 72.1, 248.8, and
203.1 days. A similar period of 246.7 days was determined in [11] using ASAS-3 survey data [14].A recent
study [13] on an individual study of the object IRAS 07080+0605 also suggested a period of ~190 days, but
it was noted that this period was not revealed in the 2014 and 2019 seasons. The period value was derived
from data from the ASAS-SN survey from the 2014 to 2019 seasons only. In this paper, the authors noted
that the ASAS-SN survey data [15] was used to find the period because it has less error compared to the
ASAS-3 survey data. However, the photometric survey data for the most recent observing period (up to
2025) from the ASAS-SN survey, when stacked with the above periods from both [13] and [11,12], show a
very large dispersion around the mean sinusoidal curves (see the Analysis Results section). Therefore, one
can conclude that the light curve behavior is ambiguous.

The primary objective of this study is to analyze the light curve of the object IRAS 07080+0605. This
analysis builds upon the findings of previous studies, including those presented in [13], which covered the
period up to 2019. In this work, we utilize the most extensive and comprehensive set of observational data on
the object's luminosity available to date.

Study is based on the data from the All-Sky Automated Survey for Supernovae (ASAS-SN), a
photometric monitoring project launched in 2013. The ASAS-SN program began regular accumulation of
high-quality optical photometry in mid-2014. From this period onward, the data series provides sufficient
temporal coverage, uniform cadence, and photometric accuracy to allow robust analysis of long-term
brightness variations. For this reason, our analysis covers the time range from 2014 to 2025, encompassing
the full available span of precise ASAS-SN photometric observations.

2. Observational data and methods for analyzing the star's luminosity

ASAS-SN photometric data were used in this paper. The ASAS-SN survey data cover the period from
half of 2014 to 2025. The survey data from 2018 were observed in the g filter and were converted to the
Johnson-Cousins system filter V using formula 1, according to the work of [16]. The mean value of (B-V) =
0.12 was taken from [13]. The rationale for the choice of ASAS-SN survey data is due to the fact that the
ASAS-3 data are strongly inferior to the ASAS-SN data. The light curve derived from ASAS-3 data (see
Figure 5 in [13]) exhibits significant noise and errors, likely caused by larger uncertainties in brightness
measurements.

V=g —054B—V)+0.07
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The Lomb-Scargle Periodogram method [16] is used to analyse time series in this paper. The Lomb-
Scargle method is particularly useful for analysing non-uniformly distributed time series, where traditional
methods of frequency analysis, such as the discrete Fourier transform, are inapplicable due to the need for
uniform data sampling. This makes it an indispensable tool for working with astronomical observations,

which are often characterised by irregularity. The algorithm implemented on the website [17] was deployed
to search for the period.

3. Results

The ASAS-SN survey data in the g filter were selected for analysis to ensure the optimal homogeneity
in timeliness of the observations, as evidenced by the reduced number of areas lacking observations in this
band when compared to those in band V (see Figure 1, upper panel). The long-term trend was subtracted for
this band (see Figure 1, bottom panel). The trend removal procedure entailed the following steps:

— For each observation season, the mean JD values and the brightness value were calculated;

— Subsequently, coefficients were calculated from these mean points, as well as spline values for each
real JD value.

— The difference between the lightness value and the spline was determined, resulting in a series with a
subtracted trend.
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Fig. 1. Light curve of the IRAS 07080+0605 system from the ASAS SN data. The upper panel shows brightness
variations IRAS 07080+0605 in 20142025 from the ASAS SN data. The middle panel shows the light curve with the
actual data (open circles) and the running average (red line) used to determine the brightness trend. The bottom panel

shows a detrended g-band brightness with respect to the running average

As demonstrated in Figure 2 (bottom panel), the Fourier power spectrum indicates a peak at
approximately 125 days. The phase curve, convolved with this period, displays a substantial spread of
approximately 0.2 magnitude.

The ASAS-SN survey data in the g filter were analyzed using the previously proposed periods of
approximately 72, 190, 203, and 250 days. The results of this analysis indicated that none of these periods
produced consistent phase curves, instead resulting in significant scatter.

However, when constructing phase curves for individual intervals, as indicated by the letters in the
upper panel of Figure 1, different periods were observed. These periods (cycles) were found to be similar in
both shape and amplitude. Despite this, the intervals exhibit clear periodicity. For instance, the light curves
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of interval H show a periodicity of approximately 180 days, as illustrated by the phase curve in Figure 3,
which displays a clear minimum and maximum.

Therefore, a range of potential values for the period (cycle) is observed. The determination of the
precise nature of these values is challenging, as evidenced by the dispersion in the phase light curves. In spite
of this, the periods defined on a wide data sample may vary from season to season (time domains of
observations without significant gaps) and practically vary within a particular season. For instance, the time
domain 'H', as illustrated in the top panel of Figure 1, shows a difference between maximum peaks of ~180
days and minimum peaks of ~120 days. The LS method periodogram calculation, which indicates the largest
power spectrum, is achieved through convolution with a period value of 171.9 days.
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Fig. 2. The curves are convolved with the indicated periods based on the entire data sample between 2014 and 2025 in
bands V and g from the survey data.

The behavior described above may suggest the presence of a quasi-periodic process with variable
amplitude occurring in the dust disk, or alternatively, it may indicate a possible change in orbit, which may
be related to the dynamics of the system, including changes in the separation between objects. In order to
investigate the temporal changes in the stellar magnitude of the object, data containing corrected stellar
magnitudes and their associated errors were analyzed.
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Fig. 4. Changes in the stellar magnitude of the object from 2014 to 2025.
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The initial processing included the exclusion of anomalous points. Then, for each year and half-year,
the mean signal amplitudes were calculated based on the difference between the minimum and maximum
values of the correlated magnitude for the specified time interval. In order to obtain a visualization of
temporal changes, the dependence of the mean corrected stellar magnitudes on time was plotted, with the
errors of the data considering. The data were grouped by years and visualized in a separate subgraph for each
year, thus allowing general trends in the object brightness variations to be identified and possible long-period
variations to be estimated. Special attention was paid to the exclusion of incorrect data and anomalies, as
well as to the respect of scales in order to facilitate the comparison of plots between years.

A more detailed analysis of changes in the object luminosity amplitude by season was conducted,
whereby the average amplitudes for each half-year were calculated. To this end, the data were divided into
time intervals depending on the season, and the amplitude values were calculated as the difference between
the maximum and minimum mean luminosity values in each half-year. Furthermore, for each amplitude, the
error was estimated on the basis of the statistical properties of the sample.

The visualization process involved the utilization of smoothed curves, which were obtained through the
implementation of spline interpolation. This methodological approach facilitated the construction of a
smooth plot, which depicted the trend of amplitude change over time. This trend revealed long-period
variations. Moreover, the original measured values were plotted alongside their respective errors. This
methodological approach was adopted to emphasize the validity of the calculations.
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Fig. 5. Long-period changes in the amplitude of stellar magnitude.
== Mean = 0.13
0.30 +1a range
=2a outlier
Amplitude = error

0.25
e
E 0.20
@
=
=
E 0.15
<

0.10

Q.05

2014 2016 2018 2020 2022 2024
Year

Fig. 6. Estimated amplitude of brightness variations of IRAS 07080+0605 between 2014 and 2025 based on ASAS-SN
data. The red dashed line indicates the mean amplitude (~0.13 mag), and the shaded gray area represents the +1c
confidence interval. Orange points mark outliers exceeding 26 from the mean, which may reflect significant physical
variability in the system, such as changes in pulsation activity or circumstellar dust properties. Error bars correspond to
the standard photometric uncertainty for each data point.
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The graph illustrates variations in the luminosity amplitude of a star believed to be in the post-AGB
transition stage. These fluctuations may reflect changes in the star's physical state, such as pulsations of the
outer layers or interactions with the surrounding environment. Periods of increased amplitude may be
attributable to enhanced pulsations or changes in the composition and temperature of the star's atmosphere.
Smoothed long-period trends may indicate global processes, such as changes in the envelope mass or the
gradual decay of the star's activity during this stage of evolution.

4. Conclusion

This paper presents an analysis of time series separated by years, revealing that the period of the system
changes over time and the shape of the phase curve undergoes changes at individual intervals. In particular,
the appearance of asymmetries in the phase curves indicates possible orbital changes that may be related to
the dynamics of the system, including changes in the separation between objects. In the late stages of
evolution, such as the transition to post-AGB, a significant amount of mass can be lost through stellar wind,
affecting the orbital parameters, including the system momentum, momentum and orbital eccentricity.

The presence of instabilities in the data may result from mass-loss processes and stellar pulsations, as
well as the effects of dynamical interactions within the system. During specific time intervals, an uneven
distribution of the data is observed, which could indicate the influence of additional factors, such as
surrounding matter or complex interactions between the star and its companion.

Furthermore, the role of the circumstellar environment in shaping the photometric behavior of IRAS
07080+0605 should be emphasized. The presence of a non-uniform dust disk and extended envelope likely
contributes to the observed light curve asymmetries and amplitude variations. Variable extinction, scattering,
and potential interactions with a companion star may account for both short-term irregularities and long-term
trends. These effects highlight the need for complementary studies to fully understand the dynamical
structure of the system.

The detected photometric instabilities are most likely driven by a combination of stellar pulsations and
dynamic interactions within the system. These mechanisms, typical for evolved stars in the post-AGB phase,
contribute to both variability in brightness and changes in phase curve morphology. Identifying and
disentangling these contributions remains a crucial objective for future studies.

Additionally, the paper describes amplitude variations that may reflect changes in the physical state of
the star, such as pulsations of the outer layers or interaction with the environment. In this context, an increase
in amplitude may correlate with the lengthening of local periods within cycles. The smallest dispersion of
light curve values from the full ASAS SN dataset from 2014 to 2025 minus the long-term trend is obtained
by convolution with a period of 126 days.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUHN

Hopaes H.X., Menvwiosa E.I1.

I[na3mMoHABIK HaHOOOIIEeKTep 00JIFAH Ke3/ie ilKi aybIp aTOMHBIH CHHIJIETTi OTTeri reHepauusicbiHa dcepi

Kywmic nHaHOOemImeKTepiHiH IUIa3MOHIBIK OpICIiHIE CHHIJIETTI OTTEeTiHIH TeHEepalusIChlHA ayblp aTOMHBIH acepi
seprrenmi. CeHcuOMIM3aTOpiap peTiHAEC MOJUBHHUIOYTHpaNs KaOBIpIIAKTapBIHAAFBl pomaMuH 123 xoHe
auopoMponamuH 123 GosFpIIITApEl KOJAAHBULABL. BOSFRINI KaObIpIIakTaphl KBapLUTHl TOCEHII OETIHJE CHHTE3JereH
KyMiC apajmblK KaObIpLIaKTapra CIUH-KOYTHHT SICIMEH JKaFrbLIIbl. AJIBIHFaH HOTHXKENEp OOSFBII MOJICKYJIaChIH/Ia
OpOM aTOMBIHBIH OOJIyBl CHHIJIETTI OTTEri ©HAIPICIHIH THIMAUIrIH apTThIpaThiHBIH KepcerTi. Ecentenren IlltepH-
Bonbmep koHcTaHTanmapbl Ag HaHoOemmekTepi OoiraH Ke3ge AuOpoMposamMuH 123 OOSFBINI MOJIEKYJajlapblHBIH
TPUIUIETTI KYHJIEPIHIH MOJEKYJISPIBIK OTTETiIMEH COHIPITYIHIH KYLICIOiH KOPCETEI].

Kint ce3nmepi: :ayblp aTOMHBIH ocepi, MHTEPKOMOMHAIMSUIBIK KOHBEPCHSI, CHHIVIETTI OTTEri, HaHOILIa3MOHHUKA,
(oroceHcubmM3aTop.

Hopaes H.X., Menvwiosa E.I1.

¢ deKT BHYTPEHHEI0 THKEJI0I0 aTOMAa HA TeHePALMH CHHIVIETHOIO KHCJIOPOJAa B NMPHCYTCTBHH ILIA3MOHHBIX
HAHOYACTHIL

HccnenoBan >¢dekt THKETOro atomMa Ha TEHEPAIMIO CHHIVIETHOTO KHCIOPOAA B IUIA3MOHHOM II0JI€ HAaHOYAaCTHII
cepebpa. B kagecTBe CEHCHOMIM3aTOPOB HCIIONB30BAHBI KpacuTenn poxaMuH 123 u nuOpoMponamuH 123 B miéHKax
MOMUBHHWIOYTUpas. [INEHKH KpacuTened ObLIM HAHECCHBI METOMOM CIHH-KOYTHHTA Ha OCTPOBKOBBIC IUIEHKH
cepebpa, CHHTE3MPOBAaHHBIC HA IOBEPXHOCTH KBapLEBBIX MOANOXKeK. llodydeHHBIe pe3ynbTaThl MOKa3ald, YTO
NPUCYTCTBUE aroMa OpomMa B MOJEKyJie KpacuTeist yBennunBaeT 3()(EKTHBHOCTh HPOU3BOJCTBA CHHIJIETHOTO
kuciopona. Brrumcinennsle koHcTaHTHl llITepHa-PonabMepa IEMOHCTPHUPYIOT YCUJIICHHE TYIICHHS MOJEKYJISIPHBIM
KHUCJIOPOAOM TPUILIETHBIX COCTOSIHUI MOJIEKYJI KpacuTelns AuOpoMpoaMuH 123 B MpHCYyTCTBUM HAHOUYACTHIl Ag.
KaioueBble ciaoBa: >¢pdekr TKENOro aromMa, HHTEPKOMOWHAIMOHHAST KOHBEPCHS, CHHIJIETHBIH KHCIIOpOJ,
HaHOIIJIA3MOHHUKA, ()OTOCCHCHONIN3ATOP.

