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Introduction. If wastewater treatment becomes less effective, the intensity of treatment facilities should be increased.
Several approaches to solving this issue have been described in the literature. For example, to intensify the coagulation
process, researchers have used controlled mechanical mixing of coagulants with effluents, mixing with air, and injecting
the coagulant using jet or chamber mixers. The authors of this paper propose integrating a vertical clarifying
filter (VCF) and a mixing chamber into one housing. This is a novel approach that eliminates the disadvantages of
operating separate devices, such as the need for additional space, the possibility of forming aggregates close to the arca
where they are removed on filters, and avoiding breakage of flakes in connecting pipelines. Experimental evidence has
previously demonstrated the effectiveness of this installation. The aim of this study is to develop a scientific
methodology for calculating the combined filter, which is essential for widespread adoption.

Materials and Methods. The mixing efficiency of the fluidized bed was determined using the Camp criterion, which
characterized the energy spent on mixing. Relevant publications on the subject were also taken into account. Special
attention was paid to the description of coagulation. Before developing the calculation method, the authors conducted
experiments and created a mathematical model of the installation. The operation of a combined filter with a mixing
chamber consisting of a rapid mixing tank with a floating load and a settling tank was considered. The main initial data
for the calculation method included: maximum wastewater flow rate, water viscosity, filter diameter, distance from load
to housing, backwash intensity, and the volume of expansion of load during backwashing.

Results. The paper shows that the Camp criterion depends on various factors, including mass, area, contact time, and
viscosity of particles in a fluidized bed. The calculation of the mixing chamber of the filter was based on this
dependence. The regeneration of filters related to the efficiency of backwashing was taken into account. The method for
calculating the mixing chamber was presented, and factors that could reduce the effectiveness of backwashing were
discussed. As compensation, it was proposed to increase the intensity of backwashing or reduce the height of the filter
layer. It was shown how to calculate the dimensions of the mixing chamber elements — the diameter and height of the
tanks. A self-check was included in the calculation to avoid errors.

Discussion and Conclusion. For the first time, an improved combined filter design and a method for calculating it are
described. The proposed approach makes it possible to determine the dimensions of the mixing chamber and ensure the
necessary backwash efficiency. The new solution is of practical interest for enterprises that operate wastewater
treatment plants with VCF.

Keywords: vertical clarifying filter, combined filter, calculation of a combined filter, Camp criterion for fluidized bed,
filtration intensification
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AHHOTALMSA

Bgeoenue. 1lpn yXyIIIEHUN OYHUCTKM CTOKOB CJEIYET MOBBICUTh MHTEHCHBHOCTh PAabOThl OUHCTHBIX COOPYKEHHUIL.
HexoTtopble moaxo/p! K pelIeHUI0 JaHHOW 3a/laud OIMCaHbI B JMTeparype. M3BecTHO, Kak B IEsIX MHTEHCH(UKAIMN
IpoIecca KOAryJsLUHM HCIOIb3YeTCA PEeryJupyeMoe MEXaHHYeCKOE MEepPEeMEIINBAaHNE KOaryjsiHTa €O CTOKaMH,
nepeMeIInBaHue ¢ TIOMOIIBIO BO3LyXa, BBOJ KOATyJISIHTA MOCPEACTBOM CTPYHHBIX MIIM KAMEPHBIX CMECHTEIeH. ABTOPHI
JAHHOW CTaThM IpEIJiararoT WHTErPHPOBATh B OJHOM KopIyce (GuiIbTp OCBETNIMTENbHBIA BepTHKaibHBINH (POB) n
KaMmepy nepemeninBaHus. Takoil moaxoxa onwcaH BrepBble. McKiltoueHsl HeMOCTaTKH, XapaKTepHbIE VIS SKCIITyaTalun
000COOJICHHBIX YCTPONCTB: HE HYXHBI JOMOJHUTEIbHBIE MIIOMAAN, MOXKHO PACIIOIOXUTh PAAOM 30HBI 00pa3OBaHUS
arperaTtoB M MX yAaJeHus Ha QuibTpax, a Takke M30eXaTh pa30MBaHUS XJIONBEB B COSIUHSIONIMX TPYOOIPOBOIAX.
D¢ heKTHBHOCTh YCTAaHOBKH paHee MOATBEpAMIIach dKCIepruMeHTanbHO. Llens nanHoro nccienoBaHus — pa3padoTaTh
Hay4YHO 00OCHOBaHHYIO METOJHKY pacdeTa KOMOU(HUIBTPA, YTO BaXKHO IJISI MACCOBOTO BHEIPEHHUSL.

Mamepuanst u memodvt. IPHEKTUBHOCTS NEPEMELINBAHUS IICEBIOOKIKEHHOTO CIJIOS ONPEACISUIM 10 KPHUTEPHIO
Komma, KkoTophlii XapakTepu3yeT SHEpruio, 3aTpayrBacMyl0 Ha IepeMelIMBaHHe. YUYUTHIBAJIHNCH ITyOJHKAIlUH,
TIOCBSIIEHHBIE HcciIeayeMoi mpobieme. Ocoboe BHIMaHHE YIEIsIeTCsl TOMY, Kak oIrcaHa Koaryisnus. Jlo pa3paboTku
METOAMKH pacdeTa aBTOPbI IPOBETH SKCIIEPUMEHTHI M CO3aIM MaTeMaTHYECKYI0 MOJIENb YCTaHOBKHU. PaccmaTpuBaeTcs
(yHKIMOHMpPOBaHWE KOMOM(UIBTpa ¢ KaMepoW TIepeMelIMBaHHs, KOTOpas COCTOMT M3 4Yallld WHTEHCHBHOTO
NepeMEIIVBaHusl C IUIaBAIOLIEd 3arpy3kod M 4dammM ycrnokawBaHUs. OCHOBHBIE HCXOAHBIE IAHHBIE IUII METOAUKU
pacyera: MAaKCHMAaJbHBIH Pacxoj] CTOKOB, BSI3KOCTh BOABI, JHaMETp (HUIBTPa, BBICOTA OT 3arpy3KH IO KOpIIyca,
MHTEHCUBHOCTb OOpaTHOMW MPOMBIBKH U 00bEM PACIIUPEHHUS 3arpy3KH Py 00paTHOM MPOMBIBKE.

Pesynvmamut uccnedosanus. Iloxkazano, kak kputepuid Komna 3aBHCUT OT Macchl YacTHIl, UX TUIONIAIA, BPEMEHHU
KOHTaKTa M BSI3KOCTH INICEBIO0XKIKEHHOTO ciiosi. Ha 3TOH 3aBHCHMOCTH OCHOBaH pacyeT KaMephl MepeMeIInBaHU
koMOu¢misTpa. [IpuHUMaercs BO BHHMaHHE pereHepanus GUIbTpoB, cBi3aHHas ¢ 3(deKkTuBHOCTHIO 0OpaTHOH
MPOMBIBKU. [IpMBOAMTCS MeTOAMKa pacdyera KaMepbl IepeMEIIMBAaHUS. YUUTHIBAIOTCS (DAKTOPBI CHHIKEHUS
s¢dekTuBHOCTH OOpaTHON NPOMBIBKM. B KadecTBe KOMIEHCAIIMM NpEIaraeTcsl yCHIUTh WHTCHCHBHOCTH
MIPOMBIBKM WJIM YMEHBIIUTH BBICOTY (uibTpytomero cios. ITokazaHo, Kak paccuuTaTh radapuThl 3IEMEHTOB
KaMepbl NepeMelINBaHusg — JAuaMeTp M BBICOTY yall. B pacdeTe Takke 3al0’Ke€Ha CaMOIpPOBEPKA, KOTOpas
ITO3BOJIUT N30€KATh OMIMOOK.

Oébcysycoenue u 3akniouenue. BriepBele OMMCaHbl yCOBEPUICHCTBOBAHHAs KOHCTPYKLUS KOMOM(UIBTpa W METOAnKa
ero pacdera. lIpenoskeHHBIN MOAXOJ IO3BOJSIET ONpEAEIUTh rabapUThl KaMephl NEpeMENIMBaHHA U 00ECIedHTh
Heo0X0oauMyIo 3¢ (eKTUBHOCTh 00paTHOW NMPOMBIBKH. HOBOe pelleHue NnpencTaBiseT NpaKTHYECKUH WHTEpec s
MIPEIIPUATHA, KOTOPHIE YKCILUTyaTUPYIOT OUYUCTHEIE coopyskeHus ¢ POB.

KawueBble ciioBa: QuibTp OCBETIUTENbHBIN BEPTUKANbHBIN, KOMOMHUPOBAHHBIN (QUIBTP, pacdyeT KOMOUGHIbTPA,
kputepuii Kamma 11 IceBI00KMKESHHOTO CJI0s, MHTCHCU(HUKAIHS (GUITBTPOBAHUS

BJIaFOIIapHOCTI/l. ABTOpI)I 6J'IaI‘O,HapHT PEAAKINOHHYIO KOMAaHAY KypHaIa U PCLICH3CHTA 3a KOMIICTCHTHYO OKCIICPTU3Y
1 ONEHHBIC PEKOMEHJAWH IO YITYUIICHUIO CTaTbU.

Jna nuruposanusi. Kcenodontor b.C., [upauex A.A. Pa3pabotka MeToauku pacuera KoMOMMUIbTpa. bezonachocme
mexHozenHbix u npupoousix cucmem. 2025;9(1):7-13. https://doi.org/10.23947/2541-9129-2025-9-1-7-13

Introduction. By the end of 2022, polluted wastewater accounted for an average of 33.4% of the total volume of
wastewater in Russia'. One of the main reasons for this issue is insufficient cleaning of wastewater. Industrial facilities
use not only one- or two-stage systems, but also integrated solutions that provide several stages of cleaning. They
consist of components such as raking devices, reverse osmosis membranes, and evaporation plants. Despite the variety
and complexity of these systems, there are several obstacles to their efficiency:

— high cost of equipment;

— outdated structures;

— deterioration of wastewater quality.

! On the State and Protection of the Environment of the Russian Federation in 2022. The State Report. Ministry of Natural Resources and Ecology of
the Russian Federation. (In Russ.) URL: https://2022.ecology-gosdoklad.ru (accessed: 26.08.2024).



https://bps-journal.ru/
mailto:al-3x@mail.ru
https://doi.org/10.23947/2541-9129-2025-9-1-7-13
https://2022.ecology-gosdoklad.ru/
https://orcid.org/0000-0002-6769-2406
https://orcid.org/0000-0002-4467-1573

Safety of Technogenic and Natural Systems. 2025;9(1):7-13. eISSN 2541-9129

To address these challenges, there are several methods that can be used to improve the performance of wastewater
treatment plants. These methods include mixing coagulants with water in different ways:

— controlled mechanical [1];

— with the addition of air and concentrated coagulant [2];

— due to cavitation resonance effects [3];

— using jet [4] or chamber mixers [5].

However, these technical solutions have their drawbacks. Firstly, additional space is required to accommodate
equipment such as a flocculator or flocculation chamber. Secondly, the areas where aggregates form and are removed
from the filters are located some distance apart. Thirdly, when flocculation and filtration are separated, flakes break up
in connecting pipelines.

To address this issue, we need water purification systems that integrate multiple processes into one unit. This would
improve the existing systems and save space. We would like to emphasize that it concerns upgrading the existing
equipment. To achieve this goal, it is advisable to use combined filters.

The aim of the work is to develop a scientifically sound method of calculation that would allow for the replication of
positive effects of a combined filter with other filters.

Materials and Methods. The authors propose a utility model of a combined filter [6]. This is a sand filter with a
coagulant mixing chamber built into its body. Earlier, the expediency of this approach was proved by the authors of this
article [7]. Combined installations and systems are suitable for solving multiple problems simultaneously. For example,
biochar can be used to remove microplastics from water [8], and the hybrid membrane distillation system can produce
purified water and generate electricity [9], while reverse osmosis can be powered by a concentrated solar gas
engine [10].

According to the authors, the proposed utility model of a combined filter (Fig. 1) represents an effective solution for
enhancing filtration in existing industries. The design of the presented filter differs slightly from the original one [6],
due to design features identified through computer modeling [7]. These features allowed for an increase in the
efficiency of the filter.

Fig. 1. Design of the combined filter: 1 — source water pipe; 2 — reagent supply pipe; 3 — filter housing; 4 — mixing chamber;
5 — rapid mixing tank with floating load; 6 — lower overflow; 7 — settling tank; 8 — upper overflow; 9 — cone insert

Through pipes 1 and 2, water and coagulant flow into the rapid mixing tank. The coagulant is mixed in the first
chamber under the pressure of source water due to the mixing load. After the coagulant treatment, the water is directed
through the lower overflow into the settling tank, and then through the upper overflow into the filter housing.

The coagulant helps to neutralize the charge of colloidal particles [11] and form insoluble compounds [12]. The
coagulation process includes two stages [13], for each of which specific zones are provided in the mixing chamber.

The first stage, the perikinetic stage, takes place in the mixing chamber. Due to the special loading inside the
chamber, the reagents are evenly and quickly distributed, and a high flow velocity gradient is achieved. Contact
coagulation will further increase the efficiency of reagent treatment.

The lower overflow is located between the mixing and flocculation chambers and performs the key function of
protecting the mixing load from being carried further into the tank and into the filter. It also helps to reduce flow
turbulence.

Technosphere Safety
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With a mixing intensity of no more than G =50 — 60 C~' [14] optimal conditions for the formation of flakes are
created in the chambers.

The second stage of the coagulation process is orthokinetic. It takes place in a settling chamber is accompanied by
an increase in the size of colloidal particles greater thanl pm [15]. It implements the functionality of a flocculation
chamber.

The source water, together with the formed flakes, enters the filter housing through the upper overflow. A conical
insert in the lower part of the housing is needed to eliminate swirls that can destroy the flakes.

When developing the calculation methodology, the authors summarized the literature data, conducted laboratory
tests, and performed mathematical modeling. The results of the laboratory studies confirming the effectiveness of the
proposed solution are given in [7]. To evaluate the criteria for the processes, the Camp criterion was selected, which
evaluated the energy spent on mixing. The literature analysis allowed us to find out how the effectiveness of
backwashing depended on its intensity and the degree of load expansion. In addition, the value of the gradient for the
fluidized bed was known from publications.

Results

1. Fluidized bed mixing intensity. Fluidized bed mixing intensity was used as a criterion of work efficiency. Based
on this indicator, it was possible to use a mixing chamber with filters of various sizes and ensure the previously
obtained result [7]. According to [16], the intensity of mixing of the reagent with water was characterized by the Camp
criterion:

9=G-t, 1)
where t — residence time in the mixing chamber, s; G — velocity gradient, 1/s.
Residence time in the mixing chamber:

t=—, 2
0 (2)

where ¥ — volume of the mixing tank, m?; O — flow rate of source water, m%/s.

Velocity gradient:
6= |2, @)
ut

where Ap — pressure drop in the mixing chamber, Pa; p — dynamic viscosity of water, Pa's; t — mixing time, s.
According to [17], the pressure drop for a fluidized bed is determined by the formula:
m.g
, 4
S “
where m, — mass of all particles, kg; g — acceleration of gravity, m/s%;, S — cross-sectional area of the mixing tank, m?.
Combining (1)—(4), we obtain the equation of the Camp criterion:

Ap =

3= Mg 7 (5)
Swe Q
Using formula (5) for laboratory bench [7], the Camp criterion was calculated. It was accepted equal to 100 units.
2. Mixing chamber calculating methodology. The following is a method for calculating the mixing chamber and the
required initial data for the calculation.
Initial data:
— the Camp criterion, 3;
— maximum flow rate of the treated water, O, m*/h;
— dynamic viscosity of water, p, Pa's;
— bulk particle density p,, , kg;

— acceleration of gravity, g, m/s%;

— filter diameter, dy, m;

— height from loading to housing, H, m;

— backwashing intensity, UOII;, I/(s c-m?);

— volume of load expansion during backwashing, Vexp1, m>.

By converting formula (5), system of equations (6) can be obtained, which is used to determine the dimensions of
the mixing chamber.
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d, -H,=2.9.0 |-~ _
nem, g
tzn'd"%.n'Hq (6)
40
m=p n-di.-H,
q My Q

Here dyn. — mixing tank diameter, m; H, — height of the mixing tank and the settling tank, m.
The flow rate in the settling tank should be equal to the flow rate in the filter housing. To determine the diameter of
the settling tank (the entire chamber as a whole), we use the formula:

o [agas 0
ay. = 2 H
where d.y. — settling tank diameter, m.

Let us check whether the chamber fits into the filter housing. To do this, we take into account:
— height of cone insert H.one (1/4 of the diameter of the chamber);
— margin of the distance from the cone to the load with a minimum height of 1/16 of the diameter of the chamber.

d'-l.y dll. y.
H-H,———-——=—2>0. ®)
4 16
Let us check that the camera size is correct:
d,, <dy. Q)
If conditions (8) or (9) are not met, then it is necessary to return to (6) and adjust the dimensions of the mixing
chamber.
Let us calculate the volume occupied by the mixing chamber:

n-d? d
V. = q.y. . Hq + q.y. ] 10
chambe 4 ( 12 j ( )
Let us define the condition for ensuring the necessary load expansion:
T dqz,
'HLI _Vchamber 2 Vexpl' (11)

If the condition is not met, the backwashing efficiency may be reduced. To address this issue, it is important to
understand how backwashing effectiveness can be maintained.
1. By increasing the intensity of backwashing, we find new backwashing intensity MOIT, [18]:
2

decp
HOH] : Vexpl = I/IOHZ : 4 'H_Vchamber . (12)

2. By reducing the loading height, we find the height value from the housing to the load H,ey, which will provide the
necessary volume for the load expansion:
_ Vexpl + Vchamber

Hooe == (13)
4
Let us calculate how much the load height needs to be reduced:
AH g =H - H,,,. (14)

3. For calculations related to changes in the intensity and volume of loading, we use formulas (12) and (13), taking
into account the necessary conditions. For example, based on the capabilities of specific wastewater treatment plants,
we use (13) to set the permissible value for reducing the loading height, set it to (12) and calculate the desired
backwashing intensity.

Let us determine the volume of mixing tank V., and settling tank V.

n-d?
Vi, =—H 15
"= (15)
N d‘f ._din.
Viy, =¥-HT (16)
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Let us calculate the required volume of mixing load Vipua:

1
Vload = g V'-l.n.' (17)
Let us calculate water residence time in the mixing and calming tanks:
3600-7,
by = — ’ (1 8)
Q
Lo 3600V, (19)
wy. Q .

Discussion and Conclusion. The scientific research results of presented in the paper suggest that it is reasonable to
use the proposed method for calculating the filter's performance. Firstly, this method is based on reliable data from
published sources. Secondly, its relative simplicity — consisting of only 19 concise formulas — makes it practical for
real-world applications. After completing this research, the authors verified the previously obtained findings. It was
crucial to demonstrate that the simulated mixing chamber enhances the filtration process and improves coagulation
activity. Therefore, we can use the mixing intensity of a fluidized bed as a measure of efficiency. The method of
calculating a mixing chamber allows us to determine its size and ensure the required backwash efficiency. This solution
can be applied to vertical clarifying filters of various types and sizes. Therefore, this technique can be applied to any
production facility that uses such equipment.
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Abstract

Introduction. The scientific literature is actively discussing the topic of mathematical modeling of forest fires development
to predict the speed of spread and area covered. From the perspective of turbulent processes, the height and deflection of
fire, smoke, and hot air columns, as well as the spread of combustion particles and rational directions for extinguishing the
fire, are evaluated. However, existing models do not provide a clear understanding of how turbulence occurs during the
transition of a fire from a near-surface to an unsteady surface layer and higher. In other words, calculating the transition
from ground fire to its more intense form remains a challenge. Addressing this gap is an urgent scientific and practical task.
The aim of this study is to refine the equations of mathematical models for predicting the spread of forest fires, in order to
better control these incidents, which will ultimately help reduce risks and damage from them.

Materials and Methods. To achieve this goal, we studied works covering different approaches, both theoretical and
practical, devoted to the problem of predicting the development of fires. The works of D.L. Laikhtman, A.S. Gavrilov,
and P.M. Matveev were accepted as the main ones. In addition to analyzing these literary sources, the authors applied
statistical methods of information processing and used the possibilities of mathematical modeling.

Results. The generally accepted elliptical shape of the contour of a ground forest fire in the R. Rothermel model has
been interpreted. Its disadvantages for predicting spot and intense crown fires have been demonstrated. The introduction
of parameters such as relative humidity, terrain slope, surface roughness or viscosity, and features of the burning
substance into the equation has been evaluated. The types of convection typical of spot and intense crown fires have
been indicated: internal (thermal) and external (mechanical). The decision not to consider near-surface turbulence has
been justified. To account for surface air layer turbulence, the authors have relied on the concepts of instability and
corresponding physical laws. As a result, the basic formula of the R. Rothermel model was supplemented with a second
layer so that it was possible to predict the development of a fire from a ground one to an intense crown fire. The
dimensionless parameter of 0.397 was replaced by turbulence coefficient k.. This indicator was introduced into the
corrected R. Rothermel equation and supplemented with the average Richardson number, which showed the
relationship between temperature and the diffusion rate in neighboring layers. From these components, an updated
formula has been developed. The results of simulations for typical cases of convective turbulence and fires, with and
without turbulence, were presented in tables. Based on the summary data, we could conclude that the model developed
within the scope of this work was adequate.

Discussion and Conclusion. When refining the semi-empirical R. Rothermel model for an unsteady surface layer, the
introduction of a turbulence coefficient is justified. In addition, it is shown that it is necessary to supplement the single-
layer model with second-level formulas characterizing the development of a fire in an unsteady surface layer. The
adjusted model should more effectively predict the parameters of spot and intense crown fires. Further refinements of
equations for semi-empirical forest fire models are promising, and it is advisable to continue research in this area.

Keywords: mathematical modeling of fire, turbulence in fire conditions, transition from ground to crown fire
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OpueunaﬂbHoe meopemu4eckoe ucciedosanue

YTouHeHHe MOIe/ I HU30BOI0 JIECHOIO MOKapa ¢ Y4eTOM KOHBEKTUBHOM TYPOYJI€HTHOCTH

E.C. AunpeeBa = D4, I".A. Cepreesa", I.B. Bornanosa
JloHCKOl rocytapCcTBEHHBII TeXHHUUECKHI yHUBepcuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus

>4 meteo0717@yandex.ru

AHHOTALMSA

Beedenue. B naydHol uTepaType JOBOJIFHO aKTHBHO 00CY’K/IaeTcsl TeMa MaTeMaTH4ecKOro MOJICITUPOBAHUS PA3BUTHS
JIECHBIX TTO’KapOB JUISl TPOTHO30B CKOPOCTH MX PACIPOCTPaHEHHMS U ITUIOIIA I, KOTOPYIO OHH 0XBaTAT. C TOUKH 3peHHs
MIPOLIECCOB TYPOYJIEHTHOCTH OLICHUBAIOTCS TIOTEHIMANbHAs BHICOTA U OTKJIOHEHHE CTOJIOO0B OTHSI, IbIMa, TOPSYero BO3-
JyXa, pa30poc YacTHUIl TOPEHHs W palOHaIbHbIC HANpaBJICHHs rameHus orHs. OJHAKO W3BECTHBIC MOJENU HE IalOT
YETKOTO MPEJCTaBJICHNsI O TOM, KaKk cpadaThiBaeT TypOYJICHTHOCTH IIPH MEpexo/ie Moxkapa ¢ MPUIOBEPXHOCTHOTO CIIOS
Ha HeCTaHHOHapHBIﬁ HpH3eMHBIﬁ U Beime. UHBIMH CJIOBaMHU, CJIOXHO MNPOCUYHUTATh NEPEXOJa HHU30BOI'O IMOXKapa B €ro
OoJiee OMacHyto MHTEHCHBHYIO (hopMy. BocronHeHe 3Toro HeJJocTaTka — aKTyallbHasi Hay4yHasl U MPUKJIaHas 3a/1a4a.
Lens manHON pabOTBI — YTOYHWUTH YPABHEHMSI MAaTEMAaTHIECKUX MOAENEH pacHpOCTPaHEHHsI HU30BBIX JIECHBIX MOXKa-
POB JUTS JTYYIIETO KOHTPOJS 32 3TUMH MHIMACHTAMH, 9YTO B UTOTe OYyZET CIOCOOCTBOBATh YMEHBIIEHHIO PUCKOB H CO-
KpalieHuro yimep0a OT HUX.

Mamepuanst u memoodsl. JInst TOCTYOKEHHS ENN UCCIIEIOBAHMS OBIIIM M3Y4EHBI TPYIbl, OXBATHIBAIOIINE PA3HBIE MOJI-
XOJIbl, KaK TEOPETUIECKHUE, TaK U MPHUKJIAJHbIE, TOCBAIIEHHBIEC MPOOIeMe MPOTHO3UPOBAHKS PAa3BUTHS ITOXKapoB. B ka-
YecTBEe OCHOBHBIX NpUHATH paboTs! J{.JI. Jlalixtmana, A.C. ['aBpuioBa, [1.M. MarBeeBa. Kpome ananmsa aTux nurepa-
TYPHBIX MCTOYHUKOB, aBTOPHI NPHUMEHSJIM CTaTUCTUYECKHE METOJbI 00pabOTKM MH(GOpPMAIMy M HCIIOJIB30BAIN BO3-
MOKHOCTH MaTeMaTH4YeCKOT0 MO/ICINPOBAHUSL.