Kyuepenxo M.I., Pycunoe A.1IL.

Homumepai kabdarrarsel O: MoOJIEKY/JANAPBIHBIH  KEHICTIKTIK Tapaaysl MeH AU(QY3UAIBIK aFbIHBIH
KONMMILYJIbCTi JIOMUHECHEHTTIK AeTeKTipJiey

BepinreH  KyMBICTa  KONMUMITYJIBCTI  OelCeHAiIpy  KaFmalblHOa  OOSIFAaH  TONHMEpPJ  YITiAETi  TOTBIFY
(doTopeaKIsIIAPEIHBEIH KHHETHUKACH! 3epTTeNi. Peakuus OapbIChIHIA >KYMcANaTBIH OTTETiHIH atMocdepamaH Kabdat-
Kabatr auddy3UAIBIK TONBIKTHIPBUTYBI €CKepiiai. 3epTTey OapbhIChIHAA OTTEri MOJICKYJIadapbhIHBIH aHTPAICHHIH
AMMOOHIH3AIMSsIIAaHFAH MOJICKYJIAapbIMeH OailylaHbICy yaepici Tipkenmi. byin monekymanap (GpoToceHCHOMIHN3aTOp
peTiH/ie OpraHUuKaIbIK OOSFBINI (IPUTPO3MH) KOCBUIFaH, OTTETl OTKI3eTiH MOJMBUHMIOYTHUPANb HEri3iHJer! moauMepdi
KaOBIKIIaga OpHaIACThIpbUIFaH. OTTerire Toyenani (pOTOXMMHUSIIBIK peaKkIUsIapAblH KAHCTUKACHIH JKOHE MOJIAMEPIIi
KabaTThIH KOMHMMITYJbCTI JIa3epiiK ocepi Ke3iHAe JIOMHHECHEHTTIK JaObUIABIH KAJIBINTACYBIH CHIIATTAWTHIH
MaTeMaTHKAIIBIK MOJENIb YCBIHBUIABI. By Mojens OelceHaipy HMITyJIbCTaphl apachlHAAFbl Y3LTICTEple OTTEriHiH
T y3UsIIBIK TYp/e KAlbIHA KeTyiH ecKepe/i. DKCIEPUMEHTTIK JKOHE €CeNTeNreH TIOMUHECICHIUS 1a0bLUIIapbIHbIH
CANBICTRIPMAIBl  TANIAaybl HETi3iHIEe MOMMMepiti KaOBIKIIagarsl (POTOCEHCHOMIN3aTOp MEH TOTHIFATHIH PEarcHTTIH
KEHICTIKTIK OipTeKci3 cumaThiHa Oara Oepiii.

KinT ce3mepi: CHHIJIETTIK OTTeri, XMUMUSUIBIK Ty3aKTap, 0asy (IyopecleHIUsHBIH COHYl, CEHCHOWIM3AlMsIaHFaH
aKTHUBTEY.

Kyuepenrxo M.I'., Pycunoe A.Il.

MHoroumIryJibCHOE JIIOMHHECLEHTHOE [eTeKTMPOBAHHME IPOCTPAHCTBEHHOIO pAaCIpefe/eHUsI PeareHTOB H
AU Py3uoHHOro NoToka MoJiekyJa Oz B MoOJUMepPHBIi ¢JI0ii.

HccrenoBana KMHETHKAa OKHCIHTENBHBIX (DOTOPEAKIM B OKPALICHHOW IOJMMEPHOW IUICHKE NpPHU MHOTOKpPATHOM
HMMITYJIbCHOM aKTHUBAIIH CUCTEMBI C YUETOM HOCIOIHOTO 11 (HY3HOHHOTO BOCIIONHEHUS U3 aTMOC(hEpPhl KOHIICHTPAIIUT
pacxonyeMoro B peakluM KHCIOpoAa. Perumcrtpuposancs mpouecc XMMUYECKOro CBS3bIBAHMSA MOJEKYJT KHCIOPOAA C
MMMOOMIIN30BaHHBIMU MOJIEKYJIaMU aHTpPalleHa B KUCIOPOAOIPOHHUIIAEMOH MOJIMMEPHOI! IIJIEHKE OJINBUHUIOY THPAJIS,
coJieprkallel, B KauecTBe (hOTOCEHCHOMIIM3aTOpa, MOJIEKYJIBl OpraHMYecKoro Kpacurens (3purpos3uH). [IpemnoxeHa
MaTreMaTudecKasi MoJIelb, ONMCHIBAIONIAs KMHETUKY KHCIOPOJ03aBHCAIINX (POTOPEAKLMi B TUIEHKE U (OPMUPOBAaHUE
CUTHAJIOB JIIOMHHECIIEHTHOTO OTKJIMKAa NPH €€ MHOTOMMITYJIbCHOHM JIa3epHOM aKTHBALUH C y4eToM Ju(Qy3HOHHOTO
BOCIIOJIHEHHMSI MOJIEKYJI KHCIOpPOAa B IPOMEXyTKax MeXIy aKTUBHUPYIOIIMMHU ummnynscamu. Ha ocHoBe
CPaBHUTEJIBHOIO aHAJIM3a SKCIIEPUMEHTAIbHBIX U PACUETHBIX CUTHAJIOB JIIOMUHECLEHIIMH IPOBEICHA OLICHKA XapaKTepa
HEOJHOPOAHOTO NMPOCTPAHCTBEHHOTO PaclpeeneHns (POTOCEHCHONIN3aTOPa M OKUCIIIEMOTO PeareHTa B MOINMEPHOH
TUICHKE.
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KaoueBble ciaoBa: CHHIJICTHEIN KHCJIOPOJ, XHUMHWYCCKUEC JIOBYHIKH, TYIICHUEC 3aMeIJICHHOM (bﬂyopecueHuI/m,
CeHCI/I6I/IHI/I3I/IpOBaHHaH aKTHuBalus.

ILlapanoe H., Omaposa I'., Cadvikosa A., Cenusepcmosa E.

Ag/TiO2 :xoHe Ag/SiO: HaHOO6IeKTePiHiH KacHeTTepi koHe 0J1ap/bIH KapThliail 6TKI3rill HAHOKOMIO3UTTIH
(oToKaTATNTHKATBIK KacHeTTepiHe dcepi

TiO, memece SiO; KaOBIFPIMEH KalTaJFaH KyMiC HaHOOOIIIEKTEPiHIH ONTHKANBIK KACHETTEpi MEH JJIEKTp OpiCiHiH
Tapamybl 3epTrenmi. [lmasMoHABI HaHOONIIEKTepIiH aWHAIACHIHAAFBl KAOBIKTHIH OONYBI ONapIbIH KYTBUIY
JKOJIaFBIHBIH MaKCHUMYMBIHBIH OaTOXPOMIBIK BIFBICYbIHA OKeNeTiHi kepcerimi. I[lma3mMoHIBl HaHOO®IIMIEKTEpIiH
aifHaJIaCBIHJAFbl DJIEKTP OPICIHIH MaKCHUMaJAbl KEpHEYJIri pajuanibl TYpAE LIOFBIPJIAHbIN, HETi3iHEH 3epTTeNreH
HAHOOOJIICKTepAiH OeTiHae opHamacagsl. KBaHTTHIK THIMAUIIK, SFHU COYJCJICHTeH (OTOHIAAPABIH IKYTHUIFAH
¢doronnapra katbiHacel, Ag/TiO» HaHoOemekTepi yuriH Ag/SiOx-meH canbicteipranaa 50%-ra xorapel. Ag/TiO, xoHe
Ag/SiO; sampo/xkabbik HaHOOemmekTepi OomraH karmaiina TiO»/rGO HAHOKOMIIO3UTIHIH (POTOKATATHTHKAIBIK
Oencenniniri Tuicinme 2,7 xoHe 1,7 ecere apransl. bakeuranran esrepicrep TiO»/rGO 3apsin TackiManjay
KACHEeTTEpiHIH JKaKCapybIMEH JKOHE HAHOOONIIEKTepACH JKapThUIad  OTKISTIMIKE BICTHIK  SJICKTPOHIOAPABIH
WHXEKIHUACHIMEH OailIaHBICTEL.

KinT ce3nepi: miasmMoH, HaHOOOIIIEKTEP, ONTHKANIBIK KACUETTEP, POTOKATANN3, HAHOKOMIIO3UTTED.

Hlapanoe U., Omaposa I'., Cadvixosa A., Cenugepcmosa E.

Cpoiicta HaHouyactun Ag/TiO: m Ag/SiO2 m uxX BiIngHHe HAa (OTOKATAJUTHYECKHE CBOMCTBA
MOJIYNPOBOAHUKOBOI0 HAHOKOMIIO3UTA

W3yueHsl onTHyeckre CBOICTBA M paclpelielieHne HanpsHKEHHOCTH 3JIEKTPUYECKOTO MO BOKPYT HAaHOYACTHUI] cepedpa
¢ obonoukoii n3 TiO; mnu SiO,. [lokazaHo, 4To HamMYUEe OOOJOYKH BOKPYT IUIA3MOHHOW HAaHOYACTHUIIBI TIPHUBOAUT K
0aTOXPOMHOMY CJIBUTY MakCHMyMa €€ IOJIOCHI MOrIonieHus. MakcumalbHasi HalpsHyKeHHOCTD AJIEKTPUYECKOTro MO
BOKPYT IJIA3MOHHBIX HAHOUYACTHIl CKOHIIEHTPUPOBaHA PaAHaIbHO U MPEUMYIIECTBEHHO Ha IOBEPXHOCTH MCCIIETYEMBIX
Hanouactull. OreHka KBaHTOBOH 3()(EKTHBHOCTH, KOTOpas B (PM3MYECKOM CMbICIIE TPEJCTABISECT OTHOLICHUE YUCiIa
M3ITyYeHHBIX ()OTOHOB K YHCIY MOTJOIIEHHBIX (oToHOB /i HaHodacThn Ag/TiO, moutn Ha 50% Oombiie, yeM st
Ag/SiO,. B mpucytcTBuu HaHOYAaCTHUIL siipo/obonouka coctaBa Ag/TiO, u Ag/SiO, doTokaTamuTHyeckass akKTHBHOCTh
Ha"Hokomrio3uta Ti0,/rGO yBenmuuBaercs B 2,7 u 1,7 pasa, cooTBeTcTBeHHO. HabmoraeMple M3MEHEHHS CBSA3aHBI KaK C
YIIyqIICHHEM 3apsio-TpaHcmopTHEIX cBOHCTB TiO»/rGO, Tak W BO3MOXXHOW HHXCIHEH TOPSYUX DIICKTPOHOB OT
HAHOYACTHIl B MOJYIPOBOJIHHK.

KaroueBble ci10Ba: m1a3MOH, HAHOYACTHIIBI, ONITHYECKHE CBOICTBA, ()OTOKATAIN3, HAHOKOMITO3HTHI.

Axam P., Amanzenowvt H., bapamosa A.A., Auyap A., Paitvimoexos E., Epzanuynot F.

3C sxome F saponapeiven SN Goumextepinin cepmimMai mambipaybin GpeHOMEHONOTHIBIK, KAPTHLIAI
MHKPOCKONMUSIBIK kdHe CRC-Tajay apKbUIbI KaH-KAKThI 3epTTEy

byn seprreyzae N+ ¥C peakuusics! ymin Epp, = 30.0, 32.0 xone 45.0 MaB an "N + °F xyiteci ywin Eip = 23.0, 26.0 u
29.0 M»3B coyiie sHeprusiapbiHia ajJbIHFaH OYPBINITHIK TapallyJIapibl KeIeH i Tanaay Kypriziiii. 3epTrey ONTHKANIbIK
MOJIENbi, ecellik (OIAMHT MOJENIH JKOHE peakius apHanapblHbH OaitHaneickaH ofmiciH (CRC) xonmmaHy apKbLIBI
Ky3sere achIppulabl. JKYMBICTBIH 0acThl MakcaThl (DEHOMEHOJOTHSUIIBIK JKOHE JKAapThUIai MUKPOCKOMHUSUIIBIK TICLIAEP
ApPKBLIBI ONMTHKAJBIK MOTCHIMA/IBIH OHTANIIBI MapaMeTpiepin anbikTay 00abl. HoTmkeciHae exi SApobIK Kyie YIiH
MOTEHIMAN [apaMeTpiiepi MEH OJap[blH JHEPrusifa TOYCNIUTri eCenTeNiN MIBIFAPbULIbL. TEOPHUSUIBIK MOJEIbICD
TOKIPUOETIK OYPBIMITHIK Tapadylapibl IoJ1 CHUIIATTal aijibl. APTKbI OYPBIITAPIAFhl MIANIBIPAYAbl TAIAy Ke3iHe
CRC ogmiciMeH albIHFAH HOTIDKEIED TOXKipube MOIIMETTEpiMEH OTe XKaKchl coiikec keimi. Commaii-ak PN — B3C + d
xone F — BN + o KoH}urypanmsuiapsl yuiH Typii sHeprusmapaarbl N HOHIAPBIHBIH CIEKTPOCKOIHSITBIK
aMIUTUTYAaJaphl ecenTeii. AJIbIHFAaH HOTHXeJep OYPhIH XKapHsIaHFaH IePEKTEPMEH CallbICTBIPBUIBII, OChI 3ePTTEY/IiH
JONAITT MEH YHJIeciMIUTITiH OaranayFa MyMKIHAIK Oepi.

Kiar ce3mepi: cepmimzai mrammIpay, ONTHKANBIK MOJENb, €KiMTiK (OIAMHT MOAENb, CepIiMAlI TachIMal,
CHEKTPOCKOIHSIIBIK aMILTUTY J1A.

Axam P., Amanzenowt H., bapamoesa A.A., Anyap A., Panivimobekos E., Epezanuynu F.

Kommuiexcupiii gpenomenosorngecknii, nomymukpockonnueckuit 1 CRC ananus ynpyroro paccesinust SN na
aapax 3C u F

B HacTos1eM uccnen0BaHUU YTIIOBBIE PAaCIpEAEICHNUS, TTOIyYEeHHbIE IPHU dHEPrusix mydka B, = 30.0, 32.0 u 45.0 M>B
s peakuun PN + BC u B, = 23.0, 26.0 u 29.0 MaB ans cucremsr "N + F, Gbun npoaHann3upoBaHbl C
HCTIONB30BaHUEM ONTHYECKON MOJenH, MOAENH ABOWHOro QonauHra u Mertoma conpspkéHHbIX kaHaimoB (CRC).
OCHOBHOH IeNTBI0 PaOOTHI OBLIO ONpEesIeHHEe ONTHUMAIBHOTO ONTHYECKOTO MTOTEHIIHANIA IyTEM (PeHOMEHOIOTHYECKOTO
1 MOJIYMHUKPOCKOIIMYECKOTO aHamu3a. B pesyipraTe AeTalbHBIX PAacd€éTOB OBUTH HOJXYYEHBI MPHEMIIEMbIE ITapaMeTphl
MTOTEHINAJIOB M WX 3aBHCHMOCTH OT JHEPIHH IS 00X AIepHBIX cucteM. OTMEYeHO, YTO TEOPETHYECKHE MOICIH
XOPOIIO BOCIIPOM3BOJAT IKCIIEPUMEHTAJIBHBIE YIVIOBBIE pacnpeneneHus. Ilpu aHamm3e paccestHUS Ha OONBIINX yTIax
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meton CRC mokasan BBICOKOE COOTBETCTBHE C OKCIEPUMEHTAIBHBIMU JaHHBIMU. B pesyibTaTe aHaiu3a ObLIH
U3BJIEYEHBI CHEKTPOCKOTMYECKHE aMIUTMTY bl 111 koupurypammii "N — 3C + d u F — SN + o npu paznmuunbix
SHEPruAX Majamux HoHoB “N. IlosydeHHbIE 3HAYEHMS CNEKTPOCKONMYECKHX AMILIMTYJ OBUIM COTOCTABIIEHBI C
paHee OMyOJMKOBAaHHBIMH JaHHBIMH, 4YTO TMO3BOJHJIO OIEHHTh COIJIACOBAHHOCTH M TOYHOCTH HACTOSIIIETO
HCCIIEIOBAHNS.

Kii0ueBble €J0Ba: YNpyroe paccesHUE, ONTUYECKas MOJENb, MOJAETb JBOWHOrO (OJNIMHTA, YHPYTHil TEPEHOC,
CIEKTPOCKONMYECKAs aMILIUTY 1A

Rohmawati L., Ferdianto S.P., Ma’arif M.S., Ardiansyah F.F., Muadhif F.I., Setyarsih W., Supardi Z.A.L,
Darminto D.

AHaHac KaObIFBIHBIH JKCTPAKThIHAH ajblHFaH ZnO HaHoOemekTepiH Cu 3j1eMeHTiMeH JierupJieHreH KoHe
TaOuru OOAFBINTHLIH MOAUUKANMAJIAHFAH epiTiHAici apKbUIbI OOSIFBININEH CEHCHOMIU3AUMSAJIAHFAH KYH
3JIeMEHTTePiHiH THIMALTITiH apTTHIpY

Bostrpiminen ceHCMOWNIM3aIMSUIAHFAH KYH 3JIEMEHTTEPiHIH TYPaKTBUIBIFBI MEH THIMIUNri ymriH ¢oroaHonarap MeH
OosIFBINI epiTiHAepl menrymi pe arkapaabl. Ockl 3epTTeyae (OTOaHO PETiHAE aHaHAC KAOBIFBIHBIH AKCTPAKTHIHAH
OMOpeAyKINSA apKBUIBI «KACBUT CHHTE3» oficiMeH anbiaFaH Cu 3eMeHTiMeH JerupieHreH ZnO yirici KOJIJaHBUIIHL.
CoHBIMEH KaTap, Maimepanus ofAiciMeH NMaiblHmanFaH OOSFBII epITiHIICI TYT aFalIbIHBIH JKEMICi MEH MOpHHIa
JKarbIpaKTapbIHBIH SKCTPAaKTTapbIHAH anblHAbl. CeHCHOMNTM3alusIaHFaH KYH dJIEMEeHTTepinAe Kongany ymniH 1%, 3%,
5% xane 10% Cu xoHneHTpanusapeiMer aerupierres ZnO ¢oroanoaraps! ITO msHb! 6eTiHe meripinin, Oip TOyIiK
00IiBl OOSFBIN epiTiHAiciHe ManmblHABL. KeiiH Oyn ynrimepniH 3JeKTPOTKI3TITIri MeH KYH JJIEMEHTIHIH THiMILTIr1
Oaramannel. @otoanoararsl Cu Jerupiey KOHICHTPAUUSICHIHBIH apTybl CCHCHOWIM3AaUsIIaHFaH KYH 3JIEMEHTTEPiHiH
OHIMJIUIIrIHE ocep eTeTiHi aHblKTanabl. Hotmwxecinne, 5% Cu nerupnenren ZnO ¢oTtoaHoasl 12 McC 3JIEKTPOH eMip
CYpy VvakwIThiMeH 1,67% eH >koFapbl THIMAUTIKTI kepceTti, Oynm Cu nerupienberen Hemece 1%, 3% xome 10%
KOHLEHTPALMsIAPBIMEH  JIETHPJICHICH YJATUIEPMEH CalbICThIpFaHAa Korapbl Kepcerkinl. Ocbutaiimna, TaOuFu
MaTepHaIapiaH alblHFaH O0SAFbINI epiTiHaiiepi MeH Cu 3JeMeHTIMEeH JierupiieHren ZnO HaHOOeIIeKTepi OOSIFBIIINCH
CCHCUOWIIM3AlMsIIaHFAaH KYH 3JIEMEHTTepl YIIIH OoJlaliakTa KOJJaHyFa THIMII MaTepuanaap peTiHIE AaMbITBUTYBI
MYMKIiH.

Kiar ce3nepi: OosFbIIIcH cCeHCHOMTM3AMsIIAaHFaH KYH dJeMeHTTepi, ZnO HaHoOemmekTepi, Cu erupiey, OOsFbIIT
epiTiH/ici, )KachlI CHHTE3.

Rohmawati L., Ferdianto S.P., Ma’arif M.S., Ardiansyah F.F., Muadhif F.I, Setyarsih W., Supardi Z.A.L,
Darminto D.

HoBbimenne 3(pPeKTHBHOCTH CEHCHOMIM3UPOBAHHBIX KPACHTEJIEM COJTHEYHBIX 3JIEMEHTOB C MCIO0JIb30BAHHEM
gerupoBanuss Cu M3 3KCTPaAKTa KOXKYpPhl aHaHAca HaHoyacTHHamMu ZnO ¢ MoMOMbI MOTU(PUIHPOBAHHOTO
pacTBOpa HATYPAJIBLHOI0 KpacuTeIsl.

dotoaHOABI W PAacTBOPBI  KpacuTeledl  He3aMEHMMBbI Ui CcTaOWIBHOCTH U 3(GQEeKTUBHOCTH  paboThI
CEHCUOWIIM3UPOBAHHBIX KPACUTENIEM COJHEUHBIX AJIEMEHTOB. B sTOM ucciemoBaHuu (HOTOAHOA MCIOIB3YET 0Opasell
ZnO, nerupoBanHblii Cu, M3TOTOBIEHHBIA C HCIOJB30BAHHEM METOJ]Ia 3€JI€HOTO CHHTE3a ¢ OMOBOCCTAHOBJICHHEM W3
9KCTpaKTa KOKYpHI aHaHaca. MexXIy TeM, ¢ HCIOIh30BaHUEM METOJIa Malepaldi pacTBOP KPACUTENS H3TOTABIMBACTCS
U3 DKCTpPaKTa IUIOAOB IIEIKOBHIBI M JIUCTHEB MOPHWHTH. J{Ns NMpUMEHEHWS B CCHCHOMIM3UPOBAHHBIX KpacHUTEIeM
CONTHEYHBIX AeMeHTax (otoanoasr ZnO, nerupoBannbie 1%, 3%, 5% u 10% Cu, 6pumn ucromens! Ha crexie ITO u
MOTPY>KEHBI B PAacTBOpP KpacHUTENlsd Ha OAWH JCHb. 3aTeM pe3yJbTaThl OBUIM MPOBEPEHBI HAa 3JICKTPOIPOBOJHOCTH U
MIPOU3BOIUTEIHLHOCTh B CCHCHOWIM3HUPOBAHHBIX KpPACHTEIEM COJHEYHBIX 3JieMeHTaX. JloOaBieHHe KOHIICHTpAI[UH
nerupoBaHus Cu Kk ¢oroanoxy ZnO MOXKET MOBIUATh Ha MPOU3BOAUTEIEHOCTh CCHCHOMIN3UPOBAHHOTO KPAaCHUTEIIEM
COJTHEYHOTO 3JieMeHTa. B 3To# padoTe obOpazen ZnO, neruposanusiii 5% Cu B kadecTBe (poTOAHOA, MOKA3aI CaMYIO
BBICOKYIO 3¢ dekTuBHOCTS B 1,67% cO BpeMeHeM >XH3HH 3JIEKTPOHOB 12 MC 1O cpaBHEHHIO C (oToaHOIOM Oe3
nerupoBanus Cu win ¢ nerupoBanueM Cu mpu koHreHtpanuax 1%, 3% u 10%. Takum obpazom, neruposanHsie Cu
HaHo4acTUIB! ZnO ¥ pacTBOPHI KpacHTENeld W3 MPHUPOAHBIX MAaTEPHUAIIOB MOTYT OBITH JOIONHHUTEIHHO Pa3pabOTaHbI
UL TPWIOKCHHH  CEHCHOWJIM3HMPOBAHHBIX  KpacHWTEJIEM  COJIHEYHBIX  3JeMeHTOB.  KiroueBble  ClloBa:
CEeHCHOMIIN3NPOBAHHbBIE KPACUTENIEM COJTHEYHBIE 3JIeMEHTHI, HaHo9acTHIbl ZnO, neruposanue Cu, pacTBOp KpacHUTeNs,
3€JICHBIA CUHTE3.

Myiicenvaesa M. C., Illpazep 3. P., Cakunosa C.E., Hycynoekos b. P.

OpraHuKaJbIK KATABIKTAPAAH KYHAbI KOMIIOHEHTTEpAl THIMII aly YIIiH 3JIeKTPO-THIPO-HMIYJILCTI OHIACYAIH
OHTAIIbI JHEPreTHKAJIBIK IapaMeTpJIepiH 3epTTey

Makanana KanIpIKTap[bl, aTan alTKaHga, TaMaK ©HEpKACiOiHIH JKaHapTHUIATHIH OMOKAJIBIKTapbhlH KalTa eHaeyre
KATBICTHI ©3€KTi MOCEJIeH] IeNTyAiH KeHoip acieKTiiepi KapacThIphIIafbl. OPTYPIIl OPTaHUKAIBIK KAIABIKTAPIbl OHICY
MEH KoJIeTe KapaTylblH 3aMaHayW TEXHOJOTHUSJIAPBIH 93ipiiey JXKoHe eHTi3y Kaz0a JHEeprusi Ke3AepiHe ToyeAUTiKTi
azaiiTyra, Kemipreri OefiTapanThIFbIHA KOJI JKETKI3yTe KOHE SKOJIOTHSUIBIK KAyilCi3MiKTI caKTayFa MYMKIHIIK Oeperi.
3epTTey HBICaHBI CYHEK Maccachl TYPIHIETI arpOOHEPKICINTIK KEMICHHIH OPraHUKaJIbIK KaJIBIKTap bl 00BN Ta0bLIAIbI.
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DJEeKTPO-THAPOUMITYJILCTI OHICYI KOJIaHa OTHIPBII, KYHJIBI KOMIIOHEHTT] THIMJII ally MYMKIHAIKTEPi IKCIIEPUMEHTTIK
TYpZAe 3epTTenii. OJNeKTP-THMAPOUMITYJbCTIK KOHIBIPFBIHBIH HPUHLIUIHAIIABL CYJI0ackl MEH opTypii eHJIey
PSKUMIIEPIHIC ChIHAY 9IICTEMEC] CUIATTalnFaH. OHJEY YaKbIThIH KbICKApTa OTHIPHIT, OPTAaHUKAIBIK ITUKI3aTTaH KYHIBI
KOMITOHCHTTEPI ally JOPEKECiH apTThIpyFa MYMKIHIIK OEpeTiH 3JeKTPOTEXHHWKAIBIK IapaMeTpiepIiH OHTAMIIBI
MOH/Iep1 aHBIKTAJIJIBL.