Pezynvmamul uccnedosanua. VntepnperupoBana oOleNpuHATas JUIMOTHYECKas (OpMa KOHTYpa HU30BOTO JICCHOTO
Ioxkapa B MoJeJin P. POTepMena. Iloka3aHsl ee HEAOCTATKU IJId MPOTHO3UPOBAHUA MATHUCTBIX U MHTCHCUBHBIX BEPXO-
BBIX TMOkapoB. OIIEHEHO BBEJEHUE B ypaBHEHHE TaKHX IapaMETPOB, KaK OTHOCUTEIbHAS BJIAXKHOCTb BO3AYyXa, YKJIOH
MECTHOCTH, LIIEPOXOBATOCTh MIJIU BSI3KOCTH IMOBEPXHOCTH, OCOOCHHOCTH ropsimero Bemiectsa. O003HauUEHBI BUIBI KOH-
BEKIUH, XapaKTEPHBIX Ul ISITHUCTOIO U MHTEHCHBHOTO BEPXOBOT'O IOKapa: BHYTPEHHsSI (TEpPMUUECKas)) M BHEIIHSSA
(Mexarmdeckas). OO0OCHOBaH OTKa3 OT y4YeTa MPUIOBEPXHOCTHON TypOyIeHTHOCTH. J{JIsi paccMOTpeHus TypOyIeHTHO-
CTH TIPU3EMHBIX CJIOEB BO3[yXa aBTOPBI PYKOBOJCTBOBAINCH IIPEACTABICHUAMH O HECTAIMOHAPHOCTH M COOTBETCTBY-
oIMX (U3MYECKUX 3aKOHOMEpHOCTX. B mrore 0a3zoBas ¢opmymna monenu P. Porepmena Obuta omoiHeHa BTOPHIM
CJIOEM, YTOOBI MOKHO OBIJIO IPOTHO3MPOBATH Pa3BUTHE MOXKapa OT HU30BOTO K MHTCHCHBHOMY BepXxoBoMy. bespasmep-
He1it nmapametp 0,397 3ameHeH koddduieHTOM TYpOYIEHTHOCTH k., STOT MOKa3aTellb BHECEH B OTKOPPEKTHPOBAHHOE
paBeHCTBO P. PoTepMerna u 0MONHEH cpeqHUM 4YUCIOM PrHdap/icoHa, KOTOpPOE MOKa3blBaeT 3aBUCHMOCTh MEXKIY TEM-
mepaTrypor u cKopocTeio auddy3nuu B cocemHux ciosx. M3 aTUX cocraBigonmx Obuia chopMHpoBaHa OOHOBICHHAS
¢dopmyna. B Bune Tabauil npecTaBICHB! PE3yJIbTaThl MOJCIHPOBAHNS XapAKTEPHBIX CITyYaeB Pa3BUTHS KOHBEKTHBHON
TypOYJIEHTHOCTH M TOXapoB (¢ ydeToM U 0e3 ydera TypOyneHTHOCTH). CBOJHBIC NaHHBIC MO3BOJISIOT TOBOPUTH 00
a/IeKBaTHOCTH MOJIEIIH, CO3aHHOM B paMKax NPECTaBICHHOW PabOTBHI.

Oocyacoenue u 3aknwuenue. Ilpu yrouneHun nonysmnupudeckoir mojenu P. PorepMena it HecTallMOHAPHOTO MIPH-
3eMHOT0 cJI051 000CHOBaHO BBeJeHHE KoddduirenTa TypOyiaeHTHocTH. Kpome Toro, mokazaHa HEOOXOAMMOCTb JIOTON-
HEHHUS OJJHOCIIONHOM Mozienu (opMyIaMu BTOPOTO YPOBHS, XapaKTepH3YIOIINMH Pa3BUTHE II0XkKapa B HECTAIIMOHAPHOM
npuzeMHOM ciioe. OTKOPPEKTHPOBAHHAS MOZIENb JI0JbKHA Ooiiee () (EeKTHBHO NMPOTHO3UPOBATH MapaMeTPhl MATHUCTHIX
1 MHTEHCUBHBIX BEPXOBBIX IMOKapoB. [lepcreKTHBHBI NabHEWIINE YTOYHEHUS! YPaBHEHUH MOTYIMITUPHUUECKUX MOJIe-
JIeH JIECHBIX MoKapoB. L{enecoodpa3Ho MPOAOIIKUTE UCCIESIOBAHHS B 9TOM HAIPaBIICHUH.

KurodeBble ci10Ba: MaTeMaTHYECKOE MOJICIMPOBAHHE [T0XKapa, TypOYJICHTHOCTh B YCIOBUAX MOXKapa, Iepexos moxapa
W3 HU30BOI'O B BEPXOBOU

BaarogapHocTH. ABTOPBI BEIPaXXaOT 0COOYIO OJIarogapHOCTh Mpodeccopy, AOKTOPY (HPHU3NKO-MaTEeMaTHIECKHX HayK
A.C.TaBpunoBy, komieraM U3 POCCHICKOrO TroCyZapCTBEHHOI'O THIPOMETEOPOJIOTHYECKOTO YHHBEPCHTETA U
peLeH3eHTY 3a NPO(EeCCHOHANBHBIN aHAIN3 CTAaThH U PEKOMEHIALIMH IS €€ KOPPEKTUPOBKH.
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Introduction. According to the United Nations, the number of severe forest fires is expected to increase by 50% by
the end of the 21st century. In 2003, fires in Siberia, Russia, destroyed approximately 22 million hectares of forest
ecosystems. In 2004, 2.6 million hectares of forest were affected in Alaska, USA. In 2010, 1.5 million hectares of forest
ecosystems were destroyed in Bolivia. In Canada, 0.7 million hectares were lost in 2011, and 3.4 million hectares
in 2014. In 2020, wildfires destroyed more than 16.8 million hectares of forest in Australia. The economic damage
amounts to billions of dollars.

The frequency of forest fires and the damage they cause raise questions about how to adequately model the risks of
their occurrence. This includes forecasting the development of emergencies and developing measures to minimize
losses. The construction of model equations assumes that a fire will occur on a specific area during a certain time
period. It is also necessary to estimate the possible duration of the fire, which depends on a number of factors that can
be difficult to determine [1].

Semi-empirical models allow for the selection and refinement of parameters for effective fire prediction in forest
ecosystems. These models are based on the principles of mass, energy, and momentum conservation, and they assume
that the model equations can be written in a simplified form. The corresponding coefficients or empirical parameters are
obtained as a result of observations or experiments [2]. These models spread in the middle of the 20™ century and were
mainly used to predict grass-root fire dynamics. They usually take into account various parameters related to the
combustibility of forest materials, including the initial condition of the forest stand and terrain features.

Meteorological conditions, particularly wind, play a significant role in the occurrence and spread of forest fires. The
combustibility of forest floor materials and terrain slopes, which are taken into account, for example, in Richard
Rothermell's model [1-3], are of secondary importance. The aim of this research is to refine the mathematical model of
the spread of forest fires. This will allow for better emergency response and quicker, more effective action. Timely
action and appropriate measures can help reduce losses associated with forest fires.

Materials and Methods. The study is based on an analysis of works on the surface layer instability by
D.L. Laikhtman, the structure of the boundary layer by A.S. Gavrilov et al. [4, 5], on the detection of forest fires and
their likelihood of becoming intense by P.M. Matveev et al.

The authors also used literary, analytical-statistical, and analytical-graphical methods as well as mathematical
modeling.

For this study, problems of mathematical modeling in forest fire prediction were analyzed. The almost
insurmountable difficulties in calculations for the most dangerous wildfires were noted [6—8], which were caused by
unknown physical characteristics of heat redistribution and the amount of air movement, factors that determined fire
parameters.

Therefore, it should be noted that mathematical models do not represent the transformation of spot fires into intense
crown fires [9]. In the 1970s, P.M. Matveev established that a fire became a spot one if the intensity of convective flows
was sufficient to raise and transport burning particles. At the same time, their burning time should be sufficient to set
fire to objects far from the hearth: forest floor, ground vegetation, stands of trees, etc.

In 1964, N.P. Kurbatsky proposed the first model of heat and mass transfer. In it, the burnout area was estimated by
the surface air velocity, like most fire propagation models. In 2018, a group of authors proposed a modern version of
heat and mass transfer model for predicting fire spotting, taking into account the challenges of writing equations and
still not fully solving the problem [9].

As shown in [1-3], spotting is characteristic of any crown fire when the wind increases. However, from the point of
view of the ground layer physics, a strong ground flow (wind) will contribute to the ignition and spread of fire in its first
stage. At the second stage, both types of convection develop:

— internal (generated by fire, own, thermal, with unstable ground layer air);

— external (created by air-mass conditions, the ground flow velocity loses its significance and prevents the transfor-
mation of a surface fire into a spot, crown one).

Gavrilov A.S., Mkhanna A.I., Kharchenko E.V. in the article “Verification of the model of atmospheric boundary
layer applied to the problem prediction of air pollution from forest fires” emphasized the need to take into account the
proportion of turbulent heat influx in an unstable surface layer with developed thermal turbulence [4]. It was found that
even with a very insignificant heat flow ¢ = 0.003 W/m? in surface conditions, the intensity of the turbulent heat influx
increased significantly — in 35 minutes from 0 to +10.2°C.

Thus, the role of convection is obvious, especially an internal thermal one [4—5]. This factor should be taken into
account when constructing mathematical models of the transformation of spot forest fires into crown fires.
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Results. The R. Rothermel model [1, 6] is based on empirical material and allows us to efficiently calculate the
parameters of a surface forest fire (Fig. 1).
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Fig. 1. The generally accepted elliptical shape of the contour of a surface forest fire

To predict the behavior of a forest fire, the ellipse parameters are calculated: a, b and ¢ (formulae 1-3). In this case,
the main computational characteristic of the model is the rate of spread of the forest fire, @, (m/s), which is determined
by (4 [1].

b o, 1+HB ®,

a=—-.,b= + ,c=b— s )
LB 2 HB HB
LB =0.936exp(0.2566U )+ 0.461exp (—0.1548U ) - 0.397, )
2 —_—
g LB+VLB L 3)
LB-~/LB* -1
o, =0, (1+k(U)+k(S)), @)

where a — segment of the ellipse (height); » — segment of the ellipse (the length in the frontal area of the fire);
¢ — segment of the ellipse (the length of the burnt-out area); LB — width of the ellipse segment b; HB — height of the
ellipse segment b; U — flow (wind) velocity, m/s; o, — speed of forest fire advance, m/min; wo — density of the
formation of combustible substances, kg/m?; k(U) — size of the particles of vegetative burnt matter, m?; k(S) — rate of
complete vegetation burnout, m/min.

The authors believe that this model is not suitable for predicting spot and intense crown fires, as it practically does
not take into account meteorological parameters except for the speed of surface flow (wind) [7-8]. In this regard, main
predictive equation (2) should be clarified by incorporating additional parameters. Thus, M.A. Sofronov, in 1967,
proposed taking into account not only wind speed but also relative humidity, considering its daily fluctuations, and the
slope of the terrain and surface roughness or viscosity when assessing the spread rate of surface fires [9-11].

If a crown fire has evolved from a surface one, the rate of fire propagation should be calculated at two levels: near-
surface (0—1 m) and surface (1-2 m) [12]. In the near-surface layer, it is more important to take into account the
properties of the burning substance, including its density and quantity (see formula 4). In the surface layer (the second
level of the model), parameters such as air temperature and humidity, vertical and horizontal flow rates are more
significant:

; (6))

Ve

where ®,; — fire advance rate in the surface layer, m/min; o, — fire advance rate in the near-surface layer, m/min, from
formula (4); o — air temperature in the near-surface layer, °C; ¢#; — air temperature in the surface layer at an altitude of
1-2 m, °C; vo — velocity of the air flow in the near-surface layer, m/sec; v, — horizontal component of the air flow
velocity, m/sec; fo — relative air humidity in the near-surface air layer, %; f; — relative air humidity in the surface layer
at a height of 1-2 m.

With the presence of a spot and intense wildfire, both internal (thermal) and external (mechanical) convection occur.
Turbulence causes particles to scatter upwards and away from the source, which can significantly alter the parameters a,
b, and c.
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The authors note that it is pointless to take turbulence into account in the near-surface layer (0—1 m), since it is
extinguished by the surface layer of forest litter or soil. To account for the turbulence of the surface air layers, one
should be guided by the concepts of nonstationarity and physical patterns of the surface air layer:

du d , du

=L 6
dt dz dz ©)
d_®:_ikd_®, %
dt dz dz
2 2

() ygdo P, 4yt ©
dt dt T dz k dz dz

k=Ib, )

(dujigd@

=—oc Lty &) T dz (10)

4 d(dujz_gd@’
dz |\ dz T dz

where u — air flow velocity, m/s; t — air temperature, °C; z — height, m; ® — heat inflow, J/s'm?>kg; b — energy of
turbulence, J/kg; g — acceleration of gravity, m/s%;, [ — scale of turbulence, m; & — turbulence coefficient, m/s;
¢ — D.L. Laichtman constant (~0.046); ab — D.L. Laichtman constant calculated by dimensional analysis (0.73);
« — Karman constant calculated to solve this problem (~0.397).

Based on D.L. Laichtman's ideas about the physical laws of an unsteady surface layer of air, we can conclude about
the role of turbulent motions in the distribution of heat, energy, and air particles. In the case of diffusion of matter and
energy during heating and transformation of the surface soil layer under fire conditions [13—15], modeling is based on
the theory of gradient transfer. k is coefficient of turbulent diffusion. £ is value of diffusion transfer in the vertical
plane. Horizontal components of the turbulence coefficient will be negligible due to the surface roughness and the
friction force action. To simplify the model equation, we can use the M.L. Budyko equation to calculate vertical
diffusion coefficient % at a unit level

k. :klpzi\/l—ﬁi, (11)
1
where kz — vertical diffusion coefficient, m/s; kip — kz value at a unit height of z; and under equilibrium conditions, at

a height of 1 m, is 0.1-0.2 m/s; Ri — average Richardson number with respect to the boundary layer, a dimensionless
indicator:
Q4T
Ri——_dz__ (12)

_ -
T, (dT)
dz
where T — air temperature, °C; T, — temperature in the absolute scale, K; g — acceleration of gravity (9.8 m/s?).

The authors propose to supplement initial formula (2) of the R. Rothermel model to clarify the development of a fire
from a surface one to an intense crown one (second layer of the model), calculating the rate of fire advance w,; in the

surface layer according to formula (5). In this case, equation (2) is supplemented by an expression for calculating
turbulence coefficient k. and replaced by a dimensionless indicator 0.397, because the latter acts as a parameter that
reduces the segment width of ellipse a. According to the authors of this work, taking into account intense convection
and subsequent turbulence can help to adjust the width of segment a with greater accuracy in relation to real-world
conditions. Then formula (2) can be represented by:

LB =0.936exp(0.2566U ) +0.461 exp (~0.1548U ) — kz. (13)

Taking into account expressions (11) and (12), we obtain the final:

LB = O.936exp(0.2566U) +0.461 exp(—O. 1548U) —klpi 1-

2]

(14

Table 1 shows the results of testing equation (14) and modeling typical cases of convective turbulence.
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Table 1

Some Results of Modeling Fire Parameters with and Without Turbulence [16] for an Unsteady Surface Layer

No. Characteristic U, m/s k., m/s LB HB a b c
1 Weak 4.000 - 2.470 22.521 0.521 1.290 1.268
2 Weak 4.000 0.500 2.370 19.640 0.552 1.301 1.276
3 Moderate 8.000 - 7.001 139.001 0.220 1.507 1.500
4 Moderate 8.000 2.000 5.400 107.002 0.281 1.509 1.500
5 Strong 12.000 - 11.610 579.501 0.170 2.001 1.997
6 Strong 12.000 5.000 7.010 199.290 0.290 2.005 1.995

Discussion and Conclusion. The combustion model under conditions of an unsteady surface layer was considered.
The values of segment a of the elliptical fire edge, taking into account refined expression (14), were compared with the
classical R. Rothermel formula [16]. An analysis of the simulation results with the turbulence coefficient (Table 1)
revealed the largest deviations of these values. At the same time, no significant differences in the parameters of ellipse b
and ¢ were found, which may confirm the expediency of the proposed refinement.

Adequacy of the obtained values of ellipse segmenta is determined by the Student's criterion (two-sample
t-criterion). For this purpose, the calculated values of ellipse segment a in the semi-empirical R. Rothermel model and
in equation (14) proposed by the authors were compared. Table 2 provides the test results. The calculated value of the
Student's t-test is much less than the critical (tabular) value: 0.609 < 2.776. This proves the statistical convergence of
the calculation results in the refined model represented by expression (14).

Table 2
Comparison Results of the Refined Version of the Model Containing the Turbulence Parameter
with the Classical Equation of the r. Rothermel Model
Value of #-criteri
No. Mean value Variance Degree of Combined variance alue of Fetiferion
freedom —
calculated critical*
1 0.374 0.016 4
.02 . 2.
2 0.304 0.024 4 00 0609 776
*With 95% confidence.

Note No. 1 corresponds to calculations using equation (14), which takes turbulence into account. No. 2 corresponds to
the classical expression of the Rothermel model, without taking turbulence into consideration.

Thus, the introduction of expression (14) is justified for an unsteady surface layer (the second layer of the model)
and makes it possible to significantly adjust the size of ellipse segment a, taking into account internal and external
vertical convective flows that form turbulence of the surface layer and transform a surface forest fire into an intense
crown one.

The adjusted model allows for more efficient calculation of the parameters of spot and intense crown fires within
forest ecosystems. Further refinement of the equations for semi-empirical forest fire models is promising. Research in
this area should continue.
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Abstract

Introduction. The issue of heat dissipation in metallurgy is significant due to potential hazards to personnel and the
environment. Effective control and management of thermal processes require additional measures and can prevent fires,
explosions, and personnel injuries as well as it is a key factor in ensuring the safety and reliability of metallurgical
equipment. Metallurgical processes often involve high temperatures, but control over them is necessary for successful
steel melting and processing. Current methods of heat transfer control (aeration, general exchange and local ventilation)
do not always effectively reduce heat loads to acceptable levels. The choice of a pulsating ventilation mode for
increasing the efficiency of heat transfer control is due to two main reasons: low air flow rates in large metallurgical
production facilities, and the presence of numerous hard-to-reach areas with heat-generating equipment. The aim of this
research is to investigate heat and mass transfer processes in areas with weak aerodynamic coupling with pulsating
ventilation mode.

Materials and Methods. To achieve this goal, a method of physical modeling was employed to collect statistical data.
Heat and mass transfer were evaluated by measuring temperature changes over time at various points in the model niche
under different ventilation conditions (stationary and. pulsating). System analysis was then applied to process the
collected data.

Research Results. 1t was found that pulsating air movement had a positive effect on heat and mass transfer in poorly
ventilated spaces inside the laboratory setup. The degree of efficiency of this effect was determined, and it was found
that the use of pulsating ventilation slowed down the increase in temperature in the center of the space by 3.8 times
compared to the use of general forced ventilation.

Discussion and Conclusion. The data obtained under the simulated conditions of the aforementioned type of
production provide a foundation for developing a more specific methodology to counteract the negative effects of heat
radiation. This methodology could significantly enhance safety by improving the removal of excess heat in low-
aerodynamic areas of mining and metallurgical workshops.

Keywords: experimental results, heat and mass transfer, pulsating ventilation, heat, temperature, weak aerodynamic
coupling, air movement
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AHHOTALMS

Beeoenue. TlpobGiema TEIUTOBBIACTICHAS B METAJUTyPTHH aKTyallbHAa M3-32 BO3MOXKHBIX OMACHOCTEH UL IepcoHalia U
OKpY’Karomien cpensl. JleHCTBeHHBIN KOHTPOIb 32 TEIUIOBBIMHU MIPOIIECCAMU M YIIPABICHUE HMU TPEOYIOT JOTOTHHUTEIb-
HBIX MEPOTIPHUATHN U MOTYT TIPEAOTBPATHTD MOKAPHI, B3PHIBEI U TPABMATU3M B IeJIOM. DPPEKTHBHOE YIIPABICHHUE TETI-
JIOBBEIMH TIPOIIECCAMU — OJIMH U3 KITFOUCBBIX (PaKTOPOB OE30MACHOCTH M HAJIC)KHOCTH METAJLTyprHdecKoro o0opymoBa-
HUs. BhIcOokHe TeMrepaTyphl CBOWCTBEHHBI METAJUTYPrHH, HO KOHTPOJIb 33 HUMH HCOOXOIUM JUIsl YCIICIIHOTO BBITION-
HEHUsI TIPOIECCOB IUIABKU M 00paboTku cTanmu. [IpuMeHsieMble crmocoObl KOHTPOJIS TEIUIONEPEHOCOM (a3panusi, oorie-
OoOMEHHas 1 MeCTHasi BEHTHJISLIMS) HE BCET/Ia TIO3BOJISIIOT CHU3HUTH TEIUIOBYIO HArpy3Ky J0 TpeOyeMoro 3HaueHus. Bbi-
00p pexuma MyJIbCUPYIOLIeH BeHTHIISILIUK JJ1s TOBbIIIeHUs () (DEKTUBHOCTH YIIPABICHHS TEIUIONEPEHOCOM 00YCIIOBICH
ABYMsI OCHOBHBIMHU HpI/I‘-H/IHaMI/II HU3KHEC CKOpOCTI/I JOBHWXXCHUA BO3}1yX3, KOTOpBIe CBOﬁCTBCHHLI prHHBIM uexam Merali-
JyPTUYIECKOTO MTPOU3BOICTBA, M OOJIBIIOE KOIMYECTBO TPYAHOIOCTYIHBIX HUII C TETIOBBIISISIONIM 000pYIOBaHHEM
B HUX. l[enbi0 JaHHOTO MCCIIeOBAHMUS B CBSI3U C 3TUM SBIIACTCS H3YUCHHE IPOIECCOB TEINIOMACCOMIEPEHOCa B 30HAX CO
C1aboi a3pOAMHAMHUYECKON CBA3BIO MPH MYIbCHPYIOMIEM PEXIME BEHTHIIAIIHH.

Mamepuanst u memoost. 1111 OTyUYCHHS CTATHCTHYECKUX JAHHBIX OBUT HCIOJIB30BaH METO (PH3UUECKOTO MOJICIHPO-
BaHus. [lpomecc TermmoMacconepeHoca OICHUBANICA Ha OCHOBAaHWH M3MEHEHHS TEMIIEPaTyphl ¢ TCUYCHHEM BPEMCEHHU B
PAa3IMYHBIX TOYKAX MOCTH HUIIW MPHU Pa3HBIX PEXMMaxX BEHTHJIAIMHU (CTAIIMOHAPHOM W MyJbcupyromiem). s oopa-
OOTKH MOJIYYCHHBIX PE3YIbTATOB U3MEPEHUH MPUMEHSIICS METO CUCTEMHOTO aHaJTN3a.

Peszynivmamut ucciedosanus. Bpuio yCTaHOBICHO MOJIOXKHUTEIBHOE BIUSHHUE MYJIbCUPYIOIIETO JABMDKEHHS BO3IyXa Ha
TEIIOMACCONEPEHOC B TUIOXO MPOBETPUBAEMOM UMIIPOBH3MPOBAHHON HHMIIIC BHYTPH J1a0OpaTOpHON ycTaHOBKH. Ompe-
JienieHa cTerneHb 3()()eKTUBHOCTH BIUSHHS MYJIbCUPYIONICH BEHTWIAIMUA HA TEIJIOMACCONEPEHOC. YCTaHOBIICHO, YTO
MIPU UCTIOJL30BaHUU METOJIa IMyJIbCUPYIONIEH BEHTW MK TeMIlepaTypa B LEHTPAJbHOW YacTH HUIIM TIOBHINIANACH
MeieHHee B 3,8 pasa, ueM mpu 001c0OMEeHHON PUHYAUTEIBHON BEHTHIISAIIHH.

Obcyxncoenue u 3akntouenue. Jlanapie, MOMTydeHHBIE B CMOJICIIMPOBAHHBIX YCIOBHUSX BBHIIMICYKa3aHHOTO BHAA TPOU3-
BOJICTBA, IO3BOJISIIOT pa3padoTaTh METOANKY OOPHOBI C OTPUIIATEIHHBIM BO3ICHCTBHEM TEILUIOBOTO M3NYUYCHHS, UTO Ja-
€T BO3MOYKHOCTD ITOBBICUTH 0€301TacCHOCTE NPU OTBOJE M3IUIITHETO TEIIa B YCIOBUAX CIa00H a’dpOINHAMHUKH YIaCTKOB
[IEXOB TOPHO-METAJLTy prUIECKUX TPOU3BOICTB.

KioueBble ci0Ba: pe3ynbTaThl IKCIEPUMEHTA, TEIUIOMACCOIEPEHOC, IyJIbCUPYIOMas BEHTWIALMS, TEIUIo,
TeMIlepaTypa, ciadast adpoIMHaMHUYeCKas CBsI3b, ABMKEHHE BO3IyXa

BaaromapHocTH. ABTOPBI BBIP2XKAIOT MCKPEHHIOK OJaroJapHOCTh PENAKIHOHHON KOJUICTHH XKYpHAla U OMBITHOMY
PELICH3eHTY 3a UX [NIyOOKHH aHaJIM3 M BaXKHbIC PEKOMEHAIMH, KOTOPBIC MO3BOJIIM 3HAYUTENBHO YIYYIIUTh CTAThIO
o mpobieMaM IMPOMBIIUICHHOW Oe3zomacHocTd. Ocolyio 0iaroapHOCTh — KOMaHIE W PYKOBOAUTENIO Kadeapbl
«Texnocdepnas OesomacHocthy HUTY MUCHUC 3a uX HEOUCHHMYK IIOMOINIhr B CO3JaHMM JabopaTopud U
CYILLECTBEHHbIH BKJIA]] B YCIICIIHOE BBIITOJHEHUE HAYYHBIX HCCICTOBAHHN.

Jna murupoBanusa. OwmH A.D., PmwmnHa B.A., Teprerunas C.B., Kyprocos M.1O., Konbmna U.C., Ilponuna /1.3.
Pesynbrarhl HMCCIENOBaHMS TEIIOMACCONEPEHOCA B YCIOBHSX CJ1a0OM a’poMHAMHYECKON CBSI3M TIPU IyJIbCUPYIOIIEM
PeXIMe BEeHTHWIALNH. besonachocms mexunozenHsix u npupoousix cucmem. 2025;9(1):22-31. https:/doi.org/10.23947/2541-
9129-2025-9-1-22-31

Introduction. Heat dissipation is an integral part of metallurgical production. Excess heat generation can cause
overheating of equipment, which can lead to accidents, damage to production equipment, and injury to workers,
resulting in significant financial losses. To control excess heat in the metallurgical process, several methods are used:

1. Direct cooling: cooling of metal in contact with heat sink rods.

2. Water cooling: the use of water to cool metal.

3. Gas cooling: the use of gases to cool metal, which ensures a high level of temperature reduction [1].

4. Cryogenic cooling: the use of supercooled liquid gases for heat treatment of metallic materials [2].

5. Induction cooling: the creation of internal cooling using an alternating magnetic field.
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Metallurgical workshops are characterized by a significant amount of heat generated during various stages of metal
production, including heating, melting, molding, and casting [3]. In addition, these processes are often accompanied by
the emission of dust and gases, leading to an increased concentration of hazardous substances in the air. This can
complicate the working conditions for employees and require the use of specialized protective equipment, as well as the
compliance with occupational safety and industrial safety requirements [4]. When working in metallurgical workshops,
there is also a risk of fires, explosions, and serious thermal injuries [5].

Insufficient cooling of process installations, such as areas with a large number of power cables or local transformer
substations, often causes excessive heat generation and heat accumulation, which can lead to equipment failures [6].
Therefore, it is crucial to carefully monitor temperatures at each stage of the process to ensure a stable and safe
temperature condition for production facilities and electrical equipment [7]. Regular maintenance and repair of
equipment, as well as monitoring of thermal radiation levels in workshops, are necessary to promptly respond to
potential problems and develop strategies to address and prevent them [8]. Despite all available cooling methods,
emergencies, non-standard situations, and injuries in metallurgical production remain a significant concern, although in
the last ten years there has been a downward trend [9].