Kiar ce3mepi: 31eKTpO-rHAPOUMITYIbCTIK KOHIBIPFBI, YIIKBIHIBIK Pa3psill, OHICY, OpPraHUKabIK KaJIIbIKTap, CYHeKk
Maccachl, KYH/IbI KOMIIOHEHTTEP

Myiicenvaesa M. C., Ilpazep 3. P., Cakunosa C.E., Hycynoekos b. P.

HcciienoBanne oONTUMAJIBHBIX JHEPreTHYECKUX MaPaMETPOB JJIEKTPO-THAPOUMNYJILCHON 00padoTKM Jist
(P eKTHBHOTO H3BJIeYeHNUS EHHBIX KOMIIOHEHTOB U3 OPraHUYECKHX OTXO0/I0B.

B crathe paccMaTpUBAOTCS HEKOTOPBIC ACTEKTHI PEIICHUS AaKTyalbHOW IMPOOJIEMBI, CBA3aHHON C mepepaboTKoit
OTXOJIOB, B YAaCTHOCTH, BO300HOBJISICMBIX OHOOTXOJOB NHIICBOW NPOMBINUICHHOCTH. Pa3paboTka W BHEIpECHUE
COBPEMEHHBIX TEXHOJOTHIl 00pabOTKE M YTWUIM3AIMU PA3JIUYHBIX OPraHHYECKHX OTXOJOB IO3BOJHMT CHU3UTH
3aBUCHMOCTh OT HCKOMAeMbIX MCTOYHHKOB OHEPTHH, JOCTUYb YIJIEPOJAHONW HEWTPAIbHOCTH U COXPAHHThH
9KOJIOTHYECKYI0 Oe3omacHoCTh. OOBEKTOM HCCICIOBAHUS SIBISETCS OPraHHYECKHE OTXObI arpONpPOMBIILICHHOTO
KOMIUIEKCAa B BHJIE KOCTHOW Macchl. DKCIEPUMEHTAIBHO HCCIEI0BAHBI BO3MOXKHOCTH 3()(EKTUBHOIO H3BICUYCHUS
LEHHOIO KOMIIOHEHTa C NPUMEHEHHEM  3JEKTPO-THAPOMMITYJIbCHONH  00paboTku. [IpuBeseHo  ommcaHue
MPUHIUIHATBHON CXEMBI 3JIEKTPO-THIPOUMITYJILCHOM YCTAHOBKM M METOJHMKH TPOBEACHHS UCIBITAHUI MPU Pa3HBIX
peKUMax 06pa60T1<1/1. OHpeI[eJ'IeHLI ONTUMAJIbHBIC 3HAUCHUA DIJICKTPOTCXHHUYCCKUX IapaMEeTpPOB, IMO3BOJIAIOMINE
YBCJIUYNUTL CTCIICHb JKCTPAarupoBaHusd HEHHBIX KOMIIOHCHTOB H3 OPraHUYCCKOro CbIpbd € OIHOBPEMCHHLIM
COKpalIeHUEeM BpeMeHH 00pabOTKH.

KaioueBble ciioBa: 3IIeKTPO-THAPOMMITYJIbCHAsS YCTaHOBKA, MCKPOBOH paspsn, oOpaboTka, OpraHW4ecKHe OTXO[bl,
KOCTHasl Macca, [ICHHbIC KOMITOHEHTHI.

Ackaposa A.C., bonezenosa C.A., Ocnanoea I1I.C., Maxcymxanoea A.M., bonezenosa K. A., baiioynnaesa I'.E.
BHOOTBIH TAMIIBLIAPBIHBIH OYPKY 7KOHE KaHYbIHBIH KbLTY (PM3HKAJIBIK AHHAMHKACHIH 3epPTTeY.

Maxkanaga Tikeneil OypKy KO3FalTKBIIIBIHBIH KaHy KaMepachlHAa ONOOTHIH (OMOIU3eIb) TaMITBIIAPBIHEIH OYPKY JKOHE
TypOyJIeHTTI >KaHYbl KE3iHJE >XY3ere achIpbUIATHIH JKbLTy(H3HMKANBIK Tporectepai 3D KOMIBIOTEpIiK MOAENbICy
3epTTey ychIHbUIFaH. OChl MaKcaTTa Kypaeii TypOyJIeHTTi ocepiiecyllli aFbIHIbI €CenTeyre apHajIFaH MaTeMaTHKAJIbIK,
KEHICTIKTIK JXoHE CaHIBIK KOCAIKBl MOJENBICPIl KaMTHTHIH KEIICH I KOMITBIOTEPIIIK MOJACTh 93ipIeH . O3ipJieHreH
MOJIeNIbIl MaiiiaiaHa OTBIPBIN, JXKaHy KaMepachlHAarbl TEMIlepaTypa MEH KbICHIMHBIH ©3repyiHiH ocepiH eckepe
OTBIPBII, OMOJM3EIIbIIH dcepliecyIlli OThIH-aya KOCIACBIHBIH KbUIYJIBIK JKOHE ad3pOJIMHAMUKAJIBIK KACUETTEPIH 3epTTey
yurin 3D ecentey 3KCHepUMEHTTEpi Kyprizuiii. 3epTrey HOTHKeNlepi OMOMU3elNbi kKaFy Ke3iHAeri TeMIepaTypajblK
JKOHE 3USHJBI KaNJBIKTAP/bIH KOHLEHTPALMSJIBIK CHIIaTTaMallapbIMEH dcepliecylli arblHHBbIH 3D BU3yanu3aluuschiH
allyFa MYMKIHIIK Oepai. Mojenbaey Ke3iHAe alblHFAaH CaHABIK MOJIMETTED MOCTYPJl IU3ENbIIK OTHIHHBIH
HOTH)KEJIEPIMEH CaNIbICTBIPBUI/BI.

Kiar ce3aepi: 6nosHepreruka, OnooThIH, OYpKY, KSIMICH I MOJIENb, aKKYMYJISATOPIBIK OTHIH Xy#eci, 3D Bu3yanusanus,
3USH]IBI KAJIABIKTAP.

Ackaposa A.C., bonezenosa C.A., Ocnanoea 11I.C., Maxcymxanoea A.M., bonezenosa K.A., baiioynnaesa I'.E.
HccnenoBanue Tenjopuznyeckoii ITMHAMMKH NIPU PACTIbIIEHUU U TOPEHUH KaneJb 0HOTONIMBA.

B cratee mpexacraBimeHo wuccienoBaHue 3D KOMIBIOTEPHOTO MOJACIHPOBAaHUS TEIDIOGU3NYECKUX IIPOIIECCOB,
MIPOUCXOJISIINX MPHU PACHbUICHUH U TYpOYJIEHTHOM TOPEHHMM Kamellb OuoToruiiBa (Omonu3ensi) B KaMepe CrOpaHHs
JBUTATENs C HEMOCPEICTBEHHBIM BIPBICKOM. [l 3Toro Oblma pa3paboTaHa KOMIJIEKCHAs KOMIIBIOTEpPHAs MOJEIb,
BKIIOYAONIasi MaTeMaTHYeCKyl0, MPOCTPAHCTBEHHYIO M YHCICHHYIO MOAMOIENTH [UIi pacdera CIO0XKHOTO
TypOyJeHTHOTO pearupyromero tedeHus. C HCIOmb30BaHWEM pa3paboTaHHON Monenu OpUIHM mpoBeneHsl 3D
BBIYMCIIUTENBHBIE AKCHEPUMEHTHI II0 WCCIEIOBAHHMIO TEIJIOBBIX W adpOJAWHAMHYECKHX CBOMCTB pearupyromeit
TOIUTMBHO-BO3IYITHON CMECH OMOAN3ENs C YIeTOM BIIMSHUS N3MEHEHHS TeMIIepaTyphl U JaBlICHHUS B KaMepe CTOPaHMsI.
Pesynbrarsl uccnenoBaHuil MO3BOJWIN MOMY4YUTh 3D BH3yanu3aluio peardpyrolero TeUeHUs ¢ TeMIEepaTypHBIMH U
KOHLICHTPALMOHHBIMU XapaKTEPUCTHKAaMH BPEIHBIX BHIOPOCOB INpHM CKUraHnu Owuoxamsess. [lomydeHHble B Xofe
MO/JIETIMPOBAHMS YUCIICHHBIE JaHHBIE CPABHUBAINCH C PE3yJIbTATaMH ISl TPAJULIHOHHOTO AU3EIBHOTO TOIINBA.
KnaioueBnbie ciioBa: OnosHepreTnka, OMOTOIUIMBO, pacIblICHHE, KOMIUIEKCHAs MOJIEIb, aKKyMYJISITOPHAsl TOILJIMBHAs
cucrema, 3D Bu3yanuzanus, BpeHble BEIOPOCHI.

Cynpyn T.T.
KbL1y3HepreTUKAIbIK KA0AbIKTAaFbl TAaChIMAJIAy MpolecTepiH OaFajayFa »KepriJikti Tacinmi Koamanyabl
JKANNbLIAY
JKymbic GeTTepiHiH kKoHe )KbUTyTaChIMAaJIIaFBIIITHI KETKI3Y KYHECiHIH JKbUTy THIMAUIITIH apTThIPy IIapaapbiH d3ipiey
YIIiH CBHIPTKBI (apTKaH TYpPOYJIEHTTINIK) KoHe imKi (akelpay) TypOYJIEHTTIK ocepiiepAiH KYPASTi e3apa opeKerTecy
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KarIaibIHOarpl TachIMajlay NpOLECTepiH KEUIeHAl 3epTTey HOTIXKEIEpiH Tajjay KakeT. byn KyObuisicTap
KBUTYSHEPreTUKANBIK JKa0JbIKKa TOH. 3epTTEYAIH MakKcaThl - JKYMBIC OpPTAaChIHBIH CHIIATTAMajbIK aiiMakTapblH/Ia
KbUTY QU3UKAIIBIK TTapaMeTpIiepl )KeprilikTi OakpulayFa HEri3elIreH JKbUTy HEPTeTHKANBIK Ka0AbIKTaFbl TAChIMAIAAY
IpoIiecTepiH Oaranay oficTepiH a3ipiey OobIn TaObIIanbl. 3epTTEy HBICAHBI PETiHIE SHEPTETUKAJIBIK, XUMUSUIBIK JKOHE
ANEKTPOH/BIK Ka0ABIKTAPABIH KbIIyalIMacy OeTTepi MeH JKbLTyTaChIMAIJAFbIIITHI )KETKI3Y XKyHenepi adpHabL. 3epTTey
omicTepi peTiHAE TYpii TaOMFATTarbl TYpPOYJIEHTTIK KYOBUIBICTAp MEH JKBUIY, UMIIYJbC JXOHE Macca TachIMajnay
mporecTepin (PU3UKAIBIK MOJENBILY, TEPMOAHEMOMETPHIIBIK JKOHE SJIEKTPOKATOPUMETPILUIBIK Oy omicTepi,
COHJIali-aK JKBUTy MEH Macca YKCACTBIKTap dicTepi KOJMIaHbUIABL. Makaiaga Typili MakcaTTarbl JKbUTYIHEPI € THKAIIBIK
KaOIBIKTBIH aFbIHABIK OeJjirinae apTkaH TypOYJCHTTLNIKTIH, JKEPTUTIKTI TYHBIK  aXBIpaylapOblH OKOHE
OelicTaliMOHAPJIBIK aFBIHAAPJIBIH TackIMallay IpolecTepiHe acepiH Oaranay MbIcaigapbl apKbUIBl JKEPTUTIKTI TOCUIAI
KOJIIaHYZbIH JKaNNbUIaybl KapacTelppuiraH. COHBIMEH KaTap ©CIMIIK KaJIBIKTapbIHBIH (parMeHTTepiH KenTipy
TEXHOJIOTHSICBIHA apHAJIFaH JKbUTYy TaChIMAJJIAFBIIITHI KETKI3y JKYHECIH a3ipiey OapbIChIH/Ia JKePTUTIKTI TOCIII KOJIIaHy
TaJIAAaHABL. AJIBIHFaH HOTIKEJIEp )KYMBIC OSTTEepiHIH JKbUTy THIMALIITIH apTThIpy OOMBIHINA IIapanap a3ipiaeyaiH Herisi
0OJIBII TaObLIAIbL.

Kiar ce3mepi: >eprimikTi JKbLTy QH3HKAIBIK ITapaMeTpiep, JKePTUTiKTI a3poINHAMHKAJIBIK CHIIaTTaMalap, )XbUTyaaMacy
OeTTepi, KBTIy TaCHIMANIAAFBIIITHI KETKI3y XKyHeci.

Cynpyn T.T.

O0o0meHne NMPUMEHEHHsI JOKAJIBHOIO MOAX0Ja K OIleHKe IPOLECCOB IepeHoca B TelI0dHepreTHYecKoM
o0opyaoBaHNHU

Jnst pa3pa®OTKW Mep MO TOBBIMICHHIO TEIUIOBOH 3((GEKTHBHOCTH pPabOYMX IOBEPXHOCTEH M CHCTEMBI MOJAa4H
TEIIOHOCHUTEJIS HEOOXO0IMMO PacCMOTPETh M IPOAHANIN3UPOBATh PE3yJIbTAaThl KOMIUIEKCHBIX HCCIEIOBAaHUN MPOLIECCOB
MepeHoca B CIOXKHBIX YCIOBUSX B3aWMOZEHCTBUSI BHEUIHUX (NOBBIIMICHHAs TYpOYJIEHTHOCTh) M BHYTPEHHHX (OTPHIB)
TypOyJeHTHbIX 3((EKTOB, XapaKTepPHBIX JUIS TEIJIODHEpreTHueckoro obopyaoBanus. llenblo paboTel sBisieTCS
pa3paboTka METOJOB OLEHKH MPOLECCOB IEpeHoca B TaKOM O0OpYJIOBaHMM Ha OCHOBE JIOKAJBHOTO KOHTPOJIS
TeIIO(QU3NYECKUX MapaMeTpOB B XapaKTEpPHBIX 30HaX paboueil cpenbl. OOBEKTOM HCCIEIOBaHUS  SIBISIFOTCS
TETIO0OMEHHBIE MTOBEPXHOCTH JHEPIeTHYECKOTO, XUMHUYECKOTO M 3JIEKTPOHHOTO O00OpYIOBaHMS, a TAaKKE CHUCTEM
MOJIaY TEIUIOHOCUTES. MEeTOIOM HCCIEOBaHUS SBISIETCS (DU3MUECKOE MOJEIHPOBAaHHWE TYpPOYJICHTHBIX SIBICHUI
Pa3INYHOM MPHUPOIBI M TIPOIECCOB MIEPEHOCA TETIa, UMITYJIbCa X MAacChl ¢ UCIIOJIb30BAHIEM TEPMOAHEMOMETPHIECKHX,
JIEKTPOKATOPUMETPHUUECKIX METOIOB, a TAKXKE METOJI0B aHAJOTHH TEIlIa U Macchl. B craThe paccMoTpeHo 00o0meHne
NIPUMEHEHMSI JIOKAJIBHOTO TII0JIX0/la Ha MpHMepax OIEHKH BIMSHUS IOBBIMIEHHOM TypOyJNeHTHOCTH, MECTHBIX
3aMKHYTBIX OTPBIBOB W HECTAIIMOHAPHBIX TEUSHMH Ha MPOIECCHl IEPEHOCa B MPOTOYHOM YaCTH TEIUIOIHEPTETHIECKOTO
000pyIOBaHUS Pa3IHYHOTO Ha3HAUCHUsI. TaKke PacCMOTPEH JIOKAIBHBIN MOIX0 K pa3paboTke 3G HeKTUBHON CUCTEMBI
MOJIaYM  TEIUIOHOCHUTENsl JUIsi TEXHOJIOTMM JIOCYIIMBaHMS (ParMEeHTOB pACTUTENBHBIX OTXOJ0B. [losyyeHHbIe
pe3yJIbTaThl SIBISIOTCS OCHOBOW UIS pa3pabOTKH MEPOIPHUSATHH MO MOBBIMICHHUIO TEMJIOBOH 3(dexTuBHOCTH paboumx
NIOBEPXHOCTEH.

KaioueBble ciioBa: JoKajibHbIE TeIUIO(QU3NYECKHE MapaMeTphbl, JIOKaJbHbIE adPOJUHAMHYECKUE XapaKTEPUCTHKH,
MIOBEPXHOCTH TEIJIOOOMEHA, CHCTEMa IT0Jauyl TeTTIOHOCHTEIIS.

Hlaiimepoenoea K.M., Tneybepzenosa A.2K., Tanawmesa H.K., [Jrwocembaeéa A.H., Munwvkoe JIJI., baxmuvidoexosa
A.P.

Kypamanbl Kanakmajgapsl 6ap kel JHePreTHKAJIbIK KOHABIPFBIHBIH 23POAHMHAMMKAJIBIK CHIATTAMAJIAPbIH
apTTHIPY: A3POANHAMHIKA MeH KbICHIM TaPAJTYbIHBIH CAHIbIK ’KIHe IKCIIePUMEHTTIK Tajjaay.

Xen sHepreTHKaNBIK KOHABIPFBUIAPABIH THIMIUIITIH apTTHIPY JXKaHAPTHUIATHIH 3HEPTHs Ke3JepiHe CYpPaHBICTHIH ocyi
KarmaiblHOa ©3eKTi MiHAeT Ooyibin TabbulaAbl. byl KymbicTa KO3FaIMaWTBHIH NPOQMIbIEp MEH alHaIMalbl
OWIMHIPJIEPAl OipiKTipeTiH, eKi KypaMaibl KaldakliaJapMeH KaOIbIKTalFaH, KeJl DHEPTeTUKAIBIK KOHJBIPFHIHBIH
a’pOIMHAMUKANBIK CHIIATTaMalapbl 3epTTeNli. 3epTTey HBICAHBI — aFbIH OaFBITBIH OHTAWJIAHIBIPYFa JKOHE KeTepy
KYIIIH YJIFaiTyFa apHaJIFaH KOHABIPFBI Mojeni. OmicHama Ansys Fluent makeTiHzeTi caHABIK MOIENICYZl JKoHE
3epTXaHaJBIK JKaFJaiaapaa SKCIepUMEHTTIK CBIHAKTApAbI KaMTH bl Heri3ri HoTwKennep aya arbIHBIHBIH JKbLUIAaMIBIFBI
3-ter 12 wm/c-ka pmeiin apTkaH ke3nme Ttapry kymr 0,5 H-mam 3,85 H-xa neifin apraTelHBIH Kepcerenmi. Tapty
koa(¢unmenti PeitHonbac caHbiHBIH ecyiMeH 1,45-ten 1,05-ke neifin azasabl, Oy TypOYJIEHTTIK PEeXHMIe KOIlry
Ke3iH/e a’pOANHAMUKAIBIK CHUIaTTaMallap/blH KaKcapraHblH gonenneini. Kamakuiamapasin OeTiHgeri eH a3 ’oHe eH
JKOFapbl KBICHIM/BI CaJBICTRIPMAJIbl TaNJay alHally >XbUIZAMJABIFBIHBIH ©Cyi MEH KbICHIM aibIpBIMBIHBIH apTybl
apachIHIArbl KYIITI KOPPEJSIUSAHbI aHBIKTa/Ibl: Pmax MaMameH 0,4 [Ma-nan 0,7 [la-ra npeitin, an pmin — 0,15 IMa-nan 0,4
[a-ra neitin eceni. CaHIBIK KOHE SKCICPHUMEHTTIK NEPEKTEp.i CalbICTBIPy 5%-1aH acmaiThiH adbIPMAaNIbUIBIKTHI
KOepceTTi, Oyl MOMENbIiH AYPBICTBIFBIH JKOHE OMICTEMEHIH MYPBICTBIFBIH pacTaiipl. KOpBITBIHABUIAD KypaMaibl
KaJaKmangapapl KOJJAAHY JKET JHEPreTHKANBIK KOHJIBIPFBUIAPIABIH  adpOJWHAMUKAIBIK THIMAUILH  JOCTYpII
KOHCTPYKIMSUTAapMEH canblcThipranaa 8-10%-ra apTTeIpyFa MyMKiHOIK OepeTiHiH Kepceremi. byn xkaxcapy xen
SHEPreTUKACHIHBIH HEFYPIIBIM THIMII KOHE OPHBIKTHI JKYHeepiH, acipece jKel oJieyeTi TOMEH XKoHe opTalla eHipiepe
KYpYFa BIKIAJI €Tyl MYMKiH.
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Kinr ce311epi: JKCJI SHCPICTUKAJBIK KOHABIPTBI, KYpaMalibl KaJlaKliajlap, KbICBIMHBIH Tapajlybl, a3pOANHAMUKAJBIK
cunarramaliap, CaHAbIK MOJCIIBACY .

Hlaiimepoenosa K.M., Theyoepzenosa A.7K., Tanawesa H.K., [Jrocembaesa A.H., Munvkoe JI.JI., Baxmuibexosa
A.P.

[oBplIeHNe aIPOTUHAMHYECKHX XAPAKTEPHUCTHK BETPOIHEPreTHUYECKOH YCTAHOBKH € KOMOMHHPOBAHHBIMH
JIOMACTAMM: YHCJIOBOH U IKCIePUMEHTAIbHbIN aHATU3 a3POIMHAMHMKH U pacnpeneaeHus 1aBJIeHUs

[Norimenue 3¢ppeKTHBHOCTH BETPOIHEPTETUICCKUX YCTAHOBOK SBJISIETCS aKTyal bHOM 3aJadeil B YCIOBUAX PACTyIIETO
cmpoca Ha  BO30OHOBISICMbIE HCTOYHUKH DJHEPrUU. B 1aHHOW padoTe HCCIEAYIOTCS — a3pOJUHAMUYCCKUC
XapaKTCPUCTHKH  BETPOIHEPTCTHUCCKOW  YCTAHOBKHM, OCHAIIEHHON JBYMs KOMOWHHPOBAHHBIMH  JIOMACTSMH,
COYCTAMNIMMH HEIMOJBM)KHBIC MPOo(uin U Bpamarnmecs MWIMHAPEL OOBEKT HCCICAOBAaHUS - MOJCIh YCTAHOBKH,
NpeHa3HauYeHHas ISl ONTUMU3AlMU HAMPaBJICHUS MOTOKA U YBEIMUEHUSI MOABEMHON CHITbL. MEeTOA00T Ul BKIIIOYAET
YHCJICHHOE MOJeNupoBanue B makere Ansys Fluent u 3kcmepuMeHTalbHBIC HCIBITAHHUS B JJAOOPATOPHBIX YCIOBHUSX.
OCHOBHBIE PE3YJIbTaThl MOKA3BIBAIOT, YTO IPH YBEIMYEHHH CKOPOCTH BO3AYIIHOTO TOTOKa ¢ 3 mo 12 wm/c tara
Bozpacraer ¢ 0,5 H no 3,85 H. Koapdumment taru ymensmaercs ¢ 1,45 no 1,05 ¢ poctom umcna PeliHonbiaca, 9To
CBUZICTEIECTBYET 00 VIYUIICHHH a’pONMHAMHYCCKHX XapaKTePUCTUK IMPH Tepexone K TypOyJICHTHOMY pPEXHMY.
CpaBHHUTENBHBIA aHATH3 MUHAMAIBFHOTO M MAaKCHMAaJBbHOTO JaBJICHUN Ha MOBEPXHOCTH JIOMACTEH BBIIBUI CHIIBHYIO
KOPPEIIIIUI0 MEXIy POCTOM CKOPOCTH BpAlICHUS ¥ YyBEIWYCHHEM IMepenafa MdaBICHUH: Pmax BO3PACTACT
npubmmsutensio ¢ 0,4 Ila go 0,7 Ia, a pmn —c 0,15 Ila go 0,4 Ila. ComocraBieHHE YHCICHHBIX U
SKCIIEPUMEHTAIBHBIX JIaHHBIX TOKA3aJI0 pacxoxaeHue He Oornee 5 %, 4TO MOATBEPKIAET JOCTOBEPHOCTh MOJAEIH U
KOPPEKTHOCTh METOJMKH. BBIBOJBI YKa3bIBAIOT, YTO MPUMCHEHUE KOMOMHUPOBAHHBIX JIOMACTEH MO3BOJIAET MOBBICUThH
A3POTMHAMUYECKYI0 3()(DEKTHBHOCTh BETPOIHEPTETHUECKUX YCTAaHOBOK Ha 8—10 % MO CpaBHEHHIO C TPAJAUIIMOHHBIMHU
KOHCTPYKIHUSAMHU. DTO YIIYUIICHHE MOXET CIIOCOOCTBOBATh CO3MaHUIO0 Oojice 3(P(PEKTUBHBIX M YCTOHYUBBIX CHCTEM
BETPOIHEPTreTUKH, OCOOCHHO B PETMOHAX C HU3KUM M CPETHUM BETPOBBIM IMOTEHITHAIOM.

KiiloueBble €j10Ba: BETPOIHEPTETUUECKAs YCTaHOBKA, KOMOWHUPOBAaHHBIC JIOMACTH, pacHpeleleHue aBlIeHUs,
A’pOTMHAMUYECKHEC XapaKTEPUCTUKH, YICICHHOEC MOJICIIHPOBAHIE.