Analysis of the existing statistical data on accidents and injuries in the mining and metallurgical industry over the
past ten years, as well as assessment of the cooling methods used, has shown the need for more effective measures to
reduce thermal radiation and ensure the uninterrupted operation of equipment [10]. In this regard, the authors have
developed and modeled a process of heat and mass transfer using a method of pulsating air movement, which
significantly improves heat transfer with weak aerodynamic coupling [11]. The aim of this research is to study the effect
of pulsating airflow on temperature parameters of air environment in conditions of low speeds and difficult aerological
permeability with general ventilation in a room. The article presents the results of physical modeling of heat and mass
transfer under conditions of weak acrodynamics.

Materials and Methods. The experiments on heat transfer were conducted using a physical model (Fig. 1), which
had the following characteristics [12]:

- volume of the ventilated space — 1 m3;

- relative air humidity — from 26 to 28%;

- air temperature — 21-23°C [13].

Fig. 1. External view of a laboratory installation for the physical simulation
of heat transfer in a pulsating ventilation mode

Figure 1 shows a structure simulating a ventilated room in the form of a cube with sides 1 meter long. The Pulsator
device was located in the central part of this volume (Fig. 2 a, 5). Its characteristics are shown below:

— the Pulsator device length — 0.57 m;

— diameter — 0.1 m;

— fan rotation speed in the Pulsator device — approximately 180 rpm;

— air consumption in the Pulsator device — 0.007 m?/s;

— flow rate of general exchange ventilation — 2.2 m/s [14].
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When planning the experiment, minimum and sufficient requirements for its implementation were established [15].
Measurement accuracy:

— time — in minutes;

— temperature — 0.1°C;

— distance — 1 cm;

— pressure pulse — 1 Hz.

Figure 2 provides the diagram of the laboratory installation. The air flow generator (Fig. 2 a, 1) for general exchange
ventilation, simulating the process of artificial ventilation in a room, was located on the left side at the bottom of the
laboratory model (in the middle). The height distance from the base of the laboratory installation was 7 cm. The outlet
of the niche (Fig. 2 a, 2), simulating a zone of obstructed aerological permeability, was in the base of a laboratory
installation in the center. The niche structure itself rested against the back wall of the cube. The dimensions of the niche
had the following parameters:

— height — 0.1 m;

— length — 0.5 m;

— opening width — 0.12 m;

— wall thickness — 0.012 m;

— wall material — pine.
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Fig. 2. Diagram of the laboratory installation for studying heat and mass transfer processes:
a — general view of the laboratory bench;
b — location of the temperature sensor, indicating the distance from the heat source;
1 — fan; 2 — niche simulating a zone of difficult aerological permeability; 3 —eat source;
4 — temperature and humidity sensor; 5 — the Pulsator device; 6 — the shielding plate

In the part of the niche farthest from the entrance, at a distance of 0.45 m, there was a heat source (Fig. 2 b, 3). The
heat source was an incandescent lamp with a power of 25 watts. During the experiments, two types of heat transfer were
studied: radiative and convective. Figure 2 provides the layout of the equipment during the experiment.

The experiment to study the processes of heat and mass transfer was carried out with the temperature values recorded by a
sensor located on the floor of the niche at a distance of 0.15, 0.25 and 0.35 m (Fig. 2 b). The letters highlighted in red indicate
the position of the temperature sensor during the experiment. The experiment was carried out both with stationary (without the
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use of a pulsator) air exchange and with the use of a pulsating ventilation mode. On each segment, 70 temperature values were
recorded for 60 minutes. In accordance with the experimental program, as mentioned earlier, the niche was located on the
basis of a laboratory installation, and the temperature sensor was located at measuring points A, B, and C (Fig. 2 b). The
measurements were carried out in the lower part of the niche (near the floor).

The second stage of the research to assess the influence of the air movement pulsating mode consisted in the use of a
screen that dissipated direct thermal radiation. This screen was located between the heat sources and the temperature
measuring points. The screen was installed permanently in one place for all measurements. The screen dimensions were
0.1 x 0.1 m. The screen material was white plastic 0.001 m thick. Periodically, during the heating process, the Pulsator
was turned on, for example, at the 18™ minute of the experiment. It was noted that the Pulsator operation led to a
decrease in the temperature rise in the niche at each measurement point. The measurements were performed using the
same methodology.

In general, it was found that at the time of switching on the Pulsator, the temperature increase in the niche was
1.5 times less than when the device was turned off. In the future, similarity criteria would be used to scale the process of
turbulent heat transfer in natural conditions.

Results. Based on the conducted experiments, graphs of the dependence of temperature changes on time were
constructed. Figure 3 shows the results of these measurements. The absolute and relative errors were 4.45°C and 8%,
respectively. The graph with the blue line shows temperature changes when using the screen, and the graph with the
green line shows temperature changes (in the range from the 18" to the 30" minute of this stage of the experiment)
when the pulsating air movement mode was turned on with the plastic screen installed.

After the experiments, relative temperature increments at each measurement point of stationary (marked in blue on
the graph) and pulsating modes were calculated to compare them. After calculating the increments for different modes,
the dependencies were obtained. Figure 4 shows a graph of the dependencies of temperature increment coefficient on
time using the screen.
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Fig. 3. Dependency graph of temperature on time of thermal radiation at a distance of 35 cm
from a radiation source with an installed screen
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Fig. 4. Dependency graph of relative temperature increment on time at a distance
of 35 cm from the radiation source using a screen

Further, these increments were distributed by modes and time ranges. Figure 5 shows dependency graphs of average
values of relative temperature increment (t\ty) on time in stationary and pulsating modes for the entire volume of the niche.
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Fig. 5. Dependency graphs of averaged values of relative temperature increment
on time in stationary and pulsating modes
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According to this graph, during the first 15 minutes of the experiment, the temperature increased at a slower rate
the pulsating ventilation method, and there was a steady, slight increase. Under the conditions of the steady-state

using
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regime of the process under study, the maximum rate of temperature increase was observed.

Comparison of temperature changes over the intervals of 1-15 minutes and 16-32 minutes showed that during the
first interval, the efficiency of the pulsating mode was less than the temperature increase (Fig. 6). However, the

characteristics remained the same during the second interval (Fig. 7).

Figure 8 shows the values of angular coefficients, which indicate the degree of efficiency of the pulsating mode
compared to the stationary mode, at different time intervals. In the range from 1% to 15" minute, the angular coefficient
was 3.8 times higher in the stationary mode than in the pulsating mode, which indicated a higher intensity of heat and

mass

Relative temperature increment, t;\t,

Relative temperature increment, t;\t,

transfer. In the next interval (16-32 min.), this effect was not observed.
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Fig. 6. Dependency graphs of the averaged values of relative temperature increment
on time in stationary and pulsating modes (time range — 1-15 min.)

1.12
1.10
1.08

1.04 =

=

1.02
16 18 20 22 24 26 28 30 32 34 36

Time, min

----- without pulsator == === with pulsator Poly. (without pulsator) Poly. (with pulsator)

Fig. 7. Dependency graphs of the averaged values of relative temperature increment
on time in stationary and pulsating modes (time range — 16-32 min.)
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Discussion and Conclusion. The obtained dependencies of relative temperature increments with and without the
pulsator allowed us to visually compare the processes of temperature increase and obtain the angular coefficient values
for these two modes. The coefficients showed that the pulsating mode reduced the temperature rise by 3.8 times within
the first 15 minutes at all measured points of the niche, proving the effectiveness of the proposed method. During the
subsequent time period, temperature indicators stabilized in all cases and temperature in the niche increased slightly,
both with and without the pulsator on.

The pulsation efficiency was observed at a distance of at least three diameters (L = 3d) of the niche under these
conditions. We found that each time the pulsator was turned on, a steady increase in turbulent heat transfer occurred.
Therefore, we can conclude that this method could be used to regulate the thermal load on various pieces of equipment
and several technological processes.

The experiments conducted have allowed us to obtain initial information about the effectiveness of the above-
mentioned method for heat and mass transfer. Further work will continue, and experiments will aim to obtain and
analyze the dimensional and dimensionless characteristics of turbulent heat and mass transfer.
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Abstract

Introduction. In the near future, the issue of selecting appropriate methods to assess the effectiveness of fish protection
devices (FPDs) will continue to be relevant. Previously, the necessary data could only be obtained by ichthyological
studies, which involved using specific techniques and equipment. However, the introduction of a new edition of the
Code of Rules SP 101.13330.2023 changed the situation and opened up the possibility of using sonar tools to determine
the FPDs effectiveness. While there is a lack of public information regarding the specifics and potential of this
approach, it is possible that underwater video surveillance may yield similar results to ichthyological (hydroacoustic)
methods. This study aims to verify this hypothesis.

Materials and Methods. During ichthyological studies at the Zainskaya power plant, fish were captured using nets with
mesh sizes of 10, 18, 20, 22, 30, and 70 mm. A Molchanov GR-18 bathometer was used to take phytoplankton samples.
Zooplankton samples were collected by the Apstein network. Zoobenthos samples were collected using an automatic
DAK-250 dredger. Underwater video surveillance was conducted using a Praktik Murena camera with a resolution of
720 HD (1,280x720 pixels), which is equipped with built-in infrared illumination and displays information on a surface
monitor. The camera has a wide-angle lens with a 130° viewing angle.

Results. A notable advantage of the proposed method, identified in the course of scientific research, concerned the
sample size. With video surveillance, it turned out to be 2.25 times larger than with the traditional method. This was
because video cameras captured more individuals than the number of fish caught in a net. A larger sample size provided
a more statistically significant result. As the amount of data increased, the accuracy of the characteristics of the general
population increased, and random error decreased. To determine the FPD efficiency coefficient (EC), the concentration
of fish before and after the FPDs, as well as the survival rate of individuals after contact with the FPDs were taken into
account. When using the traditional method in 2023, the average EC of the FPDs efficiency at on-shore pumping station
No. 3 was 86.9%. Under the same conditions, the new approach proposed by the authors showed a similar average
efficiency of 87.3%, with a difference of only 0.46%, which was completely insignificant. The maximum discrepancy
was in the spring of 2023, where the indicator of the alternative method was 9.3% higher than the traditional one, while
the minimum was noted in autumn at 0.1%.

Discussion and Conclusion. So, it was possible to confirm the hypothesis that the underwater video surveillance
method is comparable in results with the ichthyological (hydroacoustic) method. However, the new approach is not yet
legally recognized and can only be used as an additional tool. Firstly, video surveillance can help to determine whether
ichthyological studies are necessary. Secondly, water intake operators can use the experimental method in between
ichthyological surveys to obtain operational data on the effectiveness of FPDs.

Keywords: fish protection device efficiency, hydroacoustic verification of the device, ichthyological verification of fish
protection, underwater video surveillance of the fish protection device
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Opuzunaﬂbnoe amnupudeckoe ucciedosamue

IIpumeHeHne MOABOHOTO0 BUIEOHAOIIOIEHHS JAJI1 KOHTPOJISl PpbI003allIMTHOIO YCTPoOiicTBA
Ha BOJ03200PHOM COOPY:KE€HHH TENJIOBOM 3JIEKTPOCTAHIIUMN
A.P. CaeroB" = X<, M.JI. Kamaiina

Kazanckuil rocyaapcTBeHHbIH 3HEpreTU4ecKuil yHuBepcureT, . Kasans, Pocculickas @enepanus
D4 saetov67@mail.ru

AHHOTANUA

Beedenue. B 6mkaiinee BpeMsi COXPaHUT aKTyaJlbHOCTH IpoOiieMa BBIOOpa CpeAcTB omnpeneneHus 3(HeKTHBHOCTH
prr6o3amuTHEIX yerpoicTB (P3Y). Panee HeoOXoanMble aHHBIE MOKHO OBLIO MOJYYHTh TOJIBKO MXTHOJIOIMYECKUMHU
uccie0BaHUAMH. [IJIst 3TOr0 UCTIONIB3YIOTCS crieliuUIecKie MEeTOAMKN 1 00opynoBaHue. CUTyaluio U3MEHHIIa HOBast
pemakuus Ceoma mpasun  CII 101.13330.2023, xoropas mnpeaycMaTpuBaeT BO3MOXHOCTb  IPUMEHEHHS
THJPOAKyCTUUECKUX CpeACTB Aisl ompezaeneHus 3ddexruBHoctn P3Y. B oTkpbiToM goctyrie Her myOnukaiuid o0
0COOEHHOCTSIX M MEPCIEKTHBaX TaKOro Mojxoja. MOKHO MPEIoIOKHUTh, YTO METO]| TOJIBOJJHOTO BH/ICOHAOIIOICHUS
COIOCTaBUM MO PE3yNbTaTaM C HXTHOJOTHYECKHM (THApoaKycTHdeckuMm). Llemb paboTbl — MOATBEPANTH AAHHYIO
THIIOTE3Y.

Mamepuanvt u memoowi. 1Ipn UXTHOIOTUYECKUX HCCIEIOBAHUAX Ha 3aMHCKOW 3JIEKTPOCTAHIMHU PHIO OTJIABIUBAIIH
cersimu ¢ saeert 10, 18, 20, 22, 30 u 70 mm. s otOopa mpold (UTOIUIAHKTOHA TPUMEHsUH OaToMeTp MordaHoBa
I'P-18. IIpo06s! 3001UTaHKTOHA OTOMpanu ceThio AmmreiiHa. 3000€HTOC cOOMpany aBTOMAaTHYECKHM JHOYEpIaTeIeM
JAK-250. [TomomHOE BUACOHAOIIOICHHE B C MOMOINBI0 Kamepbl «lIpaktuk Mypena» ¢ paspermenuem 720 HD
(1 280x720 nukceneit). Oto o000pyIOBaHHME OCHAIIEHO BCTPOCHHOW WH(ppakpacHoW mnoncBerkor. HMudopmanms
BBIBOJUTCS Ha HAJBOJIHBII MOHUTOPHBIN 0710K. OOBEKTHB — IMPOKOYTOJNBHBIN, ¢ yTioM o63opa 130°.

Pezynemamut uccnedoganus. IIpenMyIecTBo NMpeIyIOKEHHOIO METO/A, BBIIBICHHOE B XO/€ HAyYHBIX H3BICKaHMH,
Kacaercst oObema BbIOOpKH. [Ipu BupeoHaOIOICHNH OHA OKaszanach B 2,25 pas3a Oouibllie, YEM NPH TPAJAUIMOHHOM
Meroze. O4eBHAHO, YTO BHJCOKAaMEphl (PUKCUPYIOT Oouble oco0ell B CpaBHEHWH C KOJIMYECTBOM PBIO, MOIABIINX B
ceru. lllmpokas BbIOOpKa oOecrieunBaeT CTAaTUCTHYECKH Oosee 3Ha4MMBIA 3¢pdekr. C pocToM 00beMa JaHHBIX
YBEJMYMBAETCS TOYHOCTh XapaKTEpUCTHUK T'€HEPAIbHONH COBOKYITHOCTH, COKpamiaercs ciiydaiiHas ommOka. Jms
onpenenenus kosdpdurmenta >¢pdexruHocT (Kad) P3Y yuuthiBanu koHueHTparmo peio 10 u mocie P3Y, a takke
ToKa3aTelb BEDKMBAEMOCTH 0coOeit mocie koHTakTa ¢ P3VY. Ilpu ncmonb30BaHuy TpaaulimoHHOTO MeTtoaa B 2023 romy
cpeaunit Kad prroosamnuraoii addextuHocTH P3Y Ha OeperoBoit HacocHo# cranimu Ne 3 3auHCKOW 3IEKTPOCTAHIIUI
coctaBus 86,9 %. HoBbI mMonxox, NHpeAsiOKCHHBIM aBTOPaMHM MJAaHHOW CTaThbH, B TeX JK€ YCIOBHSIX IIOKa3aj
aHAIOTUYHYIO cpenHiowo 3 dexTnBHOCTE — 87,3 %. PazHuna cosepmenno HecymecTBeHHa — 0,46 %. MakcuMaisHOE
pacxoxaenue pukcupoBaocs BecHo# 2023 roga. Torna nmokasarens agbTepHATUBHOTO MeToza ObuT Ha 9,3 % Oombiie B
CPaBHEHUH C TPAAULUOHHBIM. MUHUMYM OoTMeTHIH oceHbo — 0,1 %.

Oébcyycoenue u 3aknoyenue. YIanoch TOATBEPAWTh THUIOTE3y, COTJACHO KOTOPOH METOX IIO/ABOJHOTO
BHICOHAOIIOICHNS COMTOCTABHM 10 PE3yIbTaTaM C MXTHOJOTHYECKHM (THapoakycTrdecknM). HoBbIH momxon Bee erme
HE TIpU3HAH 3aKOHOJATENIFHO, M €ro MOXKHO HCIIOJIb30BaTh TOJBKO KaK BCIIOMOTATeNbHBIA. Bo-nepBbIX,
BUICOHAONIO/ICHUE TO3BOJIMT BBUICHUTH, HYKHBI JIM HMXTHOJOIMYECKHE M3BICKaHUS. BoO-BTOpPBIX, O3KCILUTyaTaHT
BO/103a00pa MOXKET 3aJeHCTBOBATh IKCIIEPUMEHTAJbHBIA METOJ MEXIY HXTHOJOTMYECKUMH HCCICIOBAHMSAMH IS
MOJTy4eHHs OllepaTUBHON HH(popMaimu 06 sddexrusHoctu P3Y.

KiaroueBbie ciaoBa: 3PPEKTHBHOCTE PBHIOO3ANIUTHOTO YCTPOMCTBA, THIPOAKYCTHUECKas IPOBEpKa YCTpOMCTBa,
HMXTHOJIOTHYECKAs IIPOBEPKA PHIOO3ATUTEI, TOJBOTHOE BUICOHAOIIOICHNE PHIOO3AUTHOTO YCTPOHCTBA

BbaarogapHocTn. ABTOpBl GuaronapsAT pPyKOBOACTBO M Koiuier @DenepanbHOTO TOCYIapCTBEHHOTO ONOIKETHOTO
00pa30BaTeNFHOTO  YUpeXKIeHHWs BhIcIiero oOpazoBamms «Ka3aHCKHH  TOCymapCTBEHHBIH  SHEPreTHYEeCKUN
yHHUBepcHUTET», TaTapckoro ¢rmnana BeepoccHiickoro HayYHO-HCCIIeI0BAaTENECKOTO MHCTUTYTA PBHIOHOTO XO03siiCTBa
okeanorpadun, ¢mwmana AO «TarsHepro» — 3amHCKONH TOCYZapCTBEHHOW PAaMOHHOW AIIEKTPOCTAHIINH, a TaKkKe
QHOHUMHBIX PELEH3EHTOB 3a IOMOIIb, OKA3aHHYIO NIPH MOATOTOBKE CTATHU.

Jas murapoBanust. CaeroB A P., Kanaiina MLJL. [IpuMeHeHre TOABOTHOTO BAICOHAOIONCHUS T KOHTPOJS PHIO03AITATHOTO
YCTpOWCTBA Ha BOJ03a00PHOM COOPY>KEHHH TEIUIOBOM 3JIEKTPOCTAHIMU. Be30nacHoCmb MeXHOLEHHbIX U NPUPOOHBIX CUCHIEM.
2025;9(1):32-41. https:/doi.org/10.23947/2541-9129-2025-9-1-32-41
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Introduction. The equipment of thermal power plants requires cooling. For this purpose, water is used. Water is
taken from natural and artificial reservoirs by hydraulic structures called water intakes [1]. Two essential operating
conditions for these facilities are an uninterrupted supply of water and the presence of a fish protection device (FPD)
that prevents fish from entering the equipment [2].

The minimum regulatory FPD efficiency is 70% [3]. Modern FPD designs meet this requirement .

The Zainskaya State Regional Power Plant (GRES) water supply system is reversible. The waste water is cooled in
the Zainsk reservoir. Three on-shore pumping stations (SPS) supply circulating industrial water. The Zainsk reservoir is
a fishing reservoir. Taking into account this circumstance and natural factors, FPDs of WAC (water-air curtain) type
were installed on all three SPSs from 2015 to 2018. It should protect the young fish from water intake, and the intake
from floating and submerged debris. Industrial and energy water intakes at Iriklinskaya, Kaliningradskaya and
Reftinskaya regional power stations were equipped with the same FPDs. The devices have shown high fish protection
efficiency [4].

The ascending water-air curtain is formed by a stream of water, which is pumped to the system of bottom modules
of an FPD. Air is also supplied there via a parallel pipeline. Passing through the aerating nozzles, it is directed into a
perforated pipeline, mixes with water, rises to the surface and thus forms an obstacle for fish and debris (Fig. 1).

Fig. 1. WAC-type FPD in action

For a WAC-type FPD, a perforated pipeline is laid along the bottom in front of the water intake zone. An air-water
mixture is constantly supplied from its openings. Fish consider a "wall" of air bubbles as a physical barrier. In addition,
they are deterred by the sonar noise of air currents. At the same time, the fish are not injured. The WAC-type FPD
consists of interchangeable modules of the same type. Therefore, it is easier to maintain it than other protective devices.
In winter, the air curtain forms an ice-hole. Due to the constant mixing of water, it does not freeze, and the water intake
is not clogged with ice.

The use of WAC-type FPD to protect baby fish is based, in particular, on fright. This is how fish react to a wall of
upward-moving air bubbles and swim away from it. The high efficiency of the method can be explained by its complex
effect on babies. Firstly, for the visual receptors of fish, the water-air curtain is an external stimulus. Secondly, it is
perceived as a mechanical barrier (wall). Thirdly, the curtain makes noise. Air bubbles rise from the holes of the
perforated pipes. When surfacing, they expand and collapse with a hydrocavitation effect. A micro-explosion occurs,
which scares the fish away.

In comparison with an air-bubble curtain, the energy of an air-water curtain is much higher, as it is created not
only by air but also by a denser flow of water. In a water-air curtain, fish are able to rise more efficiently to the upper
layers and are carried out by the flow from the intake [5]. As a rule, an air curtain is used at large water intakes for
energy purposes.

Materials and Methods. Ichthyological studies were conducted to assess the FPD effectiveness of the Zainskaya
GRES water intake facilities?. The quantitative and qualitative composition of fish caught in the nets in the supply
channel were analyzed. Special studies were conducted to calculate the survival rate. A control group of fish was caught
before the FPD, and an experimental group was caught in the supply channel after contact with the FPD elements. In
both groups, the number of dead and live individuals was calculated. The survivors were observed during the
24 hours [6]. Then the number of dead and survivors was calculated again and thus the survival rate was obtained.

! On the Instructions on the procedure for monitoring the effectiveness of fish protection devices and monitoring fish deaths at water intake facilities. Order
No. 786 of the Federal Agency for Fisheries dated September 1, 2009. (In Russ.) URL: https://base.garant.ru/12171525/ (accessed: 10.12.2024).

% Retaining walls, shipping locks, fish passageways and fish protection structures. Code of Rules. SP 101.13330.2023. (In Russ.) URL:
https://www.minstroyrf.gov.ru/docs/318744/ (accessed: 10.12.2024).
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The FPD efficiency coefficient was expressed as a percentage and was calculated by dividing the number of fish that
are trapped by the FPD by the total number of fish that enter the intake structure when the FPD was not present.
Records were kept continuously throughout the year to ensure accuracy.

An observation post for ichthyological sampling using standard methods was set up at SPS No. 3, equipped with a
FPD [7]. The fish species were determined through taxonomic revisions and summaries [8].

Seasonal dynamics of fish entering the water intake facilities of SPS No. 3 at Zainskaya GRES is observed. Before
and after the FPD, the highest number of fish was caught in summer, with the lowest numbers in autumn, winter, and
early spring (Table 1). This can be explained by the fact that colder water reduces the activity of fish.

Table 1
Quantitative Composition and Species of Fish Recorded in the Water Intake Facilities of SPS No. 3 at Zainskaya GRES
Before and After the FPD in 2023, Number.

Winter Spring Summer Autumn
Types of fish
Before FPD | After FPD | Before FPD | After FPD | Before FPD | After FPD | Before FPD | After FPD

Bream - - - - 5 - - -
Alburn 45 - 1 1 1 - 2
White bream 6 - 7 1 - - - 4
Chub - - 2 - - - - -
Roach - - 2 1 56 1 2 4
Catfish - — - - 1 - - -
Perch 21 2 36 6 250 115 152 6
Total 72 2 48 9 318 117 154 16

According to round-the-clock observations at SPS No. 3, the highest number of fish got into nets and equipment at
dusk and at night (in 21:00, 1:00, 5:00 and 9:00). At this time, the fish saw the obstacles worse, and they were captured
by the current near the FPD. First of all, this applied to babies. It was harder for them to resist the flow.

The motion activity of carp fish decreased from 20:00 to 6:00. This was revealed by spectral analysis, which took
34 hours.

Underwater video surveillance was also conducted together with the ichthyological research. A Praktik Murena
camera was installed before and after the FPD [9]. It took photos and videos. This equipment output information to the
surface monitor and stored the data. The resolution of 1280x720 pixels provided a clear image even in low light
conditions. In addition, it was possible to turn on the LED or infrared backlight. They were remotely adjustable, and this
was important when working in muddy water or in bad weather. Special sensors measured the water depth and
temperature. The optional compass function displayed the camera's direction; it showed which way it was turned.

Due to the powerful built-in lithium-ion battery (10,000 mAh), the camera could work for 6 hours even in cold
weather, while the battery indicator showed the battery life.

Figure 2 shows the above-water block. This is a portable five-inch color TFT (thin-film transistor) monitor.

Fig. 2. Underwater Praktik Murena video camera
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The high resolution 720 HD (1,280x720 pixels) provided a clear and detailed image even at a depth of 10—15 meters
in conditions of average water clarity. A special visor protected the screen from sunlight, and it was possible to install a
microSD card with a capacity up to 128 GB. The wide viewing angle was 130 degrees, and powerful illumination from
two white LEDs and four infrared LEDs allowed exploration of the underwater world both day and night, even in low-
visibility conditions. The video camera had an IP 68 protection rating, making it waterproof and resistant to wear. The
waterproof video cable, with a length of 15 meters and a maximum load capacity of 15 kg, could withstand extreme
temperatures from —20°C to +60°C.

The complex combined elements with three main functions: a video camera, a power source and an information
storage device. Two additions were made to the original design. Firstly, an aluminum case was purchased to carry,
store, and protect the device from precipitation (Fig. 3). The case was insulated to extend the battery life during cold
seasons. Second, an additional 2 terabyte external hard drive was added to store all footage.

Fig. 3. The case and the surface unit of the Praktik Murena video camera

A special conductor has been developed for installing and fixing the camera underwater (Fig. 4).

4 mm metal sheet

Weight 8.870 kg Round steel 14 mm Weight 0.726 kg
_ Welded joint Welded joint

1»' Weight 8.830 kg

% I Attachment point \ Attachment point \ Attachment point Attachment point \ Attachment point
1

600
600

atadepthof 5m atadepthof4m atadepthof3m atadepthof2m atadepthofl m

1000 _L 1000 1000 1000 1000 ‘ 1600

700 6600

1-1 Underwater video camera

Welded joint -
wp mounting rings

Fig. 4. A conductor for underwater video surveillance
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The conductor was made of a steel round bar with a diameter of 14 mm and a length of 7,300 mm. In the upper part,
there was a transverse crossbar with a diameter of 14 mm and a length of 600 mm, welded to the main part. The
crossbar acted as a handle when the lower end of the conductor was immersed in the bottom soil and when it was
rotated to orient the video camera in the desired direction. At a distance of 600 mm from the lower end of the
conductor, a round metal sheet with a thickness of 4 mm was fixed with a welded joint. It restricted the penetration of
the conductor into the ground and fixed it in an upright position. To attach the underwater camera, metal rings were
welded every 90° around the circumference of the metal sheet. The distance between them was 1,000 mm. The total
weight of the conductor structure did not exceed 19 kg, so even one researcher could work with it.

Results. The survey before and after the FPD at the SPS No. 3 of the Zainskaya GRES revealed the stability of fish
species composition. It did not depend on the season and generally corresponded to the data of ichthyological studies.
During the study, 1,654 individuals were recorded. 256 individuals (15.48% of the total number) could not be
identified [10]. Therefore, for the sake of objectivity, Figure 5 shows the quantitative composition, and Table 2 contains
all the data obtained [11].

800
700
600
500
400
300
200

0 || —

Winter

Summer

Spring Autumn

u Before FPD  m After FPD

Fig. 5. Number of fish caught by the underwater surveillance camera before and after the FPD at SPS No. 3 in 2023, individuals

Table 2
Number and Types of Fish Recorded by Underwater Surveillance Cameras Before and After the FPD at SPS No. 3
During Different Seasons of 2023, Individuals

Types of fish Winter Spring Summer Autumn
Before | After FPD | Before |After FPD| Before |After FPD| Before | After FPD
FPD FPD FPD FPD
Alburn 89 3 63 2 271 15 131 7
White bream, 18 1 12 - 71 8 35 5
bream *
Perch 42 6 24 2 143 25 72 15
Chub 22 3 12 3 78 16 35 8
Roach 20 5 14 2 69 14 32 5
Not determined 29 5 16 3 105 35 45 18
Total 220 23 141 12 737 113 350 58
*White bream and bream come together because they can be difficult to distinguish on the screen.

Table 3 provides the total number of fish recorded in the FPD area by two methods. According to these data, fish
were especially active in autumn. Relatively high activity was observed in summer, low — in winter and spring.
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Table 3
The Total Number of Fish Recorded in the FPD Area of the Zainskaya GRES During the Period of Research
by the Ichthyological (Ich.) Method and the Method of Underwater Video Surveillance (Exp.) in 2023

Season and Winter Spring Summer Autumn Total for a year
fixation method | ycp, Exp. Ich. Exp. Ich. Exp. Ich. Exp. Ich. Exp.
Number 74 243 57 153 170 408 435 850 736 1654

In comparison with the ichthyological observations, the underwater observations recorded 2.25 times more
individuals. The larger the sample size, the more likely it was to detect a statistically significant effect. Additionally, a
larger amount of data improved the accuracy of estimating parameters for the general population and reduced random
error. This was an advantage of the alternative research method.

According to the results of round-the-clock observations, regardless of the season, underwater cameras recorded fish

more frequently during daylight hours (Table 4).

Table 4
The Number of Fish Recorded by Underwater Video Surveillance Cameras
in 2023 at SPS No. 3 of Zainskaya GRES, Individuals/%
i 0:00- 4:00- 8:00— 12:00— 16:00— 20:00-
Time Per season
4:00 8:00 12:00 16:00 20:00 0:00
. 4/ 78/ 53/ 36/ 42/ 30/ 243/
Winter
1.65 32.10 21.81 14.81 17.28 12.35 100
Sori 2/ 51/ 33/ 15/ 33/ 19/ 153/
rin
pring 131 | 3333 | 2157 | 98 2157 | 1242 100
13/ 337/ 185/ 104/ 155/ 56/ 850/
Summer
1.53 39.65 21.76 12.24 18.23 6.59 100
4/ 162/ 93/ 39/ 77/ 33/ 408/
Autumn
0.98 39.71 22.79 9.56 18.87 8.09 100
23/ 628/ 364/ 194/ 307/ 138/ 1654/
Total for a year
1.39% 37.97% | 22.01%* 11.73 18.56* 8.34% 100
*The indicator is calculated not by the time of day, but by the results of the year. This is a fraction of the total
annual number of 1,654.

Underwater video surveillance revealed the smallest number of fish at dusk and at night, from 22:00 to 4:00. This
was due to the biorhythmicity of most fish. Their motor activity decreased from 20:00 to 6:00 [11]. From 0:00 to 4:00,
the underwater surveillance camera recorded only 23 out of 1,654 individuals, or 1.39%. This indicator remained
low (from 0.98% to 1.65%) regardless of the season.

From 20:00 to 0:00, a video survey found 138 out of 1,654 individuals, or 8.34%. Particularly low rates were
recorded in summer (6.59%) and autumn (8.09%).

From 12:00 to 16:00, 194 out of 1,654 individuals were captured, or 11.37%. Lows were recorded in spring (9.80%)
and autumn (9.56%).

For ichthyological studies, the FPD efficiency coefficient (Ka¢) was calculated using the formula:

C,-C

0

Koy = -B-100 %,

where C — fish concentration after the FPD, Cy — fish concentration before the FPD, B — survival rate of fish after
contact with the FPD structural elements.

K (in %) of the FPD based on the ichthyological research results in 2023:

— Winter — 97.2;

— Spring — 83.7;

— Summer — 83.4;

— Autumn — 83.3.
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In 2023, the average coefficient of fish protection efficiency of the FPD at SPS No. 3 was 86.9% (according to
standards — at least 70%).

Together with the ichthyological research, the experiments on fish fixation using an underwater camera were
conducted at SPS No. 3. They were also monitored before and after the FPD. FPD Ka¢ based on video surveillance
results in 2023:

— Winter — 89.6%;

— Spring — 91.5%;

— Summer — 84.7%;

— Autumn — 83.4%.

Average FPD K»a¢ in this case — 87.3%.

Table 5 compares the indicators of the FPD fish protection efficiency obtained by different methods.

Table 5
Comparison of the Effectiveness of Ichthyological and Alternative (Experimental) Methods for Determining Fish
Protection Effectiveness of FPD at SPS No. 3 in 2023, %

FPD K4 (ichthyological ) Difference
Season FPD K, (experimental method) .
method) (- lower, + higher)
Winter 97.2 89.6 -7.8
Spring 83.7 91.5 +9.3
Summer 83.4 84.7 +1.6
Autumn 83.3 83.4 +0.1
2023 86.9 87.3 +0.46

As it can be seen, the peak difference in efficiency was less than 10%, the minimum was 0.1%, and the average
was 0.46%.

Discussion and Conclusion. Underwater video surveillance at a WAC-type FPD at SPS No. 3 of Zainskaya GRES
has confirmed the data of traditional ichthyological studies. According to the results, these two methods show slight
differences, with an average difference of less than 1% (0.46% to be more precise). This confirms the accuracy of the
results and supports the hypothesis that the underwater video surveillance method is informative and promising.

To be more specific, the experimental method has not yet been legally recognized, and therefore it cannot be used as
a standalone and sufficient approach. Nevertheless, it would be useful to first determine whether ichthyological research
is necessary. Secondly, underwater video surveillance could be used together with traditional studies to obtain
additional information on the FPD effectiveness.

Thus, the proposed method provides the water intake operator with the opportunity to quickly monitor the FPD
efficiency. This monitoring can be done much more frequently than professional ichthyological (hydroacoustic)
monitoring.

Underwater video surveillance is also well-suited for remote detection of fish parameters, such as length. This
method allows for the monitoring of fish without the need to remove them from the water or cause any harm to
them [12].

Another advantage of the new method compared to the traditional one is the larger sample size. Within the context
of the presented scientific study, a difference of 2.25 times was noted in favor of underwater video surveillance.
Increasing the sample size allows for greater accuracy in the estimate and reduces the likelihood of errors in

calculations.
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Abstract

Introduction. The issues of sustainable development, environmental protection and transition to a low-carbon economy
remain relevant for countries worldwide, including the Russian Federation. In the context of global climate change and
depletion of traditional energy sources, the need to develop “green” energy has become increasingly important.
However, despite the presence of a certain potential, this sector in Russia is still underdeveloped, which is due to
various economic, technological and legislative factors. There are numerous theoretical studies on renewable energy
sources in the scientific literature, but many aspects of their functioning and development remain insufficiently
explored. This scientific gap makes it difficult to fully understand the mechanisms and strategies for its further
development.

In connection with the above, this study aims to analyze the current features and trends in the development of green
energy in the Russian Federation. The study will also identify potential obstacles and opportunities for the expansion of
green energy, as well as ways to overcome negative aspects of its functioning. The objectives of the authors of the study
are focused on analyzing the priorities of public policy in Russia as a signatory to the UN Framework Convention on
Climate Change, the Paris Climate Agreement, and the Kyoto Protocol on Reducing Greenhouse Gas Emissions, on
determining the impact of public policy, technology and investment on the development of renewable energy sources,
as well as on studying factors that can accelerate the country's transition to more sustainable energy models. The results
of the study aim not only to fill a current gap in scientific knowledge, but also to provide the basis for developing
recommendations that can help optimize energy policy in the country.

Materials and Methods. The authors analyzed legislative materials related to the topic of study. Statistical data on the
types of energy capacities in the country over the past decade were used. The study was conducted based on regulatory
and legal acts of the Russian Federation. Results from monitoring the implementation of government programs and
strategies on the issue were also studied. Content analysis, structural and functional analysis were used as main research
methods. The current state of affairs in the energy industry was presented based on the analysis of hierarchies, which
was a set of elements, each of which reflected a specific step in achieving the goal.

Results. The clear growth of renewable energy sources (RES) use in the total global energy capacity has been
explicated. It has been established that Russia is paying significant attention to the development of renewable energy
sources, with a focus on introducing public-private partnerships in this area. Methods and principles of government
support aimed at developing this sector, as well as competitive technologies (RES.1 and RES.2) for the commissioning
of generating facilities using various forms of renewable energy, have been analyzed. It has been confirmed that the
energy development roadmap in Russia corresponds to a proposed hierarchy of strategies based on a hybrid approach.
Priorities in reducing greenhouse gas emissions and combating pollution have also been established.

Discussion and Conclusion. The data obtained from the research conducted by the authors indicates that Russia has
started to move towards the active implementation of renewable energy sources while not disregarding the use of
traditional energy from non-renewable resources, taking steps to minimize associated costs. The development of green
energy in the country is still proceeding at a slow rate. Its development is hampered, on the one hand, by the already
powerful potential of energy capacities, and on the other hand, by negative factors affecting both the production and use
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of renewable energy sources. While advocating for a faster transition to green energy, it is important to acknowledge
that this process is fraught with challenges that must be predicted and addressed. To do so, a thorough analysis of the
impact of different types of renewable energy sources on the environment and human health is necessary. Therefore, the
introduction of renewable energy sources should be phased and carefully thought out. In this regard, this topic requires
further study.

Keywords: Russian Federation, the country's energy system, renewable energy sources, legislative acts, stages and
prospects of development
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OpueunaﬂbHoe meopemu4eckoe uccneoosamnue
Oco0enHocTu pa3BuTHs 3ej1éH0M SHepreTuku B Poccuiickoii denepaunu

JILA. Munacsan = D4, A.B. Baarun"*', A.B. Kaneesa

JIoHCKOH rocy1apCTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus

> larminl@mail.ru

AHHOTaNUs

Beedenue. Bonpocbl yCTOMUHMBOIO pPa3BUTHUS, OXPAaHbl OKPYXKAIOWIEH Cpeapl U Mepexoja K HU3KOYIVIEPOTHOU
SKOHOMHKE HE TEPSAIOT CBOEH aKTyaJIbHOCTH JIJIsl CTPaH MO0 BCEMY MHpY, B TOM uuciie u 1 Poccuiickoit denepaunu. B
YCIIOBUSIX TIIOOAIBHBIX M3MEHEHMH KIMMaTa W MCTOIIEHHS TPaJUIMOHHBIX MCTOYHHWKOB SHEPTUM HEOOXOAWMOCTH B
pa3BUTUH 3€NEHON PHEPreTHKH NpHoOpeTaeT ocobyro 3HaYMMOCTh. OAHAKO HECMOTpS Ha HAJIMYME ONPENeIEHHOTO
MOTEHIIMaNla JaHHBIH cekTop B Poccun moka emeé HeZOCTaTOYHO pAa3BHT, YTO OOYCIIOBJIEHO pPa3IMYHBIMU
9KOHOMHUYECKHMH, TEXHOJIOTMUYECKHMMHU M 3aKOHOJATENbHBIMU (hakTopamu. B HaydyHO# juTeparype CymecTBYET i
TEOPETHYECKUX HCCIICIOBAHUM, MOCBSIIEHHBIX BONPOCAM BO30OHOBIISIEMBIX HCTOYHHMKOB sHepruu (BUJ). Tem He
MCHCC, MHOTHC ACIICKThI (byHKHI/IOHI/IpOBaHI/Iﬂ W CTAHOBJICHUS 3€JIEHOM OHCPICTUKU TIO0Ka €€ MaJI0 U3Yy4YC€HbI, 3TOT
Hay4HBIN [Tpo0eIT 3aTPyAHSET NOJIHOLIEHHOE TTOHUMaHNe MEXaHU3MOB U CTpaTerii eé AalbHeHIIero pa3BUTHsI.

B cBsa3uM ¢ BBHIIIEH3I0KEHHBIM OCjIb AOAHHOI'O MCCIICOAOBAHHA 3aKIH4YacTCad B TOM, lITO6I:-I MpoaHaJIN3upoOBaATH
CYIIECTBYIOIINE OCOOCHHOCTH M TEHICHIWH Pa3BHUTHs 3eNIEHON »HepreTHKH B Poccmiickoit deneparnmu, BBISIBUTH
MOTEHIUAIBHBIE IPEISATCTBHA U BO3MOYKHOCTH [UIA €€ PACHIMPEHHUs, ONPEACIUTh IyTH HPEONOJIEHHs HETaTHBHBIX
acriekToB €€ (YHKIMOHMPOBAaHUS. 3aJaddl aBTOPOB WCCIEIOBAHMS COCPEAOTOUCHBI HA aHalIW3e IPHOPHTETOB
rocyaapcTBeHHOW monutukud Poccun, moxnucasmeil Pamounyio kouBeHimo OOH 00 u3MeHeHHMH KinMaTa,
[Tapwxckoe cornamenue 1Mo KiIMMary W KHOTCKMH HPOTOKOJNI O COKpAIlCHWH BBIOPOCOB MAapHUKOBBIX Ta30B, HA
OIIpEJICTICHUH BIIMSIHUSL TOCYAAPCTBEHHOW TIIOJMTUKH, TEXHOJOTMH W WHBECTHIMH Ha pPa3BUTHE BO300HOBIISIEMBIX
HCTOYHHMKOB 3HEPTHH, a TaKKe HA M3Y4YEeHHH (PaKTOPOB, KOTOPBIE MOTYT CIIOCOOCTBOBATh YCKOPEHHUIO IIEPEX0/1a CTPAHBI
K Ooyiee yCTOWYMBBIM DHEPreTHUECKMM MOJEISAM. Pe3ynbTaThl HMCCIIEAOBaHUS TNPHU3BaHBl HE TOJBKO 3allOJHHTh
TeKyIIMH TpoOea B HayyHOM 3HAHUM, HO U CTaTh OCHOBOM Uil BHIpaOOTKM pPEKOMEHIAlWi, HalpaBJIeHHBIX Ha
OINITUMU3AIIMIO TIOJIMTUKHU B cepe pa3BUTH 3€IEHON SHEPTETHKU B CTPaHE.

Mamepuansl u memoodsl. ABTOpaMH TPOAHAIN3UPOBAHBI 3aKOHO/ATENIFHBIE MaTepHalIbl, Kacalolecs HcciaeTyeMon
TeMBI. BBITM MCIIOJIB30BaHbI CTATHCTHYCCKUE JAHHBIC IO BUJaM OHEPre€TUYCCKUX MOHIHOCTeﬁ CTpaHbl 3a IOCJICIHECC
necarunerue. McecnenoBanne NMpoBOAKMIOCH HA OCHOBE HOPMATHBHBIX M MPaBOBBIX akTOB P®. I3ydeHbI pe3ynbTaTsl
MOHHMTOPHUHIa pean3allii TOoCyJapCTBEHHBIX MPOrpaMM M CTpaTerwMi MO paccMaTpuBacMoMy Bompocy. B kauectse
OCHOBHBIX METOJIOB HCCIIEIOBaHMSA OBUIM HCHONB30BaHBl KOHTEHT-aHAIN3 U CTPYKTYPHO-(QYHKIMOHAIBHBIN aHaIu3.
CoBpeMeHHOE MOJIOKEHHE J€l B DHEPreTHYeCKOHM OTpacid MpeACTaBICHO Ha OCHOBE aHalW3a HepapXuil Kak
COBOKYTHOCTH 3JIEMEHTOB, KaX bl U3 KOTOPBIX OTPaXkaeT KOHKPETHYIO CTYNEHb B JOCTH>KEHUH ITOCTABICHHON LEITH.
Pesynemamout uccnedoganus. DKCIUTMLIUPOBAH SIBHBIA POCT HCIIONB30BAHHS BO30OHOBISIEMBIX HWCTOYHHKOB SHEPIUH B
o011ei MUPOBOIT HEPreTHIECKON MOIHOCTH. Y CTAaHOBIICHO, 4TO B Poccun ynensercs 3HaunTeabHOe BHUMaHKUE Pa3BUTHIO
BO300HOBIISIEMBIX UCTOYHUKOB SHEPTHH, IPH 9TOM aKLIEHT JIeJIacTCs Ha BHEPEHUE MEXaHU3MOB T'OCYAapCTBEHHO-4YaCTHOTO
TapTHepCTBa B 3T0H oOiacty. [IpoaHaan3npoBaHbl METOABI ¥ PHHIIUITBI TOCYAAPCTBEHHON TOJUICPIKKH, HAlpaBJICHHbIE Ha
pa3BUTHE JIaHHOTO CErMeHTa, a TaKKe TEXHOJIOrMH KOHKypcHoro otbopa (AIIM BUD.1 u JAIIM BUD.2) nns BBOma B
9KCILTyaTalllI0 TeHEPHPYIONINX 0OBEKTOB, UCIOJB3YIOINX PAa3HOOOpa3HbIe BUIBI BO30OHOBISAEMBIX MCTOYHHKOB SHEPTUH.
IlonTBepkaeHO, YTO JOPOXKHAS KapTa pa3BUTHUS SHEPIETUKU B Poccuu COOTBETCTBYET NMPEIVIOKEHHON UEpApXUU CTPATETHH,
pa3pabOTaHHOM Ha OCHOBE TMOPUIHOTO IOAXOAA. Takke YCTaHOBJICHBI IPUOPHTETHI B 00JACTH COKPAILEHHS apHUKOBOTO
a¢dekra 11 60pbOBI ¢ 3arpsI3HEHNEM OKPYIKAIOIIEH CperIbl.
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Oobcysncoenue u 3axnodenue. JlaHHple, TOJYYEHHbIE B PE3yJIbTaTe MPOBEACHHOTO aBTOPaMH HCCIEI0BaHUS,
CBHJICTENBCTBYIOT O TOM, uTo Poccusi Hadana OBMKCHHE B HAlpaBICHUM aKTUBHOTO BHEOPEHMS BO300OHOBISEMBIX
HCTOYHUKOB JHEPIHH, HE OCTaBILsA IPH 3TOM 0e3 BHUMaHMSA U (PyHKIMOHMPOBAHHE TPAIUIIMOHHOHN PHEPreTHKH Ha
HEBO30OHOBJIAEMBIX HCTOYHHUKAX, OCYIIECTBISSI MEPONPHATHS 110 MUHUMH3AIMY BO3HUKAIOMINX IPH 3TOM H3JIEPIKeK.
CraHoBNeHHE 3€NEHON PHEPreTHKH B CTpaHEe MOKa HAET MEUICHHBIMH TeMITaMH, €€ pa3BUTHE TOPMO3ST, C OITHOM
CTOpPOHBI, YK€ MMEIOIIMNACA MOIIHBIA MOTEHLHAT HHEPreTHYECKUX MOILHOCTEH, a C JAPYroil CTOPOHBI, HETaTUBHBIE
(baKkTOpHI, OTPHLATEIHHO BIMSIOMINE KaK Ha M3rOTOBJICHHE, Tak W Ha npuMeHenue BUD. Ho, parys 3a moBcemecTHOE
(opcrupoBaHue BHEPEHU 3eJIEHON IHEPTETUKH, HEIIb3s1 HE IPUHAMATh BO BHUMaHHE TOT (hakT, 4To mporiecc rnepexonia
K Heil Taut B cebe HeMaJlo yrpo3, KOTOphIE HaJ0 yMETh NPOTHO3HMPOBATh M YCTPaHATH. sl 3TOro OJDKHO OBITH
MIPOBEJICHO TIIATEIBHOE MCCIENOBAHUE BIMSHUS PAa3MYHBIX BHIOB BO30OHOBISIEMBIX MCTOYHHUKOB HSHEPrUM Ha
OKpYXalollylo cpeay W 370poBbe Joaeil. Ilostomy BHeapenne BHD nomkHO OBITH MO3TAaNHBIM, TIIATEIBHO
MIPOJlyMaHHbIM. B CBs3U ¢ 3TUM JaHHast TeMa TpeOyeT JalbHEeUIIero n3yueHusl.

KawueBble cioBa: Poccuiickass ®Denepaiuusi, SHeprocucreMa CTpaHbl, BO30OHOBISIEMblE HCTOYHHKH OSHEPTHUH,
3aKOHO/IaTeJIbHBIC aKThl, 3TAIbl U MIEPCIEKTUBBI PA3BUTHUS
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Poccutickoit @enepammm. bezonacHocms mexHo2eHHbIX U npupoonvix cucmem. 2025;9(1):42-54. https://doi.org/10.23947/
2541-9129-2025-9-1-42-54

Introduction. The urgency of developing green energy in Russia stems from the need to transition to more
sustainable and environmentally friendly energy sources due to global climate change and the depletion of traditional
resources. Given that the Russian Federation possesses vast hydrocarbon reserves and heavily relies on nuclear energy,
the challenge of introducing and promoting renewable energy sources within the country has not been thoroughly
explored, particularly with regard to their potential negative impacts on the environment and public health. Significant
attention is given to existing energy production capacities and volumes, yet the utilization of alternative energy sources
like solar, wind, and hydropower, as well as their integration into the overall energy system, remains underexplored and
lacks scientific justification.

The Russian Federation is a country rich in natural energy resources. This makes it a world leader in hydrocarbons
and nuclear energy use and export. The adopted Energy Strategy of the Russian Federation for the period up to 2035!
outlines forecast indicators for the production of various fuels. Figure 1 shows these data for two stages of the Strategy's
implementation: for 2024 and for 2035 in accordance with two types of scenarios — the lower and upper. Both
scenarios aim to maintain the macroeconomic stability of the state. The scenario corresponding to the upper limit of the
range of parameters for the development of the fuel and energy complex assumes the achievement of economic growth
rates above the global average. The scenario corresponding to the lower limit indicates the limit of the sustainability of
the country's energy sector and ensuring its energy security.
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Fig. 1. Forecast of Russia's fuel and energy balance (2024, 2035)

! Energy Strategy of the Russian Federation for the Period up to 2035. Decree of the Government of the Russian Federation No. 1523—r dated
June 9, 2020. (In Russ.) URL: http://static.government.ru/media/files/w4sigFOiD]GVDY T4lgs Apssm6mZRb7wx.pdf (accessed: 13.01.2025).
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According to the data in Figure 1, the country has no plans to significantly decrease the extraction of natural, non-
renewable energy resources until 2035. The Energy Strategy emphasizes that one of the main objectives of energy
development is to support the socio-economic growth of the state and encourage the development of other economic
sectors, which highlights as priorities of the state energy policy “guaranteed energy security of the country as a whole
and at the level of the subjects of the Russian Federation, especially those located in geostrategic territories; primary
satisfaction of domestic demand for products and services in the energy sector™.

At the same time, the volumes of extraction and production of energy resources from extracted raw materials, fuel and
electric energy production in the Russian Federation consistently exceed domestic consumption: for oil — by more than
1.9 times, for gas — by 1.5 times, for coal — by 1.8 times, for diesel fuel — by 2.6 times, for automobile gasoline — by
1.1 times [1]. This makes Russia one of the leading exporters of energy resources in the world. The profits from these exports
are planned to be used for various purposes, including developing the industry, accelerating technological and digital
evolution, and achieving national goals such as sustainable growth in real incomes for citizens.

The Strategy notes that among the world's largest economies, the fuel and energy balance of the Russian Federation
is one of the most environmentally friendly (low-carbon). More than a third of electric energy generation comes from
nuclear power, hydropower and other renewable energy sources. About half of the energy comes from natural gas?,
which is in line with global trends in the energy industry. Despite having abundant natural resources, the Russian
Federation adheres to the goals of sustainable energy production and consumption, as defined by the United Nations
Environment Programme*.

To date, literary sources have primarily focused on specific aspects of green energy, including legal, economic, and
technological aspects. However, a comprehensive analysis of the current state of renewable energy in Russia is lacking.
This indicates a gap in scientific knowledge about the interaction between public policy, capital markets, and scientific
developments required for the successful promotion and implementation of innovative and sustainable energy
technologies in the country's energy sector. Furthermore, empirical data on the actual opportunities and growth potential
of this sector of the Russian economy has not been thoroughly explored.

Therefore, the aim of this research was to conduct a comprehensive analysis of the features and trends in the
development of green energy in the Russian Federation. This included studying the impact of government policies on
the adoption of renewable energy sources, identifying existing barriers and opportunities for growth in this sector, and
developing recommendations to improve conditions for further development of green energy in the country.