Kenoait A.A., Epesrcen /I.E., Anouapoe A.Y.

Kemipcyrek matepuaigapbiibli UK @ypbe-cneKTpoCKONMUsICHl YIIIH TOMEH TeMIIepaTypajblK YSIIBIKTbI
Jzipaey.

Byn xymbIcTa KeMIpCyTeKTI MaTepHalJapAblH TOMEH TeMIeparypana xoHe arMmocdepanblk KeicbiMaa FTIR
CHEKTPOCKONHS TEXHOJIOTHSICHI KOPCETUIreH. byl KypbUIFbl opTYpJIi 3aTTap/blH ONTHKAIbIK Kacuertepin 77 — 300 K
TeMIIepaTypa JAWana3oHbIHAa BaKyyMChI3 3epTTeyre oHe Oyjl cajiajza 3epTTeysiep MKETKUTKCI3 OOJIFaH/IbIKTaH KaHa
ipreni ManiMerTep anmyra MyMKiHAIK Oepeni. CumaTranraH jxaHa apictep MeH onicremenep FTIR crnexrpomerpimeH,
T GY3UsIIBIK  IAFBUIBICTBIPY KOHIBIPFBICHIMEH JkoHe eKi JIploap BIABICBIMEH JKYMBIC ICTEilli, KPHUOTEHMIK
KanMULIPJIIBIK JKyleie CyHbIK a30TIeH calkpiHaary xone MK-0encenni eMec opranbl Kypy YILIH ra3jibl a30TIEH Ypiiey.
By »kaHa oMiCTEMEHI TEOPHSUIBIK akKmapar peTiHae OuriM Oepy calachIMEH KaTap OpTYP/i SHEPreTHKANIBIK JKOHE
nH(PaKYpBUIBIMIBIK cajlajiap YIIiH Maigais! IPUHIMIITI XKaHa JepeKTepIi ayAblH KYH/ABI 9/1iciHe aifHaIIAbIpaIbl.

Kiar ce3mep: FTIR crekTpoCKOIUACH, TOMEH TeMIepaTypa, YIMIBIK, KPHOTeHII KaWUILPIBIK JKyie, KOMipCyTeKTi
Marepuaniap.

Kenbait A.A., Epescen /I.E., Anousapoe A.Y.

Pa3zpadorka HuzkoremnepatrypHoii sueiiku 1 UK @ypbe-cnekTpocKONUM yriieBOAOPOIHBIX MATEPHAJIOB.

B nannoi#t pabote mpeacraBneHa TexHonorus MK-®@ypre ceKTpoCKONHU yTiIeBOJOPOIHBIX MAaTepPHATIOB MPHU HU3KHUX
TeMIepaTypax ¥ aTMOC(EepHOM MaBIEHHH. DTO YCTPOMCTBO MO3BOJISET HM3ydaTh ONTHYECKHE CBOWCTBA PAa3THUUHBIX
BemiecTB B auamazoHe temmepatyp 77 — 300 K 6Ge3 HEoOXOAMMOCTH HCIIONB30BaHMSA BAaKyyMa W IOJMy4aTbh HOBBIE
(yHIaMeHTaJIbHBIE TaHHBIE, TIOCKOJIBKY MCCIIEOBAaHUN B 3TOM 001acTi HegocTarodHo. ONHcaHBl HOBBIE METOIUKH H
meronbl pabotel ¢ UK-Dypbe crnekrpomeTpoM, mMpucTaBKoil aud@y3HOro oTparkeHUS W AByMsl cocyaamu [[proapa,
HCTIONB3YIOMIMMH U OXJAKACHUSA >KUIKAM a30TOM BHYTPH KPHOTCHHOW KaNMWJUIAPHOM CHCTEMBI M MPOIYyBKH
ra3oo0pasHbM a3oToM i co3nanus VIK-HeakTMBHOW cpeabl. DTO JiellaeT HOBYIO METOAMKY IIEHHBIM METOIOM
MOJTy4eHHs] TPUHIUITNAIBLHO HOBBIX JaHHBIX, MOJIE3HBIX IS Pa3JIMUHBIX Cep SHEPTETUKN U UHPACTPYKTYPHI, a TAKKE
JU1st 001acTH 00pa30BaHMs B KaUeCTBE TEOPETHIECKOH HH(OPMALIUH.

KuroueBnie ciopa: K ®dypbe-ciekTpockonus, HU3Kas TeMIEparypa, sueiika, KpHOTeHHasl KalWUIIpHas CUCTEMA,
yTIE€BOAOPOAHBIE MaTEPHAIBL.

TI'yuenxo C.A., Cenvorzaee O.b., @omun B.H., Apanacwves /I.A.

Marnanuiiig Koppo3usira Ti3iMaiirin 6o/xkay.

Y CBIHBIIFAH J)KYMBICTA TEHi3 CYBIHAAFBl MarHuiiniH (AMg KopeITHanzapsl — allOMHHUNA-MarHii KOPBITIIAchl) OepikTiri
MEH KOppO3Ws KBUIMAMJBIFBIHA ocep eTeTiH dakTopiuap 3eprrennai. KaHbelKmaran anmbga-KaTTel epiTiHILIepae
TIOMUHUHA KYPBUIBIMBIHAAFGl MAarHUNAIH HETI3Ti TYpl aJIOMHUHHHA YSAIIBIKTApbIHAAFBl OPTOPOMOTHI imIKi JKYHECiHIH
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Oeuriri 60ubIn TaOBUIATHIH MgrAls 31€KTPOHIBIK KOCBLIBICH! 0OJIbIN TaOBUIATHIHEI KepceTinreH. Ecentey kepceTkeHiei,
ATIOMHHHUH YAIIBIKTApBIHIA OPTOPOMOTHI ilIKi Xyde perinae MgrAls TOOBI HerypibiM Ken 0oJica, COFYpIBIM Oyl
KOpBITHANAP.IbIH OepikTiri xorapsl 6onansl. PM3 omici kypambinaa MgoAls ToOBI 6ap amoMUHUI ySIIIBIKTapbl MEH Ta3a
AIIFOMUHUH YAMBIKTAPBIHBIH FAJIOTeH HOHAAPBIMEH JKOWBUTY MEXAHN3MIiH aHBIKTAy YINiH KOJJAHBUIABL ¥ SIIBIKTAPIBIH
€Ki TYpiHIH Je XOHBUIyBl Oipaell cleHapuil OOHBIHINA, TEHi3 CYBIMEH MIEKTECETiH YSIMIBIKTAPBIHBIH JKOFapFhI
JKarbIHIAFbl OPTAJIBIK aTOMHBIH TI'aJIOTeH HOHIApbl apKbUIBl aXBIpaybl apKbUIbl xypeni. TeHi3 cyblHIa KypaMbIHAA
MgyAls ToOBI Gap aMfOMHUHUI 3JEMEHTTEPIHIH KOPPO3Ws JKBUIIaMABIFEI Ta3a aTIOMHHUN 3JIEMEHTTEPiHIH KOppO3Msd
KBUTTAaMIBIFBIHAH JKOFAphl eKeHi AoenaeHai. TeHi3 CyblHaarsl MarHHHAIH TOMEeH MaccalbIk yieci (3,5% koca anranga
MarHuit) 0ap MarHUHAIH KOPPO3HS KBIIIAMABIFEIHEIH ©3TePYiH ecenTeyre MYMKIHIIK OepeTiH MaTeMaTHKAIIBIK MOIEIh
o3ipienai. Mogenp Herisri nerupneynn snemeHtrepain (Mg, Cr, Mn, Zn, Ti, Cu) MaccanblK YJeCiHIH KOppo3us
KBUIaM/IBIFBIHA CEPiHIH ©3repyiH ecelKe anyFa MyMKIHIIK Oepeai. AJIOMMHHUA KOPBITIACHIHBIH YII HYCKACHI YIIIH
TEHI3 CYBIHAAFbl KOPPO3Ms O KbUIIAMJBIFBIHBIH ©3repyl OChl MOJAENb apKbUIbl ecenTenii. AJOMHHHI-MarHui
KOPBITIACHIHBIH OYJ1 HyCKajapbIHa Jeripyeyii snemenTrepain Cr skoHe Mn MeJepiHiH jkoFapbuiaybiMeH 2,6 Macca%
KYpaiTBIH MarHui Kipei.

Kiar ce3mep: xoppo3us, alIOMHHWI-MarHWH KOPBITHACHI, MarHuii, aTIOMHUHHUI, TEKIIe iMKi >XyHe, TrajJoreHnep,
KBAHTTHIK XUMHUSUIBIK €CenTeyiep.

T'yuenxo C.A., Cenvorweaee O.b., ®omun B.H., Apanacwves /].A.

IIporHo3upoBaHue KOPPO3MLUMOHHON CTOHKOCTH MarHajaueB.

B mpezncraBieHHON paboTe pacCMOTPEHHI (DaKTOPHI, BIUAIOMINAE HA IIPOYHOCTh U CKOPOCTh KOPPO3HH B MOPCKOM BOJIE
MarHanueB (CruraBoB AMr - aJrOMHHHEBO-MAarHUEBBIN ciuiaB). [loka3aHO, YTO B HEHACHINICHHBIX TBEPABIX albda
pacTBOpax OCHOBHOMW (hOpMOI MarHus B CTPYKTYPE aTFOMHHUS ABJSICTCS 3JICKTPOHHOE coemuHeHne MgrAls , Bxoasiiee
B POMOHYCCKYIO MOACHUCTEMY SYCCK alOMUHMS. Pacder mokasas, 4To 4eM OOJbIIe sSYEeCK aJIOMHHHS COICpKaT B
KayecTBe pPOMOMYECKOW MoJcHCTeMbl rpynmy MgyAly, TeM Bbllle MPOYHOCTh AAaHHBIX cIulaBoB. Merogom PM3
ONpeJINIeH MEXaHU3M Pa3pyIICHUs WOHAMU TaJIOTEHOB SUYEEK YHCTOTO aTIOMUHUS M SUYEEK AFOMHUHHUS COJEPIKaIINX
rpynny Mg>Als. Paspyrienne 000uX THIIOB siYEEK MPOUCXOIMT IO OJUHAKOBOMY CIICHAPHUIO, Yepe3 OTPHIB MOHAMU
TaJIOT€HOB LEHTPaJIbHOIO aroMa B BEPXHEH I'paHU sUeeK, FpaHUyaIlnX ¢ MOpCcKoi BoaoH. IlokasaHo, YTO B MOpCKOH
BOJIE CKOPOCTh KOPPO3WH SUCCK ANOMUHHS COJAepKamux rpymmy MgrAls Gonbine, 4eM CKOPOCTh KOPPO3UH STYEEK
YHCTOTO amioMUHHA. Pa3paboTaHa MaTeMaTHYecKas MOJEIb, IIO3BOJIIONIAS PACCUUTATh HM3MEHEHHE CKOPOCTH
KOPpO3HH MarHajJneB ¢ HU3KOW MaccoBoil moneit Mmaraus (1o 3,5 % MarHus BKIIOYHTENBHO) B MOPCKOH Boxe. Mozens
MTO3BOJISICT YYUTHIBATh H3MEHEHHUE BIHMSHUS MacCOBOM JOJHM OCHOBHBIX JIETHpYyROIUX 3neMenToB (Mg, Cr, Mn, Zn, Ti,
Cu) Ha cKOpOCTh KOppo3uu. M3MeHeHHe CKOPOCTH KOPPO3MH B MOPCKOW BOJie TpeX BapHaHTOB CIUIABa aJIOMUHUS
paccuMTaHO C HWCIHOJB30BaHWEM JAHHOW MOJENU. OTH BapHaHThl ATIOMHHHEBO-MarHHEBBIX CIUIABOB BKIIOYAIOT
coliepkaHue MarHus 2,6 MaccoBbIX % C MOBBIIIEHHBIM COAEPKaHUEM JIETHPYIOUTNX 37eMeHToB Cr m Mn.

KiroueBble cioBa: Kopposus, aliOMHHHEBO-MAarHHEBBIM CIUIAB, MarHajJu#, allOMUHHMA, KyOWYecKas MOJCHUCTEMa,
TaJIOT€HbI, KBAHTOBO-XUMHUYECKUE PACUETHI.

Bonoxumuna H.E., Ilanun E.A., Bonoxumun A.B., @edoposa T./]., lamvinosa M.A., Maxmymoe b.b.