Materials and Methods. The study used regulatory and legal acts of the Russian Federation: the Energy Strategy of
the Russian Federation for the period up to 2035, the State Program of the Russian Federation “Energy Development”,
the Decree of the President of the Russian Federation “On Reducing Greenhouse Gas Emissions”, the Strategy of
Socio-Economic Development of the Russian Federation with low greenhouse gas emissions until 2050, Decree of the
Government of the Russian Federation “On the Main Directions of State Policy in the Field of Improving the Energy
Efficiency of the Electric Power Industry Based on the use of Renewable Energy Sources for the Period up to 20357,
Federal Law “On Electric Power Industry”.

The data of the Federal State Statistics Service of the Russian Federation, the Association for Renewable Energy
Development (ARWE), RES statistics, and information articles on the UNEP (United Nations Environment Program)
website were used. The United Nations Environment Programme's assessment reports presented on the IPCC
(Intergovernmental Panel on Climate Change) website and materials on the problems of green energy development in
the world and Russia presented in scientific works by domestic and foreign authors were also considered. Special
attention was paid to the results of the “Renewable Energy in Russia and the World” review presented by Rosenergo?.
Plans, reports, and results of monitoring the implementation of the State Program “Energy Development”® of the
Russian Federation were analyzed using content analysis and structural-functional analysis methods.

A mixed research method was employed, which included qualitative and quantitative analysis. Public speeches by
government officials, texts in the open press, and regulatory documents were analyzed qualitatively, while secondary
information from statistical sources was analyzed quantitatively. The authors applied the methodological approach
proposed by [1] as a basis for determining and analyzing the interrelationships of strategies for financing sustainable
development in the Russian Federation.

21d.

3 Energy Strategy of the Russian Federation for the Period up to 2035. Decree of the Government of the Russian Federation No. 1523-r dated
June 9, 2020. (In Russ.) URL: http:/static.government.ru/media/files/w4sigFOID]GVDY T4lgsApssmomZRb7wx.pdf (accessed: 13.01.2025).

4 The United Nations Environment Programme. (In Russ.) URL: https://www.unep.org/ru (accessed: 13.01.2025).

5 Renewable Energy in Russia and the World. The Ministry of Energy of Russia. Moscow: 2022. 105p. (In Russ.) URL:
https://rosenergo.gov.ru/upload/iblock/e04/3xtm87iv99x76b23cowjul3as5pzz8z).pdf?ysclid=Ixezlwzc66231521884 (accessed: 13.01.2025).

6 The State Program of the Russian Federation “Energy Development”. Decree of the Government of the Russian Federation
No. 321 dated April 15, 2014. (In Russ.) URL: https://minenergo.gov.ru/activity/government-program?ysclid=m?7afzr9it1340468075
(accessed: 13.01.2025).
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Results. The analysis of statistical data, scientific research, and government documents conducted by the authors as
part of this work suggests that the number of non-renewable energy sources is decreasing year after year, despite their
significant reserves. This could lead to the eventual depletion of these resources. The growth of the global population
and constant increase in living standards have led to an increase in energy consumption. Since the 1960s, energy
consumption has increased by 3.6 times’. This is a major reason for the active search for and implementation of
alternative energy sources.

Other reasons are outlined in the United Nations Environment Programme. First and foremost, this is climate change
on Earth, the need to eliminate its consequences. Greenhouse gas emissions are known to be the main cause of global
warming. In 2020, the average surface air temperature exceeded the pre-industrial level of 1850-1900 by 1.1°C. If the
current situation is ignored, the climate can warm by more than 2.9°C over the next century. According to the 2021
report of the Intergovernmental Panel on Climate Change, anthropogenic climate change is unprecedented over the last
2,000 years and is increasing in all regions of the world®. This can have disastrous consequences for life on Earth.
According to the Paris Climate Agreement, which was adopted in 2015, the preferred temperature rise limit is 1.5°C.
This requires a significant reduction in greenhouse gas emissions, by 50% by 2030 and by 100% by the end of the 21st
century’. Review [2] examines in detail the driving forces of climate change, analyzes its consequences, and explains
measures to mitigate these effects.

It should be understood that we are living in a time of natural crisis. Therefore, conservation, restoration, and the
responsible use of natural resources are the main priorities at the moment. To prove this, UNEP provides specific
examples of how human activity has led to the destruction of nature. This proves that “we are using the equivalent of
1.6 Earth to maintain our current lifestyle, and ecosystems are unable to keep up with our demands™'°.

Supporting territories affected by natural disasters, industrial accidents, and anthropogenic crises; combating
environmental pollution; minimizing the adverse effects of chemicals — these activities can and should contribute to
the restoration of nature and its riches. At the same time, they have a significant impact on states taking all necessary
measures to implement them.

Currently, the legal basis for international cooperation on climate change is the United Nations Framework
Convention, which was adopted on May 9, 1992 and developed into the Kyoto Protocol on December 11, 1997. To
achieve the goals of the Framework Convention, the Paris Climate Agreement!' was also adopted on December 12, 2015.
The Russian Federation is a signatory to the Framework Convention, the Kyoto Protocol and the Paris Agreement. On
November 25, 2020, the Russian Federation announced its first nationally determined contribution to the
implementation of the Paris Agreement. These data are posted on the official portal of the secretariat of the United
Nations Framework Convention on Climate Change!?. The basis for this statement was the Decree of the President of
the Russian Federation “On Reducing Greenhouse Gas Emissions”, which tasked the government of the country with
ensuring a reduction in greenhouse gas emissions by up to 70% by 2030, relative to 1990 levels. This reduction was to
be achieved while taking into account the maximum absorption capacity of forests and other ecosystems, and subject to
the sustainable and balanced socio-economic development of the Russian Federation'®, and the Strategy of socio-
economic development of the Russian Federation with low greenhouse gas emissions until 2050'*. The strategy
provides for two scenarios of such development: inertial and targeted (intensive). It is the target scenario that is
considered as the main one, which assumes the implementation of the commitments undertaken by the Russian
Federation under the Paris Agreement and the Framework Convention and the achievement of a balance between
anthropogenic greenhouse gas emissions and their absorption by 2060 at the latest. As part of technological
development, the Strategy pays special attention to the development of renewable energy sources in the country.

"1d.

8 Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental
Panelon  Climate Change. Intergovernmental Panel on Climate Change, Cambridge University Press. 1PCC; 2021. URL:
https://www.ipcc.ch/report/ar6/wgl/ (accessed: 13.01.2025).

® The Paris Agreement. United Nations. URL: https://www.un.org/ru/climatechange/paris-agreement (accessed: 13.01.2025).

10 Facts about the nature crisis. UN environment programme.URL: https://www.unep.org/facts-about-nature-crisis (accessed: 13.01.2025).

" On the Ratification of the UN Framework Convention on Climate Change. Federal Law. URL: http://www.kremlin.ru/acts/bank/7188. On the
Adoption of the Paris Agreement. Decree of the Government of the Russian Federation No. 1228 dated September 21, 2019. (In Russ.) URL:
http://static.government.ru/media/files/IOUSOFgDc050mQ1VgnC8rfL.6PbY69AVA.pdf (accessed: 10.02.2025).

12 NDC Registry. United Nations. URL: https://unfcce.int/ru/NDCREG (accessed: 13.01.2025).

13 On Reducing Greenhouse Gas Emissions. Decree of the President of the Russian Federation No. 666 dated November 4, 2020. (In Russ.) URL:
www.kremlin.ru/acts/bank/45990 (accessed: 13.01.2025).

4 The Strategy of Socio-Economic Development of the Russian Federation with Low Greenhouse Gas Emissions until 2050. Decree of the Government of the
Russian Federation No. 3052-r dated October 29,2021. (InRuss.) URL: http://static.government.ru/media/files/ ADKkCzp3fWO32e2yA0BhtIpyzWfHaiUa.pdf
(accessed: 13.01.2025).
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The decree of the Government of the Russian Federation “On the main directions of state policy in the field of
increasing the energy efficiency of the electric power industry based on the use of renewable energy sources for the
period up to 2035”15 states that the use of renewable energy sources is one of the significant measures “related to the
fulfillment of the international obligations of the Russian Federation to limit greenhouse gas emissions”.

According to the Federal Law “On Electric Power Industry”, there are several types of renewable energy sources
(Table 1)'¢:

Table 1
Renewable Energy Sources
Sun energy
Wind energy
Water energy (including wastewater energy), with the exception of cases when such energy is used in pumped storage
power plants
Tidal energy

Wave energy of water bodies, including reservoirs, rivers, seas, and oceans

Geothermal energy using natural underground heat carriers

Low-potential thermal energy of earth, air, and water using special heat carriers

Biomass, which includes plants specially grown for energy production, including trees, as well as production

and consumption waste, with the exception of waste obtained from the use of hydrocarbon raw materials and fuels

Biogas
Gas released by production and consumption waste in landfills of such waste

Gas produced at coal mines

The global technical potential of all types of renewable energy differs in terms of volume. Thus, the share of solar energy
is 62.52%, geothermal energy (at depths up to 10 kilometers) — 32.75%, ocean energy — 4.47%, wind energy — 0.23%"”
There is a steady increase in the use of renewable energy sources in the total global energy capacity (Fig. 2) [3].
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Fig. 2. Growth in the use of renewable energy sources

'S On the Main Directions of State Policy in the Field of Increasing the Energy Efficiency of the Electric Power Industry Based on the Use of
Renewable Energy Sources for the Period up to 2035. Decree of the Government of the Russian Federation No. 1-r dated January 8, 2009 (as
amended by Decree of the Government of the Russian Federation No. 1446-r dated Junel,2021). (In Russ.) URL:
http://government.ru/docs/all/66930/ (accessed: 13.01.2025).

16 On the Electric Power Industry. Federal Law No. 35-FZ dated March 26, 2003. The official website of the President of Russia. (In Russ.) URL:
www.kremlin.ru/acts/bank/19336 (accessed: 13.01.2025).
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The largest volume of electricity generated from solar (SES) and wind power plants (WPP) is produced in China,
followed by the United States, India, Germany, Brazil. Due to a large number of hydroelectric power plants, Russia is
considered to have access to renewable energy sources to some extent, but it still lags behind in most other forms
presented in Table 1. This has led to the need for further development of renewable energy sources in the country,
which are given sufficient attention at the state level. The main focus is on the implementation of public-private
partnerships in this area. In particular, the government decree'® provides for competitive selection with the
establishment of targets for the commissioning of renewable energy generating facilities, as well as basic limits for
capital expenditures per kilowatt of installed capacity for each type of facility. It also sets basic limits for efficiency
indicators, etc.

Government support and financial incentives for the development of renewable energy between 2013 and 2021
produced results that are significantly different from the occasional cases of previous years.

Meanwhile, the total capacity of renewable energy sources in the Russian energy system is still small, and the main
contribution to the country's energy sector is still made by traditional fuel. Renewable energy accounts for only 2.41%
of the country's unified energy system. As of April 1, 2024, the total capacity of renewable energy facilities in Russia
was 6.11 GW, with wind and solar power plants leading the way (Fig. 3).

RES in Russia, 2024 (GW)

0.01

= Wind energy = Sun energy = Hydropower (up to 50 MW) Other renewable energy sources

Fig. 3. Renewable energy sources in Russia in 2024

From 2013 to 2024, the country implemented a Capacity Delivery Agreement RES 1.0. The program was aimed at
supporting the introduction of renewable energy sources financially. A competitive selection process was conducted
among applicants, with the condition for signing contracts for the provision of renewable energy capacity for 15 years.
Andrey Maksimov, Deputy Director of the Energy Development Department at the Ministry of Energy of the Russian
Federation, emphasized that “investors receive a guarantee of returns on their investments through fixed income
payments for capacity” [4].

It is important to note the constant increase in the commissioning of new renewable energy capacities during this
period. From 2014 to 2023, the capacity increased from 1.66 to 6.11 GW. The highest peak occurred in 2020 and 2021.
After that, due to sanctions imposed by states unfriendly to Russia, there was a noticeable decrease in the
commissioning of new capacities (Fig. 4)'°.

'8 On the Main Directions of State Policy in the Field of Increasing the Energy Efficiency of the Electric Power Industry Based on the Use of
Renewable Energy Sources for the Period up to 2035. Decree of the Government of the Russian Federation No. 1-r dated January 8, 2009
(as amended by Decree of the Government of the Russian Federation No. 1446-r dated June 1,2021). URL: http://government.ru/docs/all/66930/
(In Russ.) (accessed: 13.01.2025).

9 RES statistics. RREDA. (In Russ.) URL: https://rreda.ru/industry/statistics/?ysclid=lxxa7d8w6b624652409#graph2 (accessed: 13.01.2025).
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Fig. 4. Dynamics of commissioning of renewable energy power plants in Russia

The dependence on foreign components and materials for the production of domestic renewable energy equipment
has led to delays in several investment projects?®. At the same time, all previously announced investment projects
continued their work. The government has taken measures aimed at specifying the timing of competitive selections for
the construction of renewable energy generating facilities in the wholesale and retail electricity markets, and
amendments have been made to the policy documents regulating this industry?!.

The CDA RES 1.0 program contributed to the creation of a production base of equipment for the commissioning of
green energy capacities, which did not exist in the country in sufficient quantity. It determined the dependence of this
industry on imported goods. As A. Maksimov noted, “the result of the first program was the introduction of new
renewable energy facilities and the creation of a scientific basis for the production of necessary equipment” [4]. Since
2024, there is the CDA RES 2.0 program. It is designed to last until 2035. It aims to improve on the achievements of the
first program. In the second program, the competitive selection process for projects has been adjusted. In the first
program, projects were selected based on the level of capital expenditure. Now, the projects that demonstrate a higher
efficiency in the facilities being commissioned are considered for nomination. The first competitive selection under the
second program was held in 2021. The total capacity of the supported projects was 2.7 GW. The new approach has led
to an increase in efficiency and a decrease in the cost of renewable energy facilities by approximately 85%.

20 Renewable Energy Market of the Russian Federation: Current Status and Development Prospects. Plumbing, Heating, Air Conditioning. (In Russ.)
URL: https://www.c-o-k.ru/articles/rynok-vozobnovlyaemoy-energetiki-rf-tekuschiy-status-i-perspektivy-razvitiya-chast-1 (accessed: 13.01.2025).

21 On Amendments to Certain Acts of the Government of the Russian Federation Regarding the Postponement in 2022 of the Competitive Selection of
Investment Projects for the Construction of Generating Facilities Based on the Use of Renewable Energy Sources in the Wholesale Electricity and
Capacity Market and the Competitive Selection of Projects for the Construction of Generating Facilities Based on the Use of Renewable Energy
Sources in the Retail Markets Electrical Energy. Decree of the Government of the Russian Federation No. 338 dated March 10, 2022. (In Russ.)
URL: https://normativ.kontur.ru/document?moduleld=1&documentld=460412 (accessed: 13.01.2025).

On Amendments to Certain Acts of the Government of the Russian Federation on the Issues of Conducting Competitive Selections of Investment
Projects for the Construction of Generating Facilities Operating on the Basis of Renewable Energy Sources in the Wholesale and Retail Electric
Energy Markets and on the Establishment of Certain Features of State Regulation of Prices (Tariffs) in the Electric Power Industry in 2022 and 2023.
Decree of  the Government of  the Russian Federation No. 999 dated June 01, 2012. (In Russ.) URL:
http://publication.pravo.gov.ru/Document/View/0001202206010030?ysclid=lxxgus409z227009000 (accessed: 13.01.2025).

On Amendments to the Decree of the Government of the Russian Federation No. 1172 dated December 27, 2010. Decree of the Government of the
Russian Federation No. 2389 dated December 29, 2023. (In Russ.) URL: https://base.garant.ru/408323687/?ysclid=Ixxha7ty7t736108420 (accessed:
13.01.2025).
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In [1], a roadmap is presented that outlines strategies for promoting green development through a hybrid approach.
The authors identify 12 strategies, indicating that lower-level strategies are more significant than higher-level
ones (Fig. 5). Based on this hierarchy, the researchers analyzed the extent to which Russia's energy development meets
these criteria.

Long-Term Environmental
Vision (S2) Awareness (S9)

1 1
Government Funding (S11)

t t
Research and Development (S7) Green Technologies and Education (S6)

f i
Collaborative and Participatory Approach (S10)

t
Government Support at an Early Stage of Development (S8)

f f f

Carbon Emissions N Cost N Resource
Management (S2) N Minimization (S2) N Conservation (S2)

T

Financial Incentives, Tax Cuts and Subsidies (S5)

t

Environmental Rules and Practices (S1)

Fig. 5. Hierarchical structure of green innovation strategies [1]

The authors note that the fundamental basis of this structure is S1 “Environmental Rules and Practices” criterion. As
mentioned above, Russia is a party to the Framework Convention, the Kyoto Protocol, and the Paris Agreement, having
adopted all environmental rules and practices at the state level, as evidenced by the country's array of regulatory
documents.

The next step in the proposed hierarchy is S5 “Financial Incentives, Tax Cuts and Subsidies”. The Russian
Federation is the driving force behind the green transition, based on a public-private partnership. The Government of
the Russian Federation?? has defined measures of state support to achieve real competitiveness of renewable energy
technologies against fossil fuel-based energy production. These measures include preferential tariffs for the sale of
electricity generated from renewable energy sources, tax credits, preferential loans, and the introduction of a green tariff
in Russia to attract additional investments®*. From 2013 to 2021, the mechanism for supporting and stimulating the
development of renewable energy sources has supported the commissioning of 121 power plants in Russia, including
83 SES, 27 WPP, and 11 sHPP. An important aspect here is the legal framework for the proportion of renewable energy
sources in a country's overall energy mix.

As can be seen in Figure 5, the next most significant level is determined by three factors: S3 “Resource
Conservation”, S4 “Cost Minimization” and S12 “Carbon Management”. Regarding S12, the Strategy?* emphasizes that
emissions management focuses primarily on their absorption by forests and swamps. Russia has a large number of
forests and swamps, and there is a hypothesis that the absorption of greenhouse gases prevails over their release. The
country has established a Unified national monitoring system for climatically active substances, and based on it, a
National Cadastre has been created with information in a standardized international format for detailed verification of
this hypothesis?. By government decree, it was given the status of an innovative project of national importance?®.

22 The Main Directions of the State Policy in the Field of Increasing Energy Efficiency of the Electric Power Industry Based on the Use of Renewable Energy
Sources for the Period up to 2035 . Decree of the Government of the Russian Federation No. 1-r dated January 08, 2009. On Amendments to the Decree of the
Government of the Russian Federation dated January 08, 2009. N 1-R. Decree of the Government of the Russian Federation No. 1446-r dated June 01, 2021
Legalact — laws, codes, and regulatory legal acts of the Russian Federation. (In Russ.) URL: https:/legalacts.ru/doc/rasporjazhenie-pravitelstva-rf-ot-
0106202 1-n-1446-r-0-vnesenii/?ysclid=m7bgc5ly4u984542445 (accessed: 13.01.2025).

2 On Amendments to Certain Acts of the Government of the Russian Federation Regarding the Definition of the Specifics of Legal Regulation of Relations of
Microgeneration Facilities Functioning. Decree of the Government of the Russian Federation No. 299 dated March 02, 2021. Official publication of legal acts.
(In Russ.) URL: http://publication.pravo.gov.ru/Document/View/0001202103060015?ysclid=m7bgl0kdif79000694 (accessed: 13.01.2025).

24 On the Strategy of Socio-Economic Development of the Russian Federation with Low Greenhouse Gas Emissions until 2050. Decree of the Government of
the Russian Federation No.3052-r dated October29,2021. Electronic fund of legal and regulatory documents. URL:
https://docs.cntd.ru/document/726639341?ysclid=m7bgpyga7ql 76688002 (accessed: 13.01.2025). (In Russ.)

% In Europe, Everything was Cut Down. Russia has Become the Lungs of the Planet. RIA News. (In Russ.) URL: https:/ria.ru/20231011/poligon-
1901702366.html?ysclid=ly5Smwnjkql692557096 (accessed: 13.01.2025).

26 On Approval of the Most Important Innovation Project of National Importance “Unified National Monitoring System for Climatically Active Substances” and the
Action Plan (Roadmap) for the Implementation of the First Stage (2022-2024) of the Most Important Innovation Project of National Importance “Unified National
Monitoring System for Climatically Active Substances”. Decree of the Government of the Russian Federation No. 3240-r dated October 29, 2022. Official
publication of legal acts. (In Russ.) URL: http:/publication.pravo.gov.ru/Document/View/0001202211010041 ?ysclid=ly50b08110614670035 (accessed:
13.01.2025).
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Along with the measures commonly used in other countries, the Strategy also includes measures to restore
previously drained wetlands, improve fire safety in wetlands and forests, develop forest infrastructure, expand
afforestation areas, and more. Research into carbon sequestration using new integrated technologies for improving rural
health is ongoing in various countries [5—14].

S8 level of “State Support at an Early Stage of Development” is proved by all the previous content of the article. In
Figure 5, S11 “State Financing” level is located penultimate when moving up, that is, as a less significant strategy.
However, the authors believe that it should be placed at the same level as S8, especially since S6 and S7 strategies are
provided to a greater extent by S11, as indicated in the “Priority-2030”%7.

S6 “Green Technologies and Education” and S7 “Research and Development” strategies emphasize the importance
of cooperation between higher education institutions and industry. Here we should mention the Priority 2030 program,
implemented by the Ministry of Science and Higher Education of the Russian Federation since 2016. This program
brought together 142 universities across the country to ensure their integrative contribution to achieving Russia's
national development goals, including the development of technologies that will help eliminate the negative effects of
anthropogenic impact. The implementation of this program is supported by the Association of Green Universities in
Russia, which unites 214 university volunteer teams and clubs that are actively involved in environmental protection
activities. The interregional environmental public organization EKA is actively implementing the program “Green
Universities of Russia” for 2021-2026 in educational institutions in order to enhance the ecological culture of Russian
society?®. While the emergence of sustainable environmental trends in Russian universities is encouraging, the country's
lack of development in renewable energy sources has also led to a lack of educational programs for training specialists
in alternative energy technologies. The training of highly professional engineers in the field of renewable energy, as
rightly noted in the hierarchy in Figure 5, is possible only if S6 and S7 are included in S10 “Collaborative and
Participatory Approach”. In this regard, it is worth mentioning the inclusion of the “Advanced Engineering Schools”
initiative in the list of initiatives for socio-economic development of the Russian Federation until 2030%°. This initiative
is part of larger programs such as “Low-Carbon Development Policy” and “Clean Energy (Hydrogen and Renewable
Energy)”. The federal project “Advanced Engineering Schools” is aimed at training specialists for high-performance
sectors of the economy. They are created on a common basis by universities and technology companies for the
formation of platforms for joint scientific research and project training of students in accordance with the profile of
partners. One of the thematic areas is electric and thermal power engineering. The work includes 50 universities across
the country and 150 companies. An obligatory part of the project is to attract extra-budgetary funds. According to the
Ministry of Education and Science, in 2022, the financing of all schools from the federal budget amounted to 2.5 billion
rubles, and the partner companies of the schools confirmed co-financing for another 3.8 billion. In 2023, the total
financing amounted to about 10 billion rubles, and in 2024 it was planned to allocate about 18 billion rubles®. It is
hoped that in the future, a platform will be selected to solve scientific and technical problems in the field of renewable
energy and educational programs will be developed for training engineering personnel in this area [15, 16].

As for S2 “Long-Term Vision” and S9 “Environmental Awareness” strategies, we agree with the authors [1] that
environmental awareness programs expand knowledge and understanding of sustainable development issues. The long-
term vision provides a strategic framework for governments, financial institutions, and businesses to integrate
sustainable development into planning.

Having gone through all the steps of the roadmap, we can make conclusions about the effectiveness of the proposed
navigation by the authors [1], and the priority of factors by using the example of the Russian Federation. We can also
identify the level of implementation of these strategies in Russia's movement towards sustainable development.

Discussion and Conclusion. In the Russian Federation, due to the abundance of natural resources and the
development of nuclear power compared to many other countries, interest in the use of renewable energy for industrial
purposes came later than in other countries. This delay in the introduction of renewable energy sources into the
country's energy system is due to a number of reasons:

1) large natural reserves of fuel and energy resources;

2) significant reserves of combined power systems capacity;

3) operation of large hydroelectric power plants built in the USSR;

4) advanced nuclear power industry;

5) low prices and tariffs for electric and thermal energy.

" The “Priority 2030” Program. Sociocenter. (In Russ.) URL: https://www.garant.ru/products/ipo/prime/doc/405491263/ (accessed: 13.01.2025).

8 The Program “Green Universities of Russia” for 2021-2026. Moscow: Interregional Environmental Public Organization “EKA”;2021. 54 p. (In Russ.) URL:
https://ecamir.ru/upload/medialibrary/Se3/03gawihqvOb752qc2u2kgygzzs0hOr4h.pdf (accessed: 13.01.2025).

2 A List of Initiatives for the Socio-Economic Development of the Russian Federation until 2030. Decree of the Government of the Russian Federation No. 2816-r
dated October 06, 2021. (In Russ.) URL: http:/static.government.ru/media/files/jwsYsyJK WGQQAaCSMGrd7q82RQ5xECo3.pdf (accessed: 13.01.2025).

3% Modern Professional Competencies. Sociocenter. (In Russ.) URL: https://engineers2030.ru/?ysclid=ly5v13806u55404777 (accessed: 13.01.2025).
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However, according to Russian experts, the potential of renewable energy sources in Russia is also quite high. They
estimate that it is 178 times higher than the current level of energy consumption in the country. This fact determines the
priority of developing renewable energy. Government policy today aims to eliminate the gap between the Russian
Federation and other countries in terms of the number of solar and wind renewable energy sources. It also aims to create
competitive advantages for green energy over fossil fuels. A legislative definition of the timing of the introduction of
renewable energy shares into the country's energy mix could be of great importance.

The country has begun to make a transition to more active use of renewable energy sources. At the same time, we
should not forget that progress in one segment inevitably leads to regression in another. This is actually proved by the
previous development of the fuel and energy sector. Therefore, it is important to continue studying the entire process of
switching to green energy. While the introduction of alternative energy sources does require the use of fossil fuels for
production and transportation, the production and maintenance of renewable components can lead to an increased
demand for rare earth minerals. This can affect the issue of exhausting natural resources. Large-scale energy production,
especially for solar energy, requires large areas of land. The production of solar panels can also lead to greenhouse gas
emissions. Renewable energy sources create toxic waste, for example, at Solar Energy, compared to nuclear power
plants, there are hundreds of times more of them. There is a risk of solar panels catching fire. Their harmful effects on
the environment and wildlife are also possible. They have a low efficiency, as well as a relatively short service life, and
are expensive. Renewable energy sources have a high degree of dependence on natural conditions, and there are serious
risks in ensuring the sustainability of their operation.

The negative aspects of the introduction and operation of renewable energy sources and the environmental danger
they pose are widely discussed by scientists [17-20]. Scientific research is underway to determine the impact of
renewable energy on the environment, and experts are looking for technologies to eliminate related negative factors and
increase the capacity of power plants. Russian President Vladimir Putin®' also drew attention to the need for a phased
and thoughtful movement towards green energy, noting, in particular, that green energy was actively developing, but it
would not be able to cover all the needs of the global economy for a long time. The processes related to the introduction
and stable functioning of green energy will take a lot of time, as they take place in stages, including the scientific
justification of the explication of threats that arise from the use of renewable energy, and the identification of ways to
eliminate them. Therefore, at the present time, while non-renewable energy sources continue to be used, it is essential to
reduce greenhouse gas emissions, combat environmental pollution, preserve, restore and use nature carefully, and
increase the ecological culture of production and the population.

References

1. Sajid Ullah, Farman Ullah Khan, Imran Saeed. Promoting Green Growth through Identification of Sustainable Strategies:
A Hybrid Approach. International Journal of Emerging Markets. 2024. https://doi.org/10.1108/IJOEM-10-2023-1586

2. Shivanna KR. Climate Change and Its Impact on Biodiversity and Human Welfare. Proceedings of the Indian
National Science Academy. 2022;88(2):160—171. https://doi.org/10.1007%2Fs43538-022-00073-6

3. Elistratov VV. Renewable Energy Trends within the Concept of Low-Carbon Development. Applied Solar
Energy. 2022;58(4):594-599. https://doi.org/10.3103/S0003701X22040077

4. Maksimov A. RES 2.0: New Program for the Development of “Green” Energy in Russia. Energy Policy.
2020;(11(153)):22-27. (In Russ.) https://doi.org/10.46920/2409-5516_2020 11153 22

5. Sokolova I, Pisareva A. Ecological Organization of Grain Production Based on an Innovative Approach. E3S Web
of Conferences. 2023;463:01036. https://doi.org/10.1051/e3sconf/202346301036

6. Haixia Feng, Erwei Ning, Lei Yu, Xingyu Wang, Vladimir Zyrianov. The Spatial and Temporal Disaggregation
Models of High-Accuracy Vehicle Emission Inventory. Environment International. 2023;181(4):108287.
https://doi.org/10.1016/j.envint.2023.108287

7. Amelung W, Bossio D, de Vries W, Kogel-Knabner I, Lehmann J, Amundson R, et al. Towards a Global-Scale
Soil Climate Mitigation Strategy. Nature Communications. 2020;11:5427. https://doi.org/10.1038/s41467-020-18887-7

8. Nefedova L, Degtyarev K, Kiseleva S, Berezkin M. Prospects for Green Hydrogen Production in the Regions of
Russia. E3S Web of Conferences. 2021;265:04011. https://doi.org/10.1051/e3sconf/202126504011

9. Bennett M, March A, Failler P. Blue Farming Potentials: Sustainable Ocean Farming Strategies in the Light of
Climate Change Adaptation and Mitigation. Green and Low-Carbon Economy. 2024;2(2):71-86.
https://doi.org/10.47852/bonviewGLCE3202978

31 Putin Considered the Idea of Carbon-Free Energy Dangerous for Civilization. Products of the Interfax information group. (In Russ.) URL:
https://www.interfax.ru/russia/684902 (accessed: 13.01.2025).



https://bps-journal.ru/
https://doi.org/10.1108/IJOEM-10-2023-1586
https://doi.org/10.1007%2Fs43538-022-00073-6
https://doi.org/10.3103/S0003701X22040077
https://doi.org/10.46920/2409-5516_2020_11153_22
https://doi.org/10.1051/e3sconf/202346301036
https://doi.org/10.1016/j.envint.2023.108287
https://doi.org/10.1038/s41467-020-18887-7
https://doi.org/10.1051/e3sconf/202126504011
https://doi.org/10.47852/bonviewGLCE3202978
https://www.interfax.ru/russia/684902

Minasyan LA, et al. Specifics of Green Energy Development in the Russian Federation

10. Crowther TW, Glick HB, Covey KR, Bettigole C, Maynard DS, Thomas SM, et al. Mapping Tree Density at a
Global Scale. Nature. 2015;525(7568):201-205. https://doi.org/10.1038/nature14967

11. Denny DMT, Cerri CEP, Cherubin MR, Burnquist HL. Carbon Farming: Nature-Based Solutions in Brazil.
Green and Low-Carbon Economy. 2023;1(3):130-137. https://doi.org/10.47852/bonviewGLCE3202887

12. de Oliveira DC, Maia SMF, Freitas RACA, Cerri CEP. Changes in Soil Carbon and Soil Carbon Sequestration
Potential under Different Types of Pasture Management in Brazil. Regional Environmental Change. 2022,22(3):87.
https://doi.org/10.1007/s10113-022-01945-9

13. Lambert E, Deyganto KO. The Impact of Green Legacy on Climate Change in Ethiopia. Green and Low-Carbon
Economy. 2024;2(2):97-105. https://doi.org/10.47852/bonviewGLCE32021372

14. Khudhur Jassim Hamad. Green Economy and Sustainable Development Concepts, Principles and Requirements
for Transformation in Iraq. Journal of STEPS for Humanities and Social Sciences. 2022;1(3):1-14.
https://doi.org/10.55384/2790-4237.1089

15. Ivanov I, Persiyanova G. Training of Organizational and Managerial Personnel Responsible for the Environmental
Safety Strategy. E3S Web of Conferences. 2023,;413:03001. https://doi.org/10.1051/e3sconf/202341303001

16. Chernaya I, Masyuk N, Prosalova VS, Bodunkova A, Bushueva MA. University 4.0 Concept: Educational and
Scientific Policies, Innovative Development of Vocational Education and Training. Frontiers in FEducation.
2023;8:1125361. https://doi.org/10.3389/feduc.2023.1125361

17. Protsenko PP, Nikolaecva TA. Assessment of the Negative Impact on the Environment of Alternative Energy
Sources. Vestnik AmGU. 2021;(93):76—78. (In Russ.) https://doi.org/10.22250/jasu.93.16

18. Ebube Favour Orisa, Etim E. Akan. The Other Side: Negative Impacts of Exploiting Renewable Energy Sources.
European Journal of Engineering and Technology Research. 2021;6(3):30-33. https://doi.org/10.24018/ejers.2021.6.3.2384

19. Borisova YuS, Samarskaya NS. Comparative Analysis of the Impact of Objects of Traditional and Alternative
Energy on the Environment. Safety of Technogenic —and  Natural  Systems.  2021;(4):58-63.
https://doi.org/10.23947/2541-9129-2021-4-58-63

20. Karamov DN, Maltsev 1A, Tsyrendorzhiev BB. Analysis of World Practices for Stimulating the Development of
Renewable Energy Sources. A Case Study for Russian Conditions. E3S Web Conf. 2021;289:01017.
https://doi.org/10.1051/e3sconf/202128901017

About the Authors:
Larisa A. Minasyan, Dr. Sci. (Philosoph.), Professor of the Department of Physics, Don State Technical University
(1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID, ScopusID, ResearcherID,

larminl @mail.ru

Anatoly V. Blagin, Dr. Sci. (Phys.-Math.), Professor, Head of the Department of Physics, Don State Technical
University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID, ScopusID,
ResearcherID, a-blagin@mail.ru

Anna V. Kaneeva, Dr. Sci. (Philolog.), Associate Professor of the Department of World Languages and Culture,
Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), ORCID,
m_anna7@mail.ru

Claimed Contributorship:

LA Minasyan: concept development, manuscript writing.
AV Blagin: concept development, academic advising.

AV Kaneeva: writing a draft of the manuscript, visualization.

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

06 asmopax:

Jlapuca ApraBazgoBna Mumnacsin, noktop ¢Quiocopeckux Hayk, npodeccop kadenapsl ¢usuku J{oHCKOTO
TOCyIapCTBEHHOTO  TexHW4Yeckoro yHuBepcurera (344003, Poccumiickas  ®enmepamus, 1. PoctoB-Ha-/loHYy,
1. [arapuna, 1), SPIN-kox, ORCID, ScopusID, ResearcherID, larminl@mail.ru

Anarommii BsiueciaBoBuu baarmn, moxrop (u3mMKo-mMareMaTHYecKMX Hayk, mpodeccop, 3aBemyromil Kadempoi
¢us3uku JIoHCKOro rocynapcTBeHHOro Texuuueckoro yaupepcutera (344003, Poccuiickas ®enepanust, r. Pocros-na-/lony,
wr. ['arapuna, 1), SPIN-kon, ORCID, ScopusID, ResearcherID, a-blagin@mail.ru

Technosphere Safety

53


https://doi.org/10.1038/nature14967
https://doi.org/10.47852/bonviewGLCE3202887
https://doi.org/10.1007/s10113-022-01945-9
https://doi.org/10.47852/bonviewGLCE32021372
https://doi.org/10.55384/2790-4237.1089
https://doi.org/10.1051/e3sconf/202341303001
https://doi.org/10.3389/feduc.2023.1125361
https://doi.org/10.22250/jasu.93.16
https://www.researchgate.net/profile/Etim-Akan?utm_content=businessCard&utm_source=publicationDetail&rgutm_meta1=AC%3A33468899&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://doi.org/10.24018/ejers.2021.6.3.2384
https://doi.org/10.23947/2541-9129-2021-4-58-63
https://doi.org/10.1051/e3sconf/202128901017
https://elibrary.ru/author_profile.asp?id=107702
https://orcid.org/0000-0003-4302-5438
https://www.scopus.com/authid/detail.uri?authorId=57211779292
https://www.webofscience.com/wos/author/record/Q-4023-2016
mailto:larmin1@mail.ru
https://elibrary.ru/author_profile.asp?authorid=275440
https://orcid.org/0000-0002-4513-6986
https://www.scopus.com/authid/detail.uri?authorId=6508243380
https://www.webofscience.com/wos/author/record/B-3843-2016
mailto:a-blagin@mail.ru
https://orcid.org/0000-0002-5436-1704
mailto:m_anna7@mail.ru
https://elibrary.ru/author_profile.asp?id=107702
https://orcid.org/0000-0003-4302-5438
https://www.scopus.com/authid/detail.uri?authorId=57211779292
https://www.webofscience.com/wos/author/record/Q-4023-2016
mailto:larmin1@mail.ru
https://elibrary.ru/author_profile.asp?authorid=275440
https://orcid.org/0000-0002-4513-6986
https://www.scopus.com/authid/detail.uri?authorId=6508243380
https://www.webofscience.com/wos/author/record/B-3843-2016
mailto:a-blagin@mail.ru

https://bps-journal.ru

54

Safety of Technogenic and Natural Systems. 2025;9(1):42—54. eISSN 2541-9129

Anna BuranveBna KaneeBa, kannuaat Guiionorndeckux Hayk, JOLEHT Kadeapbl MUPOBBIX SI3BIKOB M KYJIBTYPbI
JloHCKOTO TOCymapcTBEHHOTO TexHmueckoro yHuBepcutera (344003, Poccuiickas ®epepamms, r. PoctoB-Ha-/loHY,
. ["arapuna, 1), ORCID, m_anna7@mail.ru

3anenennslii 6K1a0 A6MOPo8:

JI.A. MuHacsiH: pa3paboTKa KOHIETIINH, HAlICAaHUE PYKOIHCH.
A.B. Baarun: pa3paboTka KOHIETIIINH, HAyYHOE PyKOBOJCTBO.
A.B. KaneeBa: HanucaHue Y€pHOBHKA PYKOIMCH, BU3YyaIU3aLus.

Konghnuxm unmepecos: apropbl 3asiBJISIOT 00 OTCYTCTBHH KOH()JIMKTA HHTEPECOB.
Bce asmopbl npouumanu u 0000punu 0KOHYamebHbLI 6APUAHN PYKORUCHU.

Received / IToctynuiaa B pexaxuuio 20.01.2025
Revised / Iloctynuia nocJie penensupoBanus 12.02.2025
Accepted / IlpunsaTa k my6aukamuu 17.02.2025


https://bps-journal.ru/
https://orcid.org/0000-0002-5436-1704
mailto:m_anna7@mail.ru

Safety of Technogenic and Natural Systems. 2025;9(1):55—64. eISSN 2541-9129

MACHINE BUILDING
MAIINMHOCTPOEHUE

D Check i -
BY

UDC 62.78 Original Empirical Research
https://doi.org/10.23947/2541-9129-2025-9-1-55-64

o

Digital Safety Monitoring System for Auto Repair Company E
Vladislav V. Egelsky"~', Nikolai N. Nikolaev'', Elena V. Egelskaya = [<], g
|

Elvira A. Panfilova E

Don State Technical University, Rostov-on-Don, Russian Federation

D4 egelskaya72@mail.ru EDN: HDWZAF

Abstract

Introduction. The scientific literature discusses the potential of artificial intelligence (Al) for ensuring industrial safety.
Risk control methods are considered and recommendations for incident prevention are given. The relationship between
the competencies of lifting crane operators and the probability of accidents has been studied. Examples of using neural
networks for determining the reliability of removable lifting devices are presented. Remote monitoring of operational
safety is described. However, the use of Al to manage risks in a car repair station has not been sufficiently studied. This
research aims to address this gap. The aim of this work is to demonstrate the potential of neural networks in creating a
safety monitoring system for an automobile repair facility.

Materials and Methods. The design materials of the service station at the equipment repair and maintenance center
served as basic information. This enterprise was created by specialists of the Department of Operation of Transport
Systems and Logistics at the Don State Technical University (DSTU). Risks were -classified according to
GOST ISO 12 100! and GOST R 58 7712 Neural networks were trained using open-source libraries for the Python
programming language. The digital monitoring system model with visualization was implemented using the AnyLogic
simulation system.

Results. The authors of this work trained 20 neural networks and selected five with the lowest error function values
(from 74% to 78%). Out of five networks that worked most correctly, one was chosen that predicted the output
parameter more accurately — 74%. The neural network with the best performance was a multilayer perceptron with 30
neurons in the input layer, 15 in the hidden layer, and 3 in the output layer. It was used to create a digital twin that
warned in real time about potentially dangerous events: the movement of a car, a crane, and the opening of an
inspection pit. Additionally, it identified workers without personal protective equipment or access to the work area.
Discussion and Conclusion. The use of a digital safety monitoring system model will make it possible to identify high-
risk work areas in advance, and reduce accidents and industrial injuries. The introduction of this model in auto repair
facilities involves the installation of sensors and warning systems. In the future, we plan to explore the possibility of
integrating algorithms with the risk monitoring system to help personnel repair specific types of machines.

Keywords: auto repair shop safety, risk assessment tool, body repair shop safety, digital twin for safety assessment
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AHHOTALMSA

Beedenue. B Hay4yHOI JMTEpaType ONHMCHIBAIOTCS BO3MOXHOCTH MCKyccTBeHHOTO MHTewiekTa (V) s obecniedenus
TIPOM3BOACTBEHHOHN Oe3omacHocTH. PaccMarprBaloTess METObI KOHTPOJIS PUCKOB, JAIOTCS PEKOMEHJIAINH T10 MPEeoT-
BpAaIICHUIO UHIUICHTOB. V3yueHa cBs3b MEX/y KOMIIETCHIIMSIMH MaIIMHUCTOB IPY30II0JbEMHBIX KPAaHOB M BEPOSITHO-
CTBIO aBapuil. EcTh mpuMepsl UCTIONB30BaHKsI HEWpOCETEeH ISl ONpeNelieHNs] HaJe)KHOCTH ChEMHBIX I'Py303aXBaTHBIX
npucnocodaenuidi. Onucan TUCTaHIMOHHBI MOHUTOPHHT SKCILTyaTallMOHHOW Oe3onacHocTH. [Ipn aTOM HepocTaTouHO
npopaboTanbl Bonpockl npuMeHenust U nist koHTposisi puckoB B aBrocepBuce. [IpeacTaBieHHOe Uccae0BaHUE TIPH-
3BAHO 3aKPBITh JaHHBIN npoden. Ileap paboThl — MOKa3aTh BO3MOKHOCTH HCIIOJIb30BaHMs HepoceTer ajst HopMHUpO-
BaHHA CUCTEMbI MOHUTOPUHI'A 6C3OHaCHOCTI/I Ha aBTOPEMOHTHOM IMPCATIPUATUHA.

Mamepuanst u memoowi. B xauectBe 6a30B0i HH()OPMALIMK HCTIOIB30BATIH ITPOSKTHBIE MAaTEPHalIbl CTAHIINN TEXHUYE-
cKoro obciyskuBaHust npu LIeHTpe Mo PeMOHTY U OOCITYKMBAaHUIO TEXHUKH. DTO TMPENIPHUITHE CO3JAH CIIEIHATNCTHI
Kaenpsl « IKCIUTyaTaust TPAHCIIOPTHHIX cucTeM U soructrka» (3TCuJl) JloHCKOro rocyaapcTBEHHOTO TEXHHIECKOTO
yausepeutera (AI'TY). Pucku knaccupummposanu no [OCT ISO 12 100 u I'OCT P 58 771. Heliponnsie cetn o0y4a-
JIM TI0 OTKPBITHIM OnOmmotekam s si3bika «ITuror» (Python). Mozaens cuctems! M)pOBOro MOHHTOPHHTA C BU3YallH-
3anuel peay30BaIM B CHCTEME HMUTAIIMOHHOTO MOJIEINPOBaHUS « DHHM JIOHKUK» (AnyLogic).

Pesynomamul uccnedoeanun. ABTOpPBI TpeNCTaBIEHHOM padoThl oOyumnu 20 HeidpoceTell W OTMETHIM WSTH C
HaMMEHBIIMMH 3HaueHusIMH QYHKIMHA omubok (ot 74 % no 78 %). U3 nsatu HambOoiee KOPPEKTHO CpabOTaBIIMX
HelpoceTeil BRIOpaM Ty, KOTOpas TOYHEE MpejcKas3aia BRIXOAHOH mapamerp — 74 %. Hawnyudinas HefipoHHAs CETh,
OTIpEJIENAOIIAsl YPOBEHb PUCKA JJIs1 30HBI Ky30BHOTO PEMOHTA, — 3TO MHOTOCJIOWHBIN nepcenTpoH ¢ 30 HeiipoHamMu BO
BXOJIHOM clioe, 15 HelipoHaMu B CKPBITOM CIIO€ M 3 HeHpoHaMH B BRIXOJIHOM ciioe. Ee 3aneiicTBoBamu JJisl CO3AaHUS
1 (pOBOro ABOWHHKA, KOTOPHIA B PeXKUME PeabHOI'0 BPEMEHH IpeaylpexIaeT O IOTEHIUATEHO OAacHbIX COOBITHAX!
IBIDKCHUN aBTOMOOWIIS, KpaHa, OTKPBITMM OCMOTPOBOHM KaHaBbl. Kpome TOro, OOHapy>KMBaroTcs pabOTHHKH Oe3
CPE/CTB MHANBH/yalbHOHN 3alUTHI U 1A 6€3 J0IMycKa B 30HY padoT.

Obcyscoenue u 3axntouenue. [lpuveneHrne MoaeIH HQPPOBOH CHCTEMBI MOHUTOPHHTA 0€30TIaCHOCTH MO3BOJINT 3apa-
Hee OOHapy’KUBATh 30HBI C TIOBBIIICHHBIM PHCKOM IPOBEACHHS paboT, COKpAIlaTh aBApMHHOCTD M IPOU3BOICTBEHHBIN
TpaBMaTu3M. BHenpeHue 3Tolf Mozesnu B IIEHTPaxX MO PEMOHTY aBTOTPAHCIIOPTHBIX CPEICTB MPEIIONIAraeT YCTaHOBKY
JATYMKOB M CHCTEM OIIOBEIICHHS. B MepcrekTuBe mIaHupyeTCst HCCIIe0BAaTh BO3MOXKHOCTh JOTIONHEHUS! CHCTEMBI MO-
HUTOPHUHTA PHCKA aJITOPUTMAaMH, KOTOPBIE IIOMOTYT ITEPCOHAY B PEMOHTE KOHKPETHBIX BUIOB MAIlIMH.

KiarodeBbie cjioBa: 0e30MacHOCTh aBTOPEMOHTHOTO TMPEIIPUATHS, HHCTPYMEHT OIIEHKH PUCKA, OE30MaCHOCTh 30HBI
Ky30BHOI'O PEMOHTA, ITU(PPOBOI TBOMHUK I OLICHKH 0€30MacHOCTH

BaarogapHocTH. ABTOpPBl BBIPAKAIOT IPU3HATEIBHOCTH KOJUIETaM 3a IIOMOIIb IPHU TOATOTOBKE MaTepHajloB
uccienoBanus: Koporkomy AHatonumio ApkanseBuuy — 3aBeAyromeMmy kadeapoir «I3TCull» JAI'TY, mokropy
TEXHHUYECKHX HayK, npogeccopy, n XsaHy Pomany BnamummpoBmuy — nonenty kadenpsr «9TCull» AT'TY,
KaHIUIATy TEXHHYECKUX HayK.

Jnst muraposanns. Erensckuii B.B., Hukonaes H.H., Erensckas E.B., ITangumosa 3.A. Cucrema 1iuh)pOBOro MOHHTOPHHTA
0€30IMaCHOCTH UI aBTOPEMOHTHOTO MPEANPHATUS. Bezonachocmv mexHoeenHbix u npupoonvix cucmem. 2025;9(1):55-64.
https://doi.org/10.23947/2541-9129-2025-9-1-55-64

Introduction. In the near future, machine learning methods will be increasingly used to ensure safety and assess
production risks at transport repair facilities. This trend is supported by the rapid development of artificial intelligence
and the transport sector. As a result, theoretical and practical research on this subject is becoming increasingly
important.
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New, more complex machines and equipment are being introduced. Car service companies are increasingly utilizing
information and communication technologies. Production algorithms and work processes are changing. These
developments can lead to harmful effects on people and equipment, and many of these potentially dangerous situations
are difficult to predict. In this case, an integrated approach involves following the rules listed below.

1. It is important to monitor staff behavior and to ensure the compliance with safety requirements. It is necessary to
focus on issues such as work performance and the use of personal protective equipment (PPE).

2. Regular updates on the characteristics and conditions of complex technological equipment are necessary.

3. Employees should be aware of the fire extinguishing equipment available at the workplace and know how to use them.

4. All employees should familiarize themselves with the evacuation procedures and first aid measures.

Let us note that the quality of such a complex, multifactorial system cannot be determined by the quality of its
components. General safety in this case will be a higher-order concept, and artificial intelligence has the best tools to
ensure it. Given the obvious inconsistency of the elements discussed above, we should note the importance of self-
learning neural networks, which should be used to solve the problems of the presented scientific work.

The production process is exposed to external risks and also generates some of its own. While it is impossible to
completely eliminate all potential dangers, there are known methods to reduce and limit them. One such method is the
use of protective and monitoring devices, known as collective protective equipment®. The aim of such solutions is to
reduce the likelihood of harm or its severity.

In [1], the issues of applying various methods of industrial risk control are discussed in detail, and recommendations
are given for the formation and support of a safety system. Paper [2] provides examples of the use of neural networks to
ensure the reliability control of lifting accessories. There are studies on the influence of the lifting crane operators’
competencies on the likelihood of emergencies [3].

Patent work is underway in the same direction. For example, patent RU 2 682 020 C1 describes a method for remote
safety monitoring during the operation of an object [4]. The solution is based on digital information technology systems.
The location of safety control objects is recorded by geo-points, and the data about their parameters is transmitted to the
neural network system. Video cameras are used for remote monitoring. The complex combines a server and a mobile
software. Patent RU 2 534 371 C1 establishes a method for remote monitoring of hazardous production facilities. To
achieve this goal, they will utilize:

— an information technology system;

— means of radio frequency identification;

— a set of devices for implementing the method.

It is proposed to equip safety control facilities with radio frequency identification (RFID). These devices are
designed to transmit and receive data through remote devices, which are called readers in the patent. This is how safety
parameters of the monitored facilities are fixed and their remote adjustment is ensured. At the same time, an unlimited
number of authorized users get Internet access to the database.

Using the example of healthcare, the authors [5] explore the potential of using blockchain and the Internet of Things
to create integrated monitoring systems.

In [6], it is proposed to install hazard monitoring sensors at the facility. For this purpose, three situations are
modeled:

— it is possible to unlock barriers and open access to the facility;

— it is impossible to unlock barriers and open access to the facility;

— it is necessary to stop the operation of industrial equipment.

In the latter case, the shutdown will occur when the light and sound warning signals are triggered.

Machine learning methods were considered for monitoring the safety of bridges and roads. The author [7] focuses
on the detection of damage. In this case, a neural network uses an array of data collected on an object without flaws to
train it. This information is compared:

— with new data on intact and damaged objects;

— with forecasts from the vicinity of the output signal of the neural network.

Special attention should be paid to the work of Colombian scientists devoted to the use of neural networks to
improve the safety of movement of visually impaired people [8]. The authors created artificial neural networks from a
cooperative coevolutionary genetic algorithm. It is responsible for structuring, modifying, and training neural networks.
The developed program has formed several neural networks. After the training, they chose those that better prevented
collisions, that is, they would be useful to visually impaired people.

3 The Labor Code of the Russian Federation. As amended on December 26, 2024. Part1. Chapter 1. Article4. (In Russ.) URL:
https://www.consultant.ru/document/cons_doc_ LAW_34683/ (accessed: 29.12.2024).
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An analysis of scientific papers on safety in various fields has revealed common trends:

— verification of existing risks in the system, as well as methods for their reduction, is based on ISO 12100 and
ISO 14121;

— machine learning of neural networks is actively used;

— sensors, systems for accumulating and processing information about the state of control objects are widely used;

— sensors and tags should be used to equip both equipment and personnel.

However, we should note that the issues of using artificial intelligence to control and reduce production risks in the
field of automotive services are not well-developed. The presented scientific research aims to address this gap. The aim
of the work is to demonstrate the potential of using neural networks to form a safety monitoring system at car repair
enterprises.

Materials and Methods. The source materials for our scientific research were open data on incidents at the service
station. We considered:

— accidents and injuries to personnel;

— the causes for such events.

The research involved the development and training of neural networks to assess the level of production risk at car
service stations. This research could become the basis for a future unified safety monitoring system based on digital
technologies. Figure | shows a schematic representation of this system. The neural network was represented as a
separate tool for risk assessment.

— Cloud server

5
i
:
2
= :
: Controlling Analysis
@ — influence and control

Fig. 1. The operation scheme of safety monitoring system of a car service company

The cloud server automatically collected information from sensors about telemetry, personnel, personal protective
equipment (PPE) usage, and equipment. A neural network then analyzed this information to identify potential risks and
provided guidance for control measures.

Thus, a particular task of the presented scientific work was the formation of an artificial neural network. To create it,
we needed to select the tools, as well as the input and output parameters.