Kana Oipikripinren TexnosjorusiMmex aegopmauusiay Kedinaeri LbIObIKTBIH KepHeyJli-Ie(opMalusiIbIK KYiiH
3epTTey

Byt )xyMbIcTa paguaiibsl-bIFbICy TApTY MEH JCTYPIIl CO3YABIH OIpiKTipiireH neopManusiay TeXHOJIOTHSICHIH aKbIPIIbI
ANIEMEHTTEP OICi apKbpUIBI MoOAeNbaey HoTmkenepi kenripimren. DEFORM Oarmapmamachkl KeMeTiMeH KepHEYIi-
neGopManMsUIBIK KYH TapaMmeTpiiepi MeH nedopMmanus KymTepi 3epTTenmi. Op Typii OacTamkel AuamMeTpiaeri
JalbIHAaMaIapMeH, Oip PEeTTiK oHE TONBIK KbICYMEH, COHAAN-aK apTYpJli KbI3ABIPY TeMIiepaTypaiapbiMeH OipHele
MOJIENbICD KapacThIPbUIABL. 3epTrey HoTIKenepi Ooiibiaina, 900°C temmeparypama 30-25-20 cyibachkl OHTAMIBI
JKaFJaiiapMeH cunaTTanaapl. Anaina, Oy cynba nedopManusiiaymibl )Ka0ApIKTEIH KETKUTIKTI OEpiKTiTi jKaF ailbIHIa
FaHa YChIHBUIAABI. backa jxaFiainapja IIeKTi J>KYKTeMellepAeH aclaWThiH JeopMalusHbl KaMTaMachl3 eTeTiH
cyJibaap/abl TaHIIAy KaKeT.

Kiar ce3nepi: cosy, Mopenbey, BIOBIK, 60IaT, KepHEYTi-IeGOpMaIMUIBIK KYH.

Bonoxumuna U.E., Illanun E.A., Bonokumun A.B., ®eooposa T./l., lamvinosa M.A., Maxmymoe b.b.
HccnenoBanne HANpsiZKeHHO-Ie¢()OPMHPOBAHHOIO COCTOSIHHMSI TNPYTKa MNpH  JAeOpMHPOBAHMHM HOBOM
COBMELICHHOH TeXHOJIOTHH

B nanHO# paboTe mnpexacTaBiieHBl pPE3yJbTAThl KOHEYHO-3JIEMEHTHOTO MOJEIMPOBAHUS HOBOW TEXHOJIOTHH
KOMOWHHMPOBAHHOTO JIe(OPMUPOBaHHS PaIUaIbHO-CABUIOBOM MPOTSHKKK U TPAJUIIMOHHOTO BoJIoYeHHUs. C IIOMOIIBIO
mporpaMmMbl DEFORM  unccnenoBansl  mapaMeTpsl  HaNpsDKEHHO-AS(OPMUPOBAHHOTO COCTOSSHHS W CHJIBI
nedhopmupoBanus. PaccmaTpuBancs psn  Mojaeneld C  pasMYHBIMM - HadaJbHBIMH JUaMETpaMU 3aroTOBKH,
OJHOKPATHBIM MW TOJHBIM O6)KaTI/ICM, pasiindyHbIMHU TEMIIEpaTypaMHu Harpe€sa 3aroTOBKH. BLISIBJ'ICHO, 4qTo
OonTHMalbHBIE ycIoBUS uMeeT cxema 30-25-20 mpm Temmeparype 900°C. Ommako maHHas cXeMa MOXET OBITh
pEeKOMEHJIOBaHA TIPHU JOCTATOYHOH TIPOYHOCTH JeOpPMHUPYIONIET0 000pynoBaHHA. B  ocTampHBIX ciydasx
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HE00X0AMMO BBIOMpaTh cXeMy, obecrieunBaonyto aedopmarmio 6e3 npeBbIIeHHs TPeaesIbHBIX HAarPy30K.
KaroueBrble c10Ba: BOJOYEHUE, MOJICIINPOBAHHE, IPYTOK, CTallb, HAPSIKEHHO -1e()OPMUPOBAHHOE COCTOSHUE.

Typmazanéem Y., Kexcebaii /., Typnvikoosrcaesa /]., Ckaovinoe A., Axmanoe C. Temeweesa C., Macanum I1., Tao M.
Tepmusiabik HHGPaKb3bLI HeIicaHAApABI YOLO Moae/baepi apKbLIbl aHBIKTAY.

OOBeKTiNepi aHBIKTAy - KOMIIBIOTEPIIK Kepy JXKoHE KAIIBIKTaH 30HATAyJarbl HETI3ri MIHAET, 0N KecKiHAepHaeri
OOBEKTIIEpAiH OpPTYPIIi TYpJICpiH TaHyFa KOHE CaHATTapFa OeJyre OarbITTaiFaH. ¥INKBIIICH3 9ye ammapaTypachlHBIH
TePMISIIBIK MHQPAKBI3BUT KAIIBIKTaH 30HATAYHl KOFaMIBIK KOJAaHOajmapAa HETI3ri JepekTep Ke3i peTiHAe KbI3MEeT
€TEeTiH MAaHBI3ABl KOIl CICHApPHWIIi KecKiHaep MeH OeliHemepni KamTamachkl3 erenmi. JlereHMeH, Oyl KecKiHaepneri
HBICAHIAP/bl AHBIKTAy KYpJesi KepiHiC akKmapaTblHa, KOpIHETiH CIEeKTpNiK OeiHEeMEH CaJbICThIpFaHga TOMEH
QKBIPATBIMIBIIBIKKA JKOHE JKAIIBIFa KOJDKETIMAI TaHOAJaHFaH JEepeKTep J>KMBIHBI MEH OKBITBUIFAH YJTUIEpIiH
OonMaybiHa OaiaHBICTBI KUBIH OOJIBIN Kana Oepeni. by Kyxar kajimeira KOJDKETIMAI KosgaHOaidapla KeCKiH jKoHe
OeiiHe Tayijaybl YIIIH YIIKBIIICHI3 HETI3/ENIeH HBICAHIbl aHBIKTay KYPBUIBIMBIH YCHIHa/Abl jkoHe YOLOV8n/vS8s,
YOLOvI11n/vlls xxene YOLOvI12n/v12s ynrinepiiH >kep YCTi KbUly MH(PAKBI3BUI KECKIHIEPIHEH MYMKIHAIKTEpAi
aTyaFbl OHIMIUTITIH Oaramaiiibl KoHE COHBIMEH KaTap TiKeJel KamepanaplaH TYcipinreH OeifHenep MeH OeltHenepi,
optypmi OypeimrapmaH TycipiireH uwHOpakp3eun OeiiHenep. YOLOvVS8n/v8s, YOLOvlln/vlls >koHE COHFBHI
YOLOvI12n/v12s ymrinepi Raspberry Pi 5 sxyitecinge OpenVINO KypbUIBIMBI apKbUTBI OpHANACTHIPBUTFaH. By
MOJIETIBJICPAl COTTI OpHAJACTHIPY, COHBIH IIIIHAE COHFBI HYCKACHI, OJAPJBIH YIIKBIIICHI3 TEPMISUIBIK HH(PaKBI3BLT
HBICAaHJApIBl aHBIKTAyFa JXKapaMABUIBIFBIH Kepceremi. Hotmxenep YOLOVS sxoHe YOLOv11 >xofaphl Donpmik IeH
colikecinme 93% sxoHe 92% ecke Tycipy KepceTKimTepiHe KOJI JKeTKi3reHiH kepcereni, an YOLOv12 moneni »xakchl
JJIIKTI KOpCeTTi, Oipak caJbICTIpMalbl TYpAe TOMEH IQJIIK MeH eCKe TYCIpY JKbIIIaMIIBIFbL, 9pi Kapail xkeTiaipyre
MYMKIiH/IIK Oeperi.

Kiar ce3nepi: O6bekrinepai anpiktay, YOLO yiriiepi, YIIKBIIICHI3 VIIy ammaparTtapbl, ajfa Kapail OarbITTajraH
nH(}ppaKpI3bLT KaMepalap, TEpMHUSIIBIK HHPPaKbI3bLI KecKinaep, Raspberry Pi 5.

Typmazanoem Y., Kexceoait /1., Typavikoscaeea /., Ckaovinoe A., Axmanoe C. Temewesa C., Macanum I1., Tao M.
TenoBoe ungpakpacHoe od0Hapy:KkeHHe 00bEKTOB ¢ noMoubI0 Moaeaeii YOLO.

OOHapyxeHHe O00BEKTOB SABISIETCS (PyHIAMEHTANbHOW 3amadell B KOMIIBIOTEPHOM 3pPEHHH W IMCTAHIMOHHOM
30HIMPOBAaHNH, HAIPABJICHHONW Ha PAcIO3HABAHHE M KATETOPU3ALMIO PA3JIMUHBIX THIIOB OOBEKTOB Ha M300paKEHUSX.
becnimnoTHoe neTaTenbHOE ammapaTHOE TEIUIOBOS HH(PaKpacHOE MUCTAaHIMOHHOE 30HAMPOBAHHE O0ECHEeYHBACT
Ba)XKHbIE MHOTOCIIEHApHbIE H300paKeHMS M BHUJEO, BBICTYNIass B KAueCTBE KIIOYEBHIX MCTOYHHKOB JAHHBIX B
00IIeCTBEHHBIX MPHIOKEeHUAX. OqHAKO OOHApYKEHHE OOBEKTOB Ha ITHX H300PaKCHUSX OCTACTCS CIIOKHOU 3amaueit
n3-3a CJIIOXKHOHM MH(DOpMaLUK O clieHe, Oojiee HU3KOTO paspelleHrs] 10 CPAaBHEHHIO C BUJIEO B BHUANMOM CHEKTpE U
HEXBaTKU OOIEAOCTYMHBIX MapKUPOBAaHHBIX HAOOPOB MaHHBIX M 00yuUeHHBIX Mojenei. B 3Toil cTarbe mpeacTaBieHa
CTPYKTypa oOHapyXeHHss 00BEKTOB HAa OCHOBE OECIMIIOTHBIX JIETATENbHBIX ammapaToB JJIs aHalu3a M300pakeHUH u
BU/IEO B OOIIECTBEHHBIX NPHJIOXKEHUSIX M OIEHUBAETCS IPOM3BOAMTENBHOCTH Mozeneit  YOLOv8n/v8s,
YOLOvllIn/vlls u YOLOvVI2n/vl2s mnpu Wu3BJIEUSHUH TPU3HAKOB W3 HAa3eMHBIX TEIUIOBBIX HWH(paKpacHbIX
n300paXeHUH 1 BUJICO, CHATBHIX KaMepaMHU MepeHero 0030pa, a TakKe M3 3aMMCAHHBIX OECIMIOTHBIMU JICTATEIbHBIMU
ammapaTtaM¥ TEIUIOBBIX HH()PaKpaCHBIX BHIEO, CHATHIX C Pa3HBIX pakypcoB. Momemn YOLOv8n/v8s, YOLOv11n/vlls
u HoBeitmas moxens YOLOvVI2n/vl2s Obutn pa3BepHyTHl Ha Raspberry Pi 5 ¢ wmcmonp3oBaHmem ¢peiitmMBopka
OpenVINO. VYcnewHoe pa3BepThIBaHHE 3THX MOJAENEH, BKIIOYas CaMyl0 NOCIEAHIO BEPCHUIO, JEMOHCTPUPYET HX
MIPUTOTHOCTD AJIsl OOHApyXKEHWS! TEIUIOBBIX HMH(PAKpPAaCHBIX OOBEKTOB Ha OCHOBE OECHMIOTHBIX JIETATEIbHBIX
annapatoB. Pesynbrarhl mokasbBaioT, yTo YOLOvVE u YOLOvI11 pocturnu BBICOKOW TOYHOCTH U IOKa3aTeneu
osHOTH! 93% 1 92% CcOOTBETCTBEHHO, B TO BpeMs Kak Mozens YOLOvV12 nponeMoHCTpHpoBajia XOpOoIIyi0 TOYHOCTb,
HO CPaBHHUTEIHHO OoJiee HM3KHME TMOKAa3aTeNd TOYHOCTH M IMOJHOTHI, YTO TPEAINOaraeT BO3MOXKHOCTh JaJIbHEHIIeTro
YITydIIeHNUS.

KiroueBble ciioBa: obHapyxeHue o0bekToB, Moaenn YOLO, GecnimiioTHBIE JIeTaTeNbHBIE anmapaTsl, HHQpaKpacHbIe
KaMmephl repeanero 063opa, TeroBbie nHppakpacHbie n300paxenwus, Raspberry Pi 5.

Aitmanosa I' K., Cepeopanckuii A.B., Illepouna M.I1., Kpyzoe M.A.