The authors reviewed ready-made platforms from various companies, including, TensorFlow, PyTorch, Keras, Ex-G
Boost, and Statistica.

The first four platforms required writing software code, and when working with “Statistics” this was not necessary.
All the necessary functionality was provided in the graphical interface. In addition, Statistica had extensive data
processing and presentation tools.

To create a neural network, we used input data on car repairs at a service station. This facility was a division of the
Equipment Repair and Maintenance Center, which was created by specialists from the Department of Operation of
Transport Systems and Logistics at the Don State Technical University.

Let us consider the creation of a neural network for risk assessment in a body repair area. We should name the safety
indicators that were constantly changing [9].

1. The remaining lifetime (or service life) of technological equipment. We assign the code A to the indicator.

2. The remaining lifetime (or service life) until scheduled maintenance or inspection. We assign the code B to the
indicator.

3. The time remaining until the planned advanced training of specialists allowed performing the work. We assign the
code D to the indicator.

4. The time remaining until the next verification of fire extinguishing equipment (mainly fire extinguishers). We
assign the code E to the indicator.

Let us list the indicators that were determined by only two conditions: safe and dangerous.

1. Completeness of the issue and the correct use of workwear and PPE (issued or not issued, correctly or
incorrectly). We assign the code G to the indicator.

2. Execution of work by authorized specialists (yes or no). We assign the code H to the indicator.
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3. Illumination of the work area (meets or does not meet the standards). We assign the code I to the indicator.

4. Air temperature in the work area (meets or does not meet the standards). We assign the code J to the indicator.

5. Content of controlled harmful substances in the work area (meets or does not meet the standards). We assign the
code K to the indicator.

If necessary, the set of indicators can be expanded.

A special class of variables should also be distinguished — linguistic qualitative indicators, that is, verbal
descriptions of equipment parameters. For example, the technical condition of the equipment can be “very good”,
“good”, “satisfactory”, “poor”, and “very poor”. Such information was obtained by interviewing the personnel who
worked with the equipment. We assign the code C to this indicator. Linguistic estimates can be represented numerically
using the Harrington desirability function [10].

Thus, the letter designations for safety indicators codes are shown above. They are needed for convenience in entering
information into the neural network. Table 1 shows some indicators related to the equipment in the body repair area.

Table 1
Some Safety Indicators of Technological Equipment in the Body Repair Area
Indicator code
. Remaining lifetime (or service life) .
No. Equipment Technical
qauip before scheduled after scheduled maintenance or e %11.ca
. . . . . condition
maintenance or inspection inspection
Electric manual scissors
1 Al B1 1
1Z-5403 ¢
) Installation of g.as welding A2 B o
and cutting
Spot welding machine
3 MT-601 A3 B3 C3
4 Combined elec'tric welding Ad B4 ca
machine

The creation and training of neural networks requires large data samples, so the quantitative and qualitative input
parameters for the body repair area have resulted in a unified view using the Harrington desirability function. This
allowed us to determine a generalized risk assessment indicator [10].

In order to classify the output parameter of a neural network, we used the graph presented in ISO 14121 (Fig. 2).

Severity of harm Frequency of the hazardous Probability Possibility L
. X o . Risk index
to health phenomenon ofa dangelous event of harm prevention
O1 — Very low, O2 — Low Al Possible, A2 — Impossible @
S1— F1 — Rarely
Slight harm F2 — Often . . .
03 — High Al — Possible, A2 — Impossible
©)
a O1 — Very low Al — Possible
S2 — X .
F1 — Rarely 02 — Low A2 — Impossible
Severe harm @
03 — High Al — Possible
O1 — Very low A2 — Impossible :
F2 — Often 02 — Low Al — Possible
03 — High A2 — Impossible :
Al — Possible
A2 — Impossible @

Fig. 2. Risk assessment graph according to ISO 14121 [10]
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Letter designations were taken from the standard. They were not related to the codes in Table 1. It should also be
noted that this graph was only a methodological guideline for assessing the level of risk, it did not allow taking into
account all the variety of influencing factors. This was exactly what a neural network was trained for.

To assess each dangerous situation, the following conditions were taken into account at the output of the graph:

— risk index equal to 1 or 2 corresponded to the lowest priority of actions (priority 3);

— risk index 3 or 4 corresponded to the average priority of actions (priority 2);

—risk index 5 or 6 corresponded to the highest priority of actions (priority 1).

Thus, it was possible to identify risks that corresponded to the green (lowest), yellow (medium) and red (high)
danger levels. In other words, the output parameter of the neural network was a generalized risk assessment indicator
defined as green, yellow or red.

To train neural networks in Excel spreadsheets, we generated input parameters for 1,000 variants of body repair area
indicators. With fewer options, neural networks could not qualitatively detect all patterns and relationships. Based on
the calculated value of the generalized risk assessment desirability function [11], the risk level was determined for each
data variant on a three-color scale. Figure 3 provides a fragment of the neural network training data. This was a part of
the codes not included in Table 1.

1 Af AT A8 4 BAFETY
2 0.44 0.74 0.1% GREEN
3 0.97 0.22 0.6 YELLOW
4 0.79 0.73 0.17 GEEEN
5 0.57 0.01 0.06 YELLOW
6 0.68 0.69 0.23 GEEEN
7 0.67 0.61 0.08 RED
972 | 0.18 0.26 0.44 YELLOW
973 0.34 0.64 0.12 YELLOW
974 (.26 0.32 0.82 GREEN
975 0.01 0.20 0.24 RED
976 | (.60 0.65 0.14 YELLOW
977 (.86 0.56 0.79 RED
978 022 0.02 0.27 RED

979 0.34 0.50 0.11 YELLOW
Fig. 3. A fragment of data for neural network training

The source information was imported into a data table created in the Statistica workbook.

The “Neural networks” module of the Statistica environment solved problems of five types:

— regression;

— classification;

— time series (regression);

— time series (classification);

— cluster analysis.

In the developed neural network model, the output parameter was the risk level (green, yellow, red), so this problem
was solved as a classification problem.

Next, one needed to select the type of artificial neural network. Within the framework of this work, we considered:

— multilayered perceptron, MLP;

— radial basis function.

The system offered, and the authors used:

— the number of neurons of the hidden layer;

— the number of trained and returned networks;

— activation functions of the hidden and output layers of the network.

Results. The system split the input data into training, test, and validation samples. Their ratio was left at the default.
The sum of squared deviations and cross-entropy were chosen as error functions, which Statistica used to evaluate the
quality of neural network training.

As a result, 20 neural networks were trained and five neural networks with the lowest error functions were
selected (Fig. 4). The system automatically chose the type of error function for each neural network. In the used version
of Statistica, the window with trained neural networks did not move vertically, so only three of the five networks were
shown in Figure 4. Here, the error function values ranged from 76.7% to 78%. Neural networks 1 and 2, hidden in
Figure 4, had error function values of 77.2% and 74%, respectively.
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Active newral networks

Net. ID  Met name Training perl. Testperf.  Validation perif.  Algorthm  Ewor funct ™

3 MLP 30193 81,142857 79333333 78,000000 BFGS 21 !
4 MLP 30-7-:3 83142857 79333333 76.E6REET BFGS 43 ‘SDS |
5 MLP 30-21-3  81.428571 78,000000 77333333 BFG553 CE |
v
: —
gy Select\Deselect active networks Delete networks
Build madels with CNN Build models with ANS Build models with Subsampling

Predictions Eﬁlephs] Detailsl Liflu:harls| Custom pwdiclions|

Predictions spreadsheet Summary
iicions o Include (B Save networksv
(®) Standalones Oinputs

Cancel
(O Ensemble Targets es
(O Standalones and ensemble Output [C]Corfidence | E Options  +
ClAccuracy [ Variables Samples
m Predictions Standard res Train
O Test
[ Walidation
Missing

Fig. 4. The learning process of MLP architecture neural networks

The error of the neural network was estimated using cross-entropy [12]. The system chose a hyperbolic tangential
function as the activation function of the hidden layer of neurons, and a multidimensional logistic function for the
output layer of neurons.

After saving the resulting neural network in xml format, it could be downloaded and used for calculations in the
Statistica environment. Here, one could also save a neural network as code in several programming languages for later
use in software development.

Of the five trained neural networks that best corresponded to the validation and test data samples, we determined the
one with the highest accuracy in predicting the output parameter — 74%. This indicator was expressed as a percentage
of convergence with the output parameters of the samples (Fig. 5).

% SANN - Results: /lucr2 in 3oHa ky30oBHOro pemonTa ? X
Active neural networks
| Net. ID  Net name Training perf. Testperf.  Validation perf.  Algorithm Enor funct. IV
2 MLP 30153 84571429 80666667 74.000000 BFGS25 CE ]

Fig. 5. The result of neural network training

The best neural network that determined the risk level for the body repair area had the MLP 30-15-3 structure, that
is, a multilayer perceptron with 30 neurons in the input layer, 15 neurons in the hidden layer and 3 neurons in the output
layer. The input layer of 30 neurons was determined by the number of incoming indicators for a given work area. There
are 10 groups of indicators described in the “Materials and Methods” section, but due to the limited length of this
article, it is not possible to list them all. If needed, the number of indicators could be increased.

The resulting neural network was translated into the Java programming language. The code (Fig. 6) was
implemented into the digital twin program [13] and the artificial intelligence system [14] of the car service company
safety assessment platform developed on AnyLogic.

j *SANMN_JAVA Code Nuct2 in 3oHa kyzoeHero pemHoTa-3 - baok.. — O X

Laiin [lpaeka ®opmat Bua  Cnpaska
/*Compute feed forward signals from Input layer to hidden layer®*/ A

for (int__statist_row=8;_ statist_row <_ statist_nhidden;_ statist_rows+)
{

__statist_hidden[__statist_row]=8.8;

for(int__statist_cel=0;_ statist_col < _ statist_ninputs;_ statist_col+s+)

{

_ statist_hidden[_ statist_row]=_ statist_hidden[_ statist_row] +

[__statist_row][__statist_cel]®_ statist_inputs[__statist_cel]);

}

_ statist hidden[_ statist row]=_ statist hidden[_ statist row] +
|_statist_hidden_bias[_ statist_row]

Fig. 6. A fragment of the neural network code in Java
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Figure 7 provides the digital twin of the car service company safety assessment platform, developed at AnyLogic.

Average Average Low Low Average
O ik O nisk | ® .« O . O risk
__________ U G OUD N S D C ( YS — _— _— @ R S S - AR R S O, O S
I I X - I r '
I Iy Pl I 1 3 :
1 : 1 P | "] Closed | Open "
I | I . I .
I I : I I I : '
I I Pl I i 8 '
I Iy ;o I '3 '
I I P (I ! '
I I Pl I ) 2 '
I Iy ol I i 3 :
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[ Iy N Lo 5 :
I Iy ;o I 5 !
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1 : 1 Attention! | : 1 : : :
: I : Crane movement! 1 : " : g ! |
TR R, SESREE R0 s i i e i .‘..l B s 1 e 1 feTTE—— !

Fig. 7. Digital twin of the safety assessment platform

The digital twin in real time [15] displayed the risk levels at each site in the production workshop and alerted users
to potentially dangerous events:

— movement of the crane;

— entry and exit of the car;

— opening of the inspection pit.

Employees without personal protective equipment and persons who did not have access to the hazardous work area
were identified.

As aresult, the dangerous factors of the car service company's production process were detected in a timely manner.
Their comprehensive assessment was presented as a certain level of risk. At the same time, two factors could hinder the
development of an unfavorable scenario:

— staff received timely information about the danger in graphic (color) and sound form;

— risk factors were eliminated, i.e. measures were taken to prevent accidents and industrial injuries.

Discussion and Conclusion. The results of the presented study close one of the gaps in risk management. Its
scientific novelty is due to the specific nature of car service companies' activities, which have not been previously
considered from this perspective. The first and most likely area of practical application of the proposed model of a
digital safety monitoring system is car repair shops. However, it should be noted that its practical implementation
involves mandatory installation of sensors and warning systems at the facility. The use of a digital safety monitoring
system model will allow for the detection of high-risk work areas in advance and reduce occupational injuries. Thus, the
digital twin of the car service company's safety assessment platform generated and transmitted the following
information necessary for monitoring and management decisions:

— in the area of preparation for painting, — average risk level;

— in the body repair area — average risk level, a moving crane requires special attention;

— in the st pit repair zone — low risk level when the pit is open;

— in the 2nd pit repair zone — low risk level when the pit is closed;

— in the repair area — average risk level.

Further research plans include the development of a risk monitoring system at a car service station. This system can
be supplemented with features that will assist staff in maintaining specific models of vehicles. Combining the assistance
and monitoring systems can help avoid errors and increase safety in the workplace. This is especially important when
servicing vehicles with unique design features, such as military vehicles. We plan to use augmented reality technology
to display visual cues on specialized screens.
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Abstract

Introduction. As is well known, the process of steel hardening is accompanied by volumetric changes due to the difference
in specific volumes of transforming phases. These volume changes result in structural stresses within the steel. The
presence of these stresses in a hardened product negatively affects its resistance to brittle fracture, leading, for example, to
decreased safety during operation of steel structures. In this regard, it is essential to improve heat treatment (HT) methods
that reduce quenching stresses. One promising method involves applying a permanent magnetic field during phase
transformation, which affects the kinetics of transition and resulting transformation products. However, there is a lack of
data on volumetric changes during quenching for this method. The aim of this work is to investigate the effects of
permanent magnetic fields on volumetric changes and structural stresses during steel hardening.

Materials and Methods. The research was conducted on technical iron and carbon steel 35, 45, U8, U10, Ul2.
Magnetic fields with strengths of 1.4 and 1.6 MA/m were generated in an interpolar gap of the FL-1 electromagnet,
designed by Moscow State University. Volumetric changes after conventional and magnetic quenching were
quantitatively assessed by measuring the specific volumes using hydrostatic weighing method.

Results. Concentration dependencies of changes in specific volumes of carbon steels during quenching in a magnetic
field at temperatures of 800 and 1 000°C were obtained. There were no changes in the volume effect of martensitic
transformation in iron and U10 steel when quenching at temperatures higher than 800°C. Different changes in the
volume effect were observed in steels with carbon content: from 0 to 1% — reduction in specific volume; from 1.0% to
1.2% — increase in specific volume. Calculation data showed that after quenching without a field, the level of structural
stresses increased with an increase in the carbon content in austenite and an increase in the heating temperature for
quenching. The influence of the magnetic field was reduced to a decrease in structural stresses in low- and medium-
carbon steels and their increase in high-carbon steels. At low tempering temperatures, the level of structural stresses
after quenching in a magnetic field was lower for medium-carbon 45 steel, and higher for Ul2 steel, than after
quenching without a field.

Discussion and Conclusion. The data obtained for low- and medium-carbon steels can be explained by the increased
degree of martensite decomposition “in statu nascendi” upon cooling in a magnetic field and an increase in the amount
of martensite phase in high-carbon iron alloys. The change in the volume effect caused by the increase in the amount of
martensite phase under the influence of a magnetic field prevailed over the change in the volume effect caused by its
decomposition during the quenching cooling process. The magnitude and sign of the observed effects were determined
by the carbon content in the original austenite, and there was a narrow range of concentrations for which magnetic
hardening had virtually no effect on the level of structural stresses. The effect of a magnetic field during tempering
somewhat slowed down the reduction of residual stresses in the temperature range of martensite decomposition.
Structural stresses after heat treatment in a magnetic field, without taking into account the temperature gradient across
the cross-section, were mainly determined by the effects obtained during quenching in a magnetic field. The
intensification of the phenomena of martensite decomposition caused a decrease, and an increase in the completeness of
the martensite transformation, an increase in the level of structural stresses.
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Opuzunaﬂbnoe amnupudecKkoe ucciedosanue

O0bEéMHBIC U3MEHEHUS] M CTPYKTYPHbIE HATIPSAKEHUS B CTAJIU
nocJje 3aKajJIKi B MATHUTHOM T0J1e

B.H. IycroBoiit ', FO.B. Toarauyes = D<

JloHCKOl rocytapCcTBeHHBII TeXHHUUECKHI yHUBepcUuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus

P4 yuridol@mail.ru

AHHOTANUA

Beeoenue. Kax n3BecTHO, 3aKajKa CTAJIN COIPOBOXKAAETCS OOBEMHBIMUI M3MEHEHUSIMH, BBI3BAHHBIMU Pa3HOCTHIO
yAenbHBIX 00BEMOB mpeBpamiaromuxcs (a3. BoszHukaromue oObEMHBIE M3MEHEHHS NMPHUBOIAT K CTPYKTYPHBIM
HanpsOKeHUs M B cTainu. IIpucyTcTBHE HampshKeHUH B 3aKaJeHHOM M3JEJIHMM CKa3bIBaeTCd OTPHUIATENIbHO Ha
CONPOTUBICHUH XPYNKOMY pa3pylLICHHIO, 4YTO OOyCJaBIMBaeT, HaIpUMeEp, CHUKECHHE O€30IacHOCTH IIpH
SKCIUTyaTalliy CTaJbHBIX KOHCTPYKIMH. B CBS3M ¢ 3THUM BaXXHBIM SBJISIETCS COBEPIICHCTBOBAHHE METOIOB
Tepmudeckoii 00pabotku (TO) cranm, KOTOpBIC MO3BOJISIOT CHU3WTH 3aKaJO4YHbIC HampsoKkeHus. HamoxeHue
MOCTOSIHHOT'O MarHWTHOTO TOJisi B Tpoliecce (a30BOTO MpEeBpalleHHs] OKa3bIBaCT BIMSAHNUE HAa KMHETHUKY Iepexoja
u oOpasyromuecs MpPOXyKTH mpeBpamieHus. s 3Toro mepcrnekTuBHOTO MeTona TO HemZoCTaTOYHO TaHHBIX 00
00BEMHBIX M3MEHEHHAX INpH 3akaike. Llenmp paboTBl — HCCIeTOBaHHE OCOOCHHOCTEH BIHMSAHUSA IMOCTOSHHOTO
MAarHUTHOTO TOJII Ha 00hEMHBIC H3MEHEHHUS U CTPYKTYPHBIC HANIPSDKCHUS TIPH 3aKalIKe CTAIIH.

Mamepuanvt u memoowt. ViccnenoBanus NpoBOJMINCH HA TEXHUYECKOM JKelle3e M yIIEePOJUCTBIX cTaisix 35, 45, V8,
V10, VYI12. MarauTHbple TONsA HampsbkeHHOCTRIO 1,4 u 1,6 MA/M  co3maBammch B MEXKIIONIOCHOM — 3a30pe
anektpomaruura ®JI-1 xoHcTpykimn MI'Y. KonudecTBeHHast oleHKa OOBEMHBIX W3MEHEHHMH TIOcie OOBIYHOH W
MarHUTHOH 3aKaJIKH BBITOJHSAIACH ITyTEM H3MEPEHHUS YACIbHBIX 00bEMOB METOJIOM I'MIPOCTATHYECKOTO B3BEIIMBAHHUS.

Pezynemamot uccnedosanus. T1oiydeHpl KOHIICHTPAIMOHHBIE 3aBUCUMOCTH W3MEHEHHUS YJIEIBHBIX O0BEMOB YIJIEPOMCTBIX
CTayiel mpu 3akaike B MarHUTHOM nojie oT Temmeparyp 800 u 1 000 °C, Ha KOTOPBIX OTMEYAIOCh OTCYTCTBHE M3MEHEHUI
00BEMHOTO 3(deKTa MapTEHCHUTHOTO NPEBPAILEHHSI B TEXHHMYECKOM kelnese u craiau Y10 npu 3akanke ot 800 °C, a Taroke
HaJIMYKe PasHbIX 10 3HAKy U3MEHEeHn 00bEMHOTO0 AekTa B craisix ¢ coaeprkanueM yriepoaa: oT 0 1o 1 % — ymeHblieHne
ynenasHoro 06séMa, ot 1,0 o 1,2 % — yBenmdeHue yneabHOro 00séMa. PacuéTHple JaHHBIE TOKA3hIBAIOT, YTO MOCHE 3aKAIKH
0e3 1oy yPOBEHb CTPYKTYPHBIX HAIPSHKEHUH BO3PACTACT C YBEMUYCHUEM COAEPIKaHUs yIIepoa B ayCTEHUTE U TOBBIIICHUEM
TeMIIepaTypsl HarpeBa TOJ 3aKajKy. BIMSHHE MarHMTHOTO TIOJS CBOJWTCS K YMEHBIICHHWIO CTPYKTYPHBIX HAIPSDKCHHI B
HI3KO- ¥ CPEIHEYTIICPOANCTHIX CTATX U K MX YBEIIIYCHUIO — B BBHICOKOYTIIEPOINCTHIX. [Ipr HU3KIX TeMIepaTrypax OTITyCKa
YPOBEHb CTPYKTYPHBIX HANPSHKEHHH IOCIE 3aKaIKH B MarHUTHOM TIOJIE JUIS CPEIHEYIJIEPOAMCTON cTaimm 45 Hike, a U
ctam Y12 — BBIIIIE, YeM MOCITE 3aKaJTKH 0€3 MOJIS.

Ooécyrncoenue u 3axnrouenue. llonmydeHHBIC NaHHBIE IUISI HU3KO- W CPEOHEYTIEPOIWCTHIX CTalel OOBSICHIIOTCS
OoJibIlIell CTENeHBIO pacnaja MapTeHcHTa in statu nascendi MpH OXJIQXKICHWM B MarHUTHOM IIOJI€ W YBEIWYEHHEM
KOJIMYECTBa MapTeHCUTHOW (a3l B BBICOKOYIJTICPOJHCTHIX CIUIaBax jkene3a. l3meHeHume oObEMHOro sddexra,
BBI3BAHHOE IPUPOCTOM IO/ JEHCTBUEM MAarHUTHOTO TMOJS KOJMYECTBA MAapTEHCUTHOW (as3bl, NpeBaMpyeT Hal
n3MeHeHneM o0bEMHOTO0 3¢ dekTa, 00yCIOBISHHOTO €e pachagoM B MPOIECCe 3aKaJOYHOTO OXJIaX/eHus. Bennuuna n
3HaK HaONOAaeMbIX dPPEKTOB ONPENEIIIOTCS COACPKAHUEM YTIIIepoJia B HCXOJHOM ayCTEHHTE, IIPUYEM CYILIECTBYET
Y3KHH JUana3oH KOHIEHTPAXH, A1 KOTOPhIX MarHUTHAS 3aKajlka He OKa3bIBAeT MPAKTHUECKN HUKAKOTO BO3JCHCTBHUS
Ha YpOBEHb CTPYKTYPHBIX HampspKeHuil. JleficTBHEe MarHWTHOTO TOJNS BO BpPEMS OTIIyCKa HECKOJBKO 3aMeysieT
CHIDKEHHE OCTATOYHBIX HANPsHKCHUH B TEeMIIEPaTypHOM MHTEpBalle pacmana MapreHcuTa. CTpyKTypHBIE HanpsKEHHUS
IocIie TepMUYECKOH 00pa0OTKM B MarHUTHOM IIoyie 0e3 yd4éra TeMIepaTypHOTro TpajiieHTa M0 CEYCHHUI0 B OCHOBHOM
omnpenearores dhdexramMu, TOTyIeHHBIMI IPH 3aKaJIKe B MATHUTHOM IT0Jie. Y CHJICHHE SBIICHHN paciiaja MapTEeHCHTA
BBI3BIBACT CHIDKCHHE, A YBEJIMUYCHHE ITOJTHOTHI MapTEHCHTHOTO INPEBPAIEHHsS — IOBBIIICHHE YPOBHS CTPYKTYPHBIX
HaANPSKCHUM.

KuarwueBble ciioBa: 3aKaJiKa, CTaJlb, 00BEMHBIE N3MCHCHUSA, CTPYKTYPHBIC HAIPSAKCHUA, MAarHUTHOC IOJIC, OTITYCK
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BaarogapHocTu. ABTOpHl 0OnarozapsAT pelakUMIO >KypHajda 3a LEHHbIE 3aMe4YaHHsi II0 COJEPXKAHHIO CTaTby,
COTPYJIHHUKOB Kadeapsl «MatepuanoBenenue u texnoiornu meramwios» AI'TY, mpodeccopa F0.M. JlomOpoBckoro u
nmoueHTa C.A. ['pumnHa, 32 TOMOIIE B IMTOyYEeHUH U 00CYKICHHN PE3yIbTaTOB.

Juasi uutupoBanus. Ilycrosoiit B.H., lonraues FO.B. O0bEMHBIE M3MEHEHHSI U CTPYKTYPHBIE HANPSOKEHUS B CTaNA
Tociie 3aKkallki B MAarHWTHOM Tone. bBezonacHocms mexHozeHnblx u npupoonvix cucmem. 2025;9(1):65-71.
https://doi.org/10.23947/2541-9129-2025-9-1-65-71

Introduction. It is known that steel hardening is accompanied by volumetric changes [1] caused by the difference in
specific volumes of converting phases. The resulting volumetric changes [2] lead to structural stresses in steel [3]. The
presence of stresses in a hardened product [4] has a negative effect on the resistance to brittle fracture, which, for
example, leads to a decrease in safety during operation of steel structures [5].

The application of a permanent magnetic field during phase transformation affects the transition kinetics and the
resulting transformation products. In [6, 7], the results of studies of changes in the fine structure and phase composition
of steels during quenching in a magnetic field are presented. It has been shown that when exposed to a magnetic field,
multiplicative nucleation of martensite crystals occurs and the rate of transformation increases, as well as the
temperature of M, to M, increases with the formation of stress martensite in the range of superplasticity of the
transformation [8, 9]. This leads to an increase in the volume fraction of x-martensite due to the early activation of the
tempering stage of the freshly formed a-phase, and a decrease in the volume fraction of A in tool steels, significant
thinning in the multiplet profile of the X-ray reflection {211}. The combination of these circumstances leads to changes
in phase composition of steels, as well as in structure and properties of transformation products after quenching in a
magnetic field.

The development of heat treatment methods that reduce quenching stresses is relevant. The above data on a
promising maintenance technology involving an external magnetic field indicate that structural changes occurring under
the influence of a magnetic field during quenching can affect the bulk and stress state of steel. However, a detailed
research of the effect of the magnetic field on changes in the stress state of hardened steels has not been conducted
before. Therefore, the aim of this study is to investigate the volumetric changes and structural stresses that occur due to
the application of a permanent magnetic field during the hardening process of steel.

Materials and Methods. The research was conducted on ingot iron and 35, 45, U8, U10, Ul2 carbon steels.
Magnetic fields with strengths H=1.4 and 1.6 MA/m were created in the interpolar gap of an FL-1 electromagnet
designed by Moscow State University.