I acrepounTapabiH cieKTPOGOTOMETPHUSIIBIK 3ePTTEYi: IIAFBLIY CIIEKTPi

2024 xoutrbl 22 aknad, 2023 xpurrbl 3 Kapama, 4 kapama skoHe 21 kapamana Accel-TypreH oOcepBaTOpHsCHIH/AA
(k.  Oovmbirel  77°.87114, cont. eHmiri 43°.225527, TeHi3 pgeHrediHeH Owuikrtiri 2658 M, XambIKapaiblk
oOcepBaropusiiiap Kojsl — 217) xypri3iireH Oakpuiaynap HeriziHIe acTepOWATapAbIH IIAaFbUTy CIIEKTPJIEPIH Tanjay
HoTmKenepi kenripiireH. bakputaymap ameprypacel 1,5 wmerpinik AZT-20 TenecKONBIHBIH HETi3ri  (OKyChIHA
OpHaTBUIFaH KeneMuik-(azanslk rosorpadusneik topiaap (VPHG) HeriziHmeri y3bIH CaHBUIAYJBI CIIEKTPOTrpadThI
naiijanana OTHIPBIN KYPTi3ini. Bakbliaynap TOMEHTi CHEKTPIIiK abIPaThIMABLIBIK pesxumMinge (R=600), 3500-7500 A
TOJIKBIH Y3BIHJBIKTAPhl MANa30HbIHAA, op MUUIUMeTpAe 360 CHI3BIKTBI TOp.bl, mukcenbre 4.25 A nucnepcusubl
KosgaHa oTeIpsin, Oipinmi ouaaHEITe EMCCD pexkuMinze, Kymenty koadduiuerTi 5 xoHe dKCHO3UIHUs yaksITH 10
CEKyH[, CaHpUIay €Hi 9 noramblKk CeKyHI OoiiFaH JKarfaiiia Ky3ere achIpbULIbl. ACTEpPOWI CIEKTPJIEepiH ejmey
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i depeHnnanablK SAIiCIeH - 00bEKT NMeH CTaHAAPTTHI KYJIJbI3 apachIHAAFbl XKAPBIK aFbIHIAPBIH CANBICTHIPY apKbLIBI
xyprizinai. Crangapt perinne Kyn Tekrec-xynnpiaap (G crnekTpiik kiackl) naimanansuiasl. [llareuty cnekrpiepin
OHJICYy MEH ecenTey, COHAal-aK CHEeKTPIJIIK MOpQOJIOTHsS MEH TaHJal ajbIHFaH CHEKTPJIIK CUMaTTamaiap Heri3iHue
Tholen »xone SMASSII xyiienepi OOMBIHIIIA TAKCOHOMUSUIBIK JKIKTEY XKYpri3inmi. by sxympic HerizineH bacter 6enoey
mytrenepi (14) Gonein TaOBIIATRIH 19 acTepouaTaH TYPAThIH TaHAaMa YIIiH opbiHmainabl. Tammgay HoTmkenepi 2013—
2017 xoeutmaper MHACAH xyprisren Oakputayiap HeETi3iHAETi acTepoWaTap CHekTpiepiMeH xoHe Gaia (DR3)
MHUCCHACHI apKpUIBl ajJbIHFAH IIAaFBUTy CIICKTPIIEPIMEH CalBICTBIPBULABI, XKOHE anb0elno KOpCEeTKIIMTEepiH ecKepyci3
TAKCOHOMHUSIJIBIK TUIITEPI aHBIKTAJIIBI.

Kiar ce3nep: criektpodoromeTpusi, acTepouaTap, marsry cuekrpi, Gaia DR3.

Aitmanosa I'.K., Cepedpanckuii A.B., I]epouna M.II., Kpyzoe M.A.

CnekTpodoToMeTpHYecKHe HCCIEA0BAHNS ACTEPOUIOB I: clieKTPhI OTpaKeHus

[TpuBeneHbl pe3ysbTaThl aHaW3a CIIEKTPOB OTPAYKEHUSI acCTEPOMAOB 1O HAONIOAEHHSM, HpoBeaeHHbIM 2024-02-22,
2023-11-03, 2023-11-04 u 2023-11-21 B ob6cepBaropun Accol-Typrens (77°.87114 B.1., 43°.225527 c.11., BeicoTa 2658
METpPOB HaJl yPOBHEM MOpS, KOJ MEKIyHapoIHOW obcepBaTtopuu 217) ¢ MCmomp30BaHWEM CHEKTporpada ¢ ITHHHOH
IeTbI0 Ha OCHOBE 00BeMHO-(a30BBIX ronorpadudeckux pemetok (VPHG), ycTaHoBIeHHOTO B TIaBHOM (OKyce
teneckona AZT-20 ¢ ameprypoii 1.5 metpa. HabGmroneHuss mpoBoAWNCh B peskuMe HU3Koro paspemenus (R=600) B
muanasone 3500-7500A ¢ ucmons3oBanmem pemerku 360 muHMI Ha MM, aucnepcueii 4.25A Ha mukcens, B mepBoM
ounHuHTe B peskume padotsl EMCCD ¢ koadduureHTOM yCHIIeHUs 5 1 BpeMeHeM 3Kco3uuu 10 cekyHp, mupuHa
menr 9 yrioBeIX CeKyHI. 3MepeHue crieKTpa acTeponoB IPOBOIMIOCH AN GEepeHIINATBHBIM METOIOM: CPABHCHUEM
CBETOBBIX ITIOTOKOB OT 00BEKTA U CTaHIAPTHOI 3Be3/1bl. B KauecTBe CTaHAapTOB MCIOJIB30BAIKMCH 3BE3/IbI - COTHEUHBIE
aHanoru (3Be3nmsl kiacca G). OOpabOTKa M pacyeT CIEKTPOB OTPAKEHHS, a TAKXKE OMpPEICICHHE TaKCOHOMHUYECKOM
knaccudukanuu no cucremam Tholen 1 SMASSII Ha ocHOBe cniekTpaibHON MOP(HOJIOTHU U N30PaHHBIX CIIEKTPAIbHBIX
XapaKTEepUCTUK OBLIH MPOBEACHBI 1151 BHIOOPKH 13 19 acTepounioB, B OCHOBHOM COCTOsIIIEH U3 WieHOB [ TaBHOTO mosica
(14). IlpoBeneHo cpaBHeHHE co crekTpamu actepousoB no HabmoaeHusM MHACAH B 2013-2017 rr. u cnekTpamu
OTpa)XCHUsI acTePOUJIOB, MOJY4YeHHbIMU 1o HabOmoneHusM Gaia (DR 3), a Taxke onpeseneHbl X TaKCOHOMUYECKHUE
THUIIBI O€3 yueTa anp0e10 acTepOHIOB.

KiroueBble cjioBa: crnekTpoQoTOMETpHs, aCTEPOUIBI, CIIEKTp oTpakeHms, Gaia DR3.

al-Garalleh B.F., Akour A.N., Jaradat E.K., Jaradat O.K.

T'oMoTONUMAIBIK YIBITKY d/liciMeH 3apsiATajaran 0eJileKTepiH ChI3bIKChI3 TepOeicTepi.

Byt makananma aneKTp epiciHiH ocepiHeH 3apsaTanFaH OeNIIeKTepIiH TepOeiCiH CHMATTAHThIH CBI3BIKCHI3 TEHACYTIH
KaparmaisiM cumatTaMmacsl 0epiren. Cumnarray YIriH TOMOTONHUSUIBIK YABITKY 9/TiCi KOJIAHBUIABL BYJI o/ic MaFbIHAJIBI
JKYBIKTAJIFAH MICHIIMII alyFa MYMKiHIiK Oepemi. Tammay HOTIXKECIHAEC 3apsiITaiiFraH OOIIIEKTEPIiH TepOeiciH
CHUIIATTANTBIH TOPT TCHIACYACH TYPAThIH OacTamKbl XKyie o3ipyieHai. by TeHmeynaep Bu3yamu3alMsUIaHbIM, albIHFAH
HOTIIKEJIEPTe KaH-KaKThl TYCIHIipMe OepireH.

Kiar ce3nepi: 3apsiaranran OeieKTepiH TepOemici, ChI3bIKCHI3 FAPMOHUKAIBIK TEHJCY, TOMOTONHUSIIBIK YHBITKY
omici.

al-Garalleh B.F., Akour A.N., Jaradat E.K., Jaradat O.K.

Hennneiinbie KoJie0aHNs 3apPSIKEHHBIX YACTHI] METOI0M FOMOTONMNYECKOT0 BO3MYIIIEHHS.

B maHHOW cTaThe MpPEICTAaBICHO YIPOIICHHOE ONMCAaHWE HEITWHEWHOTO YpaBHEHUs, ONHCHIBAIOIICE KOJICOAHWUS
3apsDKEHHBIX YacTHI MOJ BO3ACHCTBHEM JIIEKTPUIECKOTO TOJSA C HCIIOIBF30BAaHHEM TOMOTOIMYECKOTO BO3MYIICHHS.
3TOT METOJ MO3BOJIIET MOJMYYUTh 3HAUYMMOE MPUOMIDKEHHOE pemieHne. B pesynsrare aHanm3a Obuta pazpaboTaHa
HaJallbHAasl CUCTEMa U3 YEThIPEX YpPaBHEHHUH, OMUCHIBAIONINX KOJEOaHUs 3apsDKEHHBIX YACTHIL. DTH YpaBHEHUS OBLIH
BH3YaJIM3UPOBAHEBI, a TAKXKE MPEJCTABICHO BCECTPOHHEE 00BICHEHUE TIOIYUSHHBIX PE3YJIbTATOB.

KioueBble cjioBa: KoJeOaHWs 3apsHKCHHBIX — YACTHIl, HEJNMHEWHOE TapMOHHUYECKOE ypaBHEHHE, METOJ
TOMOTONUYECKOTO BO3MYIIICHHS.

Xoxnoe A.A., Azuwmes A.T., Baiioman H.JI., Azumee A.T.

ASAS-SN nepexrepi 0oiibinma IRAS 07080+0605 sxky11bI3bIHBIH KAPBIKTHIFBIHBIH BAPHALMAIAPBIH 3ePTTEY
Bepinren xxymbicta FS CMa To6biHa xarateiH IRAS 07080+0605 »ynapI3bIHBIH JKapbIKTBUIBIK KUCHIFBIHBIH ASAS-SN
mostysl epekrepi Herizinne (2014-2025 oK. apaiblFbl) Tajnay HoTHkenepi ycbiHbuiansl. ASAS-SN 1monybIHBIH g-
¢ubTpiHAeTi KbuIap OOMBIHIIA OONIHI€H yaKbITTHIK KaTapiaapblH 3epTTey OapbhIChIHAA KYHEHIH NMEpHOAbI YaKbIT OTe
©3TepeTiHi XKoHe (ha3albIK KUCHIKTHIH IMIIIIHI JKEKeJereH WHTepBajlgap/ia e3repicKe YIIBIPaHThIHBI aHBIKTAIIBI. ATan
aiiTkaHna, (asayblK KHUCBHIKTapa acHMMETPHsUIApAbIH Makga Oolybl OpOMTaHBIH ©3repyiH KepceTyi MYMKiH, Oy
JKYWEHIH JUHAMUKACBHIMEH, COHBIH iIIiHAEe OOBEKTIIep apachIHIAFbl apa-KalIBIKTHIKTHIH (CemapaiusHbH) o3repyiMeH
OarimaHpicTel  Oomybl bBIKTHMad. ConeiMeH KaTtap, IRAS07080+0605 >KyiIabI3BIHBIH JKapBIK aMIUIATYIACHIHBIH
e3repicTepi CHIIATTAJBIN, OJap SKYWINBI3ABH (U3MKANBIK KYHIHIH e3repicTepiH, MbICabl, CBHIPTKBI KabaTTapblH
MyJIbCAITUSICBIH HEMECe KOpIIaFaH OpTaMeH ©3apa 9peKeTTeCYyiHiH cajiapbliHaH 001y MYMKIHAIT KOPCETUIII.
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Kiar ce3nepi: Koc xKyJabI3/bl Kyienep, skapbIKThIIBIK KUCBIKTaphl, FS CMa, ASAS-SN katanorsl.

Xoxnoe A.A., Aezuwmee A.T., Baiioman H.JI., Acuwee A.T.

HccaenoBanue Bapuanuii 6;1ecka IRAS 07080+0605 mo nanabim ASAS SN

B nmamHO# paboTe mpencTaBICHBI pe3yNbTaThl aHadm3a KpuBoii Omecka 3Be3msl IRAS07080+0605, otHOCAmIEHcs K
kimaccy FS CMa, ¢ ucnons3oBanueM maHHBIX 0030pa ASAS SN B mepmox ¢ 2014 mo 2025 roma. B manHoif pabote
aHaM3Upys BpeMeHHBIE psambl o030pa ASAS SN B ¢unpTpe g, paszaeneHHbIE MO TOAaM, BEIABICHO, YTO MEPHOX
CHCTEMBI M3MCHSICTCSA C TeUeHHEeM BpeMeHH, a (opma (a30BOil KpHBOW IpeTeprieBaeT M3MEHEHHS Ha OTIENbHBIX
HHTepBanax. B yacTHOCTH, NOsIBIICHHE aCHMMETPUiA B ()a30BBIX KPUBBIX YKa3bIBa€T Ha BO3MOXKHOE M3MEHEHHE OPOUTHI,
KOTOpBIE MOTYT OBITH CBs3aHBI C JMHAMHUKOW CHCTEMBI, BKJIIOYas H3MEHEHHE Cenapalyuu MeXay OObeKTaMu.
JIOTIONTHHUTEIEHO OMHMCAHBl W3MEHEHHs aMIUIUTyabl Onecka 3Be3nbl IRAS07080+0605, koTopble MOTYT OTpakaTh
N3MEHEHHs (PU3NYECKOr0 COCTOSHMS 3BE3[bl, TaKHE KaK IyJbCallii BHEUIHUX CJIOEB WIM B3aUMOJCIHCTBHE C
OKpy>Karouien cpeio.

KiroueBble cjioBa: 1BOMHBIC CHICTEMBI, KpuBbIe Onecka, FS CMa, katamor ASAS SN.