Volumetric changes after conventional quenching and with the application of a magnetic field were quantified by
measuring the specific volume by hydrostatic weighing. At the first stage, the samples were weighed in air (Pg). Next,
the samples, suspended on a thin nylon thread 8@ + 18,» were weighed in distilled water (Px). The value of the specific
volume, taking into account the density of distilled water dx and air g, was determined by the following expression:
S Tt S

Py (8% —3s) 8 '

Results. The graph shown in Figure 1 demonstrates the effect of the magnetic field on volumetric changes during
martensitic transformation in carbon steels, while the value of the specific volume occurring during conventional
quenching was assumed to be zero. It can be noted that the sign of the change in specific volume and its magnitude
were correlated with the temperature of heating for quenching and the carbon content in the steel.
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Fig. 1. Relative changes in specific volumes of steels during quenching in an external magnetic field
H=1.6 MA/m: 1 — from 800°C; 2 — from 1,000°C
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In Figure 1, which shows the dependence of the change in specific volume on the carbon content, the following
distinctive features can be observed. First, there is no volumetric conversion effect in pure iron and U10 steel when
quenched at a temperature higher than 800°C. Additionally, there were differences in the sign in the volumetric effects
change in steels with a carbon content of 0 + 1.0 and 1.0 + 1.2%.When quenching with a magnetic field, there was a
decrease in specific volume for steels with 0+ 1.0 % C and an increase for steels with 1.0 +~1.2% C. The largest
changes in specific volume occurred at 0.5 and 1.2% carbon. As the quenching temperature increased, the magnitude of
the field effect changed and the point with no volume change shifted to lower carbon steel

The occurrence of structural stresses in the alloy was facilitated by volumetric changes during phase transformation,
as well as their heterogeneous distribution across micro-volumes [10, 11]. Structural stresses could be calculated using
the calculation method presented in [12], which made it possible to determine tangential, axial, and radial stresses in a
fully cylinder, assuming that there was no temperature gradient in the analyzed section. The impact of the magnetic
field on structural stresses during quenching could be estimated using an expression for calculating the tangential
component of stresses on the surface:

E-l
O =—7——, )
2(1-p)
where [ — relative value of the structural deformation at the transformation stage; £ — modulus of elasticity;

pu — Poisson's ratio.

When estimating /, volumetric characteristics of the phases and measurement data of specific volumes of samples of
such a small size were used, that the temperature difference between the core and the surface could be ignored. The data
in Table 1 show that for the case of conventional quenching, structural stresses increased with the carbon concentration
in the initial phase and with the quenching temperature.

Table 1
Structural Stresses (o) under Various Quenching Conditions
Steel o:, MPa, at the quenching temperature, °C* Steel o:, MPa, at the quenching temperature, °C*
ee ec
800 1,000 800 1,000
-600.9 -621.2 —795.4 -923.2
45 Ul10
—549.6 -564.5 -795.4 -1028.7
-774.9 —903.8 —798,6 —888.3
U8 U12
—-766.6 -939.4 -819,7 —-1007.0
*Numerator — quenching without a magnetic field; denominator — in H = 1.6 MA/m.

Table 2 provides the calculation results of the structural stresses caused by transformations during hourly tempering
of carbon steels hardened at a temperature higher than 1,000°C.

Table 2
Structural Stresses after Quenching and Tempering
Steel Magnetic field |o., MPa, at the tempering temperature, °C (taking into account the austenite yield strength)
strength,* MA/m 20 100 150 200 250 300
0/0 —421.1 -254.1 -205.3 -163.7 -140.8 -122.2
45 0/1.4 —421.2 -273.0 —215.4 -162.9 —-140.7 -122.2
1.6/0 -364.5 —226.1 -196.7 -164.8 -141.1 -122.1
1.6/1.4 -364.5 —234.4 —200.4 -165.4 -141.7 -122.1
0/0 —688.3 —-527.8 —490.7 —-536.4 -527.0 —484.2
—_ 0/1.4 —688.3 —584.6 -536.5 —573.7 -531.4 —484.2
1.6/0 -807.0 —691.7 —634.6 -627.8 -530.7 —484.1
1.6/1.4 -807.0 —741.6 —670.1 -671.3 -532.7 —484.1
* Numerator — for quenching, denominator — for tempering.
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Discussion and Conclusion. The effects observed in Figure 1 for steels with low and medium carbon content are
due to tempering processes occurring directly during quenching cooling in a magnetic field. For steels with high carbon
content, the increase in volume fraction of the a-phase is responsible for these effects. An analysis of theoretical
calculations [1] shows that for steel 45, after quenching in a magnetic field, a change of Av =-9 - 10 cm’/g is caused
by a decrease of 0.04 + 0.05% C in martensite. The observed change in Av =22 - 107 cm%/g for steel with a carbon
content of 1.2% is due to an increase in the volume fraction of the a-phase by 4-5%, assuming that the carbon content
in martensite does not change during quenching in a magnetic field compared to conventional quenching.

The comparison of the graph data in Figure 1 with the results of the study on the fine structure of conventional and
magnetic quenched martensite [6, 7] allows us to conclude that the change in the volumetric effect caused by an
increase in the martensite phase under the influence of a magnetic field prevails over the change in the volumetric effect
caused by its decay during quenching cooling.

The effect of the field is manifested in a decrease in structural stresses in steels with low and medium carbon content
and their increase in steels with high carbon concentration (see data in Table 1). For example, after quenching
0.45% and 1.2% C steels in a magnetic field with a temperature higher than 1,000°C, the level of structural stresses in
the first case decreases by 10%, and in the second case increases by 13%. Comparing the obtained results with the data
of X-ray diffraction studies [6, 7], it can be noted that the sign and magnitude of the effects are determined by the
concentration of carbon in the initial y-phase. It is characteristic that for certain concentrations, quenching in a magnetic
field has a slight effect on the values of structural stress. These effects of the magnetic field can be explained by the
strengthening of tempering processes during the formation of martensite during quenching for steels with low and
medium carbon content, and by increasing the volume fraction of martensite for steels with a high carbon content.

The formation of residual stresses during the quenching of steel [13, 14] begins, as is known, at 7y, — temperature
of the transition of the material from a plastic state to an elastic one. Therefore, the structural stresses that occur during
quenching [15, 16] are composed of stresses caused by a change in the specific volume of the alloy during cooling from
a temperature of Ty, to M,. The calculation of the latter by formula (2) shows that when the alloy is cooled
to M, temperature, tensile stresses occur on the surface of a continuous cylinder that exceed the yield strength of
austenite (200 MPa) for all the alloys studied. In this regard, after quenching, the stresses on the surface of the solid
cylinder will be less than those shown in Table 1 by the value of the yield strength of austenite.

According to Table 2, it can be seen that at low tempering temperatures, the level of structural stresses after
quenching in a magnetic field is lower for medium-carbon steel 45, and higher for U12 steel than after quenching
without a field. The effect of the magnetic field during tempering slows down the reduction of residual stresses in the
temperature range of martensite decomposition.

Thus, the magnitude of structural stresses after heat treatment in a magnetic field in the absence of a temperature
gradient across the cross-section is largely determined by the effects obtained during quenching in a magnetic field. An
increase in the phenomena of martensite decomposition causes a decrease, and an increase in the completeness of the
martensite transformation causes an increase in the level of structural stresses.
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Abstract

Introduction. Polyurethane, a material composed of polyol and isocyanate, has been recognized as one of the most
efficient thermal insulation materials. However, its insulating properties can be further enhanced by incorporating
additives such as straw, coal, or foam. Nevertheless, there is a concern regarding the potential for reduced adhesion. The
literature describes the introduction of additives into polyurethane as strengthening components. The limited volumes of
fillers are justified by the need to maintain the uniformity of the samples. It should be noted that most additives did not
significantly impact the thermal properties of the material. The aim of this research is to investigate the possibility of
improving thermal and mechanical characteristics of polyurethane by adding fillers.

Materials and Methods. Samples of polyurethane from the company "Daumerk" (Turkey), with various additives, were
experimentally studied. In the first stage, four samples were prepared without fillers, and in the second stage, six more
samples were created with 5% and 10% additions of coal, straw, and foam. Thermal conductivity was assessed using a
hot plate method, while compression testing was conducted using a device that could apply loads up to 5,000 N.
Acoustic properties were measured with an instrument that evaluated the sound absorption coefficient.

Results. The sample containing 63% isocyanate and 37% polyol had the lowest density of 33 kg/m?. This was due to the
absence of fillers and the homogeneous structure of the material. Adding 5% fillers did not significantly affect the density
of the sample because the densities of straw and foam were close to the density of polyurethane without additives. Low
water absorption was found in samples without additives (50% isocyanate and 50% polyol) and with 5% addition of foam
(62% isocyanate and 33% polyol). As the proportion of isocyanate increased, water absorption increased. Samples with
higher density and no fillers had better sound absorption. With a low additive content (5%), sound absorption increased
due to the homogeneity of the structure. However, with a higher additive volume (10%), sound absorption decreased due
to weaker bonds in the material. Adding 10% foam provided maximum resistance to water.

Discussion and Conclusion. The optimal filler content improves thermal, mechanical, and acoustic properties of
polyurethane, opening up new possibilities for its application. However, a large volume of fillers can have a negative
effect on the material's properties. For example, a high straw content can significantly increase water absorption.
Therefore, it is recommended to use 5% straw content in combination with 62% isocyanate and 33% polyol, resulting in
a thermal conductivity of 0.023 W/m-K, a density of 37 kg/m?, and a compressive strength of 358 kN/m?. These results
confirm the feasibility and possibility of using fillers, such as coal and straw, in the production of polyurethane
materials. A modified composition with these fillers would be cheaper and possess better physical properties than the
original material. Further research could focus on studying other types of fillers for polyurethane.

Keywords: thermal insulation properties of polyurethane, polyurethane with the addition of coal, polyurethane with the
addition of straw
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Opuzunaﬂbnoe amnupudecKkoe ucciedosamue

Hcnoab3oBanue COJIOMBI, YIJIF M IEHOIIACTA NJIH YIYYIHICHUSA EPMUICCKUX H MEXAaHUYECKUX
XapaKTePUCTUK MOJHYypeTaHa
HN.P. AuTnodac

JloHCKOl rocytapcTBeHHBII TeXHHUUECKHI yHUBepcUuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus
P4 Imad.antypas@mail.ru

AHHOTAUMSA

Beeoenue. TlommyperaH, COCTOSANIMIA W3 IONMOJIA W HW30IMAHATA, CUUTACTCS OJHUM W3 CaMbIX 3()QEKTUBHBIX
TETUTOM30JSIIIMOHHBIX MaTEPUANOB. BeposTHO, ero M30IIIMOHHBIC KAa4eCTBAa MOKHO YCHIIHTH, €CIH JOOAaBHTH TaKHE
HaIIOJIHUTENH, KaK COJIOMa, Yrolib U TeHomacT. [lpu 3ToM ecTh pucK yXyAllleHus clierienus. B nureparype omnucano
BBEllcHHE MO0ABOK B MOJUYpPETaH KaK YKPCIUIAIONIMX KOMIIOHCHTOB. He3HauyWTenbHBIC OOBEMBI HAIOJHHUTEICH
OOBSICHSIOTCS HEOOXOIMMOCTBIO COXPAaHUTh OJHOPOJHOCTH 00pa3ioB. OTMETHM, YTO OOJBINIUHCTBO TOOABOK HE
OKa3ajiy 3HAYUTENBHOTO BIMSHHUS HA TepMUYECKHe CBOMCTBA. L[enh JaHHOTO MCClIeJOBaHUS — M3YyYUTh BO3MOXKHOCTD
MOBBIIIICHHUS TEPMUYCCKUX M MEXAHHUCCKUX XapaKTEPUCTHK OJIMypPETaHa J00aBICHUEM HAITOJHUTEIICH.

Mamepuanst u memoodst. Vzyqanncs o0pasiisl monnyperada kommannu «aymepr» (Daumerk, Typiws) ¢ pa3maaHbBIMA
nobaBKkaMu: dYeTelpe oOpasma Oe3 HamonmHuTeNnedl u mecth ¢ gobaierneM 5 % u 10 % yros, cCONOMBI M TIEHOIDIACTA.
TermonpoBOIHOCTh OLEHMBAJIM METOIOM IOpsdYed IIacTUHBL. JIIsi UCHIBITaHWS HA CXKaTHE 3aJEMCTBOBAIM YCTPOWCTBO,
obecnieunBaromiee Harpy3ky 10 5 000 H. AkycTrdeckrie CBOHCTBA M3MEPSUTH IPHOOPOM TS OIICHKH 3BYKOIIOTIIOIICHHSL.
Pezynomamut uccnedosanus. Obpasen, comepxkamuii 63 % wm3onmanara u 37 % momuona, oblamaeT HaMMEHbBIIECH
WI0THOCTBIO (33 kr/mM3). [IpUYMHBL: OTCYTCTBHE HAIMOJNHUTENCH M OMHOPOJHAS CTPYKTypa Matepuana. JloOGaBieHue
5 % HamoNHUTENCH HEe OKa3aJl0 3HAYUTEIFHOTO BJIMSHUS Ha IUIOTHOCTH 00pasiia, MOTOMY YTO IUIOTHOCTH COJIOMBI U
MeHoInTacTa OJM3KU K TUIOTHOCTH MoJimyperaHa 0e3 nobaBok. Huskoe Bojomoriomenne — y oopa3noB 0e3 100aBOK
(50 % wuzormanata u 50 % mnosnmona) u ¢ nobaekoi meHorutacta 5% (62 % wusonumanata u 33 % monuona). Ilpu
YBEJIMYCHUH JTOJIM M30I[HaHATa BOJONONIONeHHe pacteT. O0pasiipl ¢ 60Jiee BEICOKOM IOTHOCTHIO U 0€3 HANIOJHHUTEICH
JEMOHCTPHUPYIOT JTy4Illne OoKa3aTenu 3Bykomnoraomenus. [Ipu Hu3koMm comeprkanun 100aBok (5 %) 3BYKONOTJIONICHHE
yBeNM4YMBaeTCsl Onaromaps OXHOPOOHOCTH CTPYKTypel. Ilpm ©Oomee BwicokoM oObeme mo6aBok (10 %)
3BYKOIIOTJIONIICHUE CHIDKAeTCA W3-32 HEJOCTAaTOYHO IPOYHBIX CBszeld B Marepmaine. Jlob6aBka 10 % mneHomacra
obecrieuynBaeT MaKCUMAaJIbHYIO YCTOWIHBOCTH K BOJIC.

Obcyscoenue u 3axknouenue. ONTAMATBEHOE COACPKAHUE HATIONHUTENCH YIydIIAeT TCPMUUECKHE, MEXaHHIECKUE U
AKyCTUYECKHE XapaKTEPUCTUKH MOJIMYypeTaHa, OTKPHIBAs HOBBIC BOBMOXKHOCTH JUIA €ro MpuMeHeHus. bonpmoi 00beM
HATIOJTHUTEJICH HEraTUBHO CKa3bIBacTCS HAa CBOWCTBAaX Marepuana. Tak, BBICOKOE COJCpPKAHUE COJIOMBI 3aMETHO
MOBBIILIAETCS BojaonoriouieHue. Pekomenayerca ucnosb3oBatk 5 % conomsl ¢ 62 % uzounanata u 33 % mnonumona.
TemnonpoBomHOoCTh 3TOoro coctaBa — 0,023 Br/m K, mmotHOCTh — 37 Xr/M3, mpovHOCTh Ha cxxatne — 358 kH/m2.
PesynbraThl WCClieOBaHUS TOATBEPKIAIOT BO3MOXHOCTH M IIEJICCOOOPA3HOCTh HCIIONB30BAHUS HATOJHHUTEICH
(0cOOEHHO YIJIT W COJIOMBI) B TPOU3BOJACTBE IOJMYPETAHOBBIX MaTepHanoB. Moau(HUIMPOBaHHBIA COCTaB OymeT
JCIIEBIC W C Jy4didMH (U3UYECKAMHU XapaKTePUCTUKAaMHU. 3afaucii NalbHEHINNX HCCICIOBAHUN MOXET OBITh
U3yUYCHHE JPYTUX BUIOB HAMOJHUTEICH IS TOJINypPETaHa.

KioueBble ci10Ba: TEIIOM30JISALUOHHBIC CBOICTBA MOJMYypeTaHa, MOJUYpPETaH ¢ NOOABJICHUEM YIJIs, MOIUYPETaH C
100aBIIEHUEM COJIOMBI

Baarogapuoctu. ABTop OnarogapuT 3a TIOMOLIb B TIPOBEJICHHM HCCIEAOBaHMA M paboTe Haja craTbel
IO.H. KocTioka — xaHAmmaTa TeXHHYECKUX HAyK, JoleHTa Kadempsl oOmei n wHKeHepHO# reonornn MHCTHTYTa
Hayk o 3emue KOxxHOTO peneparbHOTO YHUBEPCHTETA.

Joist mutupoBanus. Antudac V.P. DxcriepuMeHTaIbHBIE UCCIIEOBAHMS IO YIIyUIICHUIO CBOHCTB MOAN(HIIMPOBAHHOTO
Marepuana. besonachocmv  mexnozcennvix U npupoouvix  cucmem. 2025;9(1):72-80. https://doi.org/10.23947/
2541-9129-2025-9-1-72-80

Introduction. The global energy agenda has led to active research on thermal insulation materials. The
effectiveness of these materials is studied in relation to their characteristics and composition [1]. Polyurethane,
hardened foam made of polyol and isocyanate, is considered one of the best insulating materials [2]. Natural fillers can
be added to the composition to improve its performance, but only in small amounts, as excessive use can lead to
decreased adhesion [3].
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The scientific literature provides evidence that the addition of straw and coal can improve thermal, mechanical and
acoustic properties of polyurethane [4].

The authors [S5] obtained a set of samples by mixing purified soil heated to a temperature of 105°C with
polyurethane components. Some samples were shaped, others were taken after free foaming. Compression, flexibility,
fluidity, and freezing tests were performed. The results were compared with experimental data on marble, ceramic, and
basalt samples. It was found that the mixture with purified soil has the best impact strength. However, it is necessary to
take into account the lower specific gravity of polyurethane samples.

The researchers [6] integrated recycled and pure polyurethane in various ratios (maximum — 10%). The samples
with increased amount of recycled polyurethane foamed faster and had better tensile and compressive characteristics.

In [7], walnut and hazelnut shells are considered as filler for polyurethane. It has been proven that these additives
combine well with polyurethane components. Even their small amount increases the mechanical properties and thermal
stability of samples.

The possibility of using silica gel as a reinforcing additive for polyurethane was shown in [8]. Four samples
containing 0%, 1%, 3% and 5% silica gel were studied. The tests showed that at 5%, thermal conductivity decreased to
0.0268 (W/m-K) compared to a material without a filler of 0.0314 (W/m-K). Stress and compressive strengths increased
by 18% with the addition of 3% silica gel, but decreased if the filler volume exceeded 3%.

The author [9] added grain hulls and rubber from recycled tires to polyurethane. The optimal proportion of additives
has been established: 5% of grain hulls and 15% of rubber. This ratio ensures the maximum mechanical strength of the
material.

The aim of the scientific research described in this article is to study the possibility of improving the properties of
polyurethane using additives: straw, coal and foam. It is assumed that the proposed solution will reduce thermal
conductivity while maintaining good mechanical, acoustic and physical characteristics. In this case, it will be possible to
talk about the economic feasibility of using modified material to increase the energy efficiency of facilities. Moreover,
the composition itself should be more affordable, since polyurethane components are partially replaced by cheap fillers.

Materials and Methods. During thermal, physical, mechanical, and acoustic testing, samples of Daumerk
polyurethane (Turkey) with and without additives were examined.

Sample preparation. At the first stage of the experiments, four samples of polyurethane were prepared. The main
ingredients were mixed without any fillers and then poured into a mold (Fig. 1).

Fig. 1. Wooden sample mold

The dimensions of the wooden mold: 150x150x10 mm. Transparent glue was applied to the bottom and inner
surface of the lid to prevent the mixture from sticking to the mold. After pouring the mixture, the lid was attached with
four screws.

Table 1 shows samples with different ratios of polyurethane components.

Table 1
Polyurethane Components in the Samples, %
Component Sample No.
1 2 3 4
Isocyanate 50 60 63 65
Polyol 50 40 37 35

At the second stage, the optimal ratios of isocyanate and polyol were selected and six new samples were made. 5%
and 10% of coke coal, straw and foam were added to them (Table 2).
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Table 2
Composition of Samples with Fillers, %
Sample No. 5 6 7 8 9 10
Isocyanate 62 60 62 60 62 60
Polyol 33 30 33 30 33 30
Additive Foam — 5 Foam —10 Straw — 5 Straw —10 Coal — 5 Coal — 10

Thermal Testing. We used an HTC device (Highlight Tech Corp, China), which allowed us to determine thermal
conductivity using the hot plate method in accordance with the American standard ASTM C177! (Fig. 2).

Fig. 2. Device for determining the coefficient of thermal conductivity

The device took into account the current and the applied voltage, and therefore measured heat flux O between
different sides of the sample, as well as temperature difference AT between its upper and lower surfaces. Knowing the
dimensions of the sample (area A and thickness /), it was possible to determine coefficient of thermal conductivity A:

AT 1
O=4-\ ; —>A=0 AT 1)

To ensure accuracy of the results, the device was pre-calibrated using three reference samples made of polystyrene,

polyethylene and foam with known thermal conductivity [10]. After that, a calibration graph was constructed (Fig. 3).

0.044 T
Y=0.8234X + 0.0056

R?=10.9999

P

0.040

Measured value

0.038
L~

0.036 /

0.034
0.035 0.037 0.039 0.041 0.043 0.045

Nominal value

Fig. 3. Calibration graph of the device for measuring thermal conductivity:
R?* — coefficient of determination; Y — variable value

The total error in measuring the coefficient was 5—7%.

' ASTM C177-19. Standard Test Method for Steady-State Heat Flux Measurements and Thermal Transmission Properties by Means of the Guarded-
Hot-Plate Apparatus. URL: https://www.astm.org/c0177-19.html (accessed: 05.12.2024).
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Compression Test. The compression test was performed in accordance with ISO 8442, A device was used (Fig. 4),
which allowed applying a compression load of up to 5,000 N to the surface of the sample at a given speed. A load at a
rate of 1 mm/min was applied to the samples with sides of 10x10 mm until deformation appeared. The results were
recorded by a computer connected to the device with special software.

Fig. 4. Compressive strength testing device

Density Determination. To determine the samples density in accordance with ASTM C16223 standard, the weight
and volume ratios were calculated. To do this, we used:

— scales with an accuracy of £0.001 g (Fig. 5 a),

— vernier calipers with an accuracy of £0.01 mm (Fig. 5 b).

_b)

Fig. 5. Devices for determining density:
a — scales; b — vernier calipers

21S0O 844:2021. Standard Practice for Verification of Testing Frame and Specimen Alignment under Compressive Axial Force Application. URL:
https://cdn.standards.iteh.ai/samples/73560/24{f667df32b4981b29aa870b385bba2/ISO-844-2021.pdf (accessed: 05.12.2024).

3 ASTM-C1622:2005-Standard. Test Method for Apparent Density of Rigid Cellure Plastics. URL:
https://pdfstandards.shop/product/publishers/astm/astm-c1622-4/ (accessed: 05.12.2024).
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Thus, the volume was calculated with an accuracy of £0.01 mm?, and then the sample density was determined using
the formula:

p=2, ®)
Vv

where m — mass of the sample, kg; v — volume of the sample, mm.

Water Absorption Determination. To determine water absorption of the samples, they were immersed in water for
a certain period of time. It was done in accordance with ASTM D2842* standard. The percentage of water absorption
was calculated by taking the difference in weight between the sample before and after being immersed, and dividing it
by the initial weight of the sample.

Sound Absorption Determination. To measure the sound absorption coefficient, a device was used that operated
on the “transmitter —receiver” principle in accordance with ISO 10534-1° (Fig. 6).

r
- Microphone
Amplifier S P

[

| Electric
Oscilloscope vibrator

Fig. 6. A device for measuring the sound absorption coefficient

The sample was placed between a sound transmitter and a receiver, and a sound wave with certain energy was sent.
The wave’s energy was then measured, the frequency range was scanned and analyzed, and the sound absorption
coefficient was determined.

Equipment set:

— dual electronic oscilloscope;

— vibrator with a frequency range (1-10 kHz);

— carbon amplifier for transmitting sound waves;

— microphone for receiving sound waves;

— metal bases for mounting the amplifier and microphone;

— bridge on which the amplifier and microphone slide;

— energy meter.

Knowing the wave energy before and after sample installation, it was possible to calculate the sound absorption

coefficient:

a=L, 3)
£,

where o — sound absorption coefficient; £ — wave energy after sample installation (volts); £y — wave energy before
sample installation (volts).

4 ASTM D2842-19. Standard Test Method for Water Absorption of Rigid Cellular Plastics. URL: https://www.astm.org/d2842-19.html (accessed:
05.12.2024).

>1SO 10534-1:1996. Acoustics — Determination of sound absorption coefficient and impedance in impedance tubes. URL:
https://cdn.standards.iteh.ai/samples/18603/3bfc0004b5024b2{9d8e3{19879aaf61/ISO-10534-1-1996.pdf (accessed: 05.12.2024).
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Density. Figure 7 shows the results of determining the density of the tested samples.

Density, kg/m?
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sample 7

sample 10

Fig. 7. Comparison of samples by density

The lowest density of sample 3 (33 kg/m?®) was explained by the absence of fillers and the uniformity of its structure.
The addition of fillers, especially in a volume of 5%, did not significantly affect the density. This was due, firstly, to the

insignificant proportion of the additive. Secondly, the density of additives (especially straw and foam) was close to the
density of polyurethane without additives.

Water Absorption. The results of water absorption tests are shown in Figure 8.

Water absorption, %

S = D W kA U AN 3 0O

sample 4

sample 5

sample 10 -

sample 9

sample 6

Fig. 8. Comparison of samples by water absorption

A low level of water absorption was recorded in samples without additives (50% isocyanate and 50% polyol) and
with the addition of 5% foam (62% isocyanate and 33% polyol). With an increase in the proportion of isocyanate, the
water absorption level increased, especially in samples 8 and 10 with 10% straw and coal. This was consistent with the
results obtained by other researchers [11]. Sample 2 deviated from the general rule, which may be related to the
specifics of its preparation. It is known that straw actively absorbs water. Accordingly, the water absorption is higher
for samples with straw. When foam granules were added, on the contrary, water absorption decreased due to the high
resistance of this material to water. For this reason, the minimum water absorption was observed for sample 6.

Thermal Properties. Figure 9 provides the results of thermal tests of the samples.

Thermal conductivity,

W/m-K
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Fig. 9. Comparison of samples by thermal conductivity

The coefficient of thermal conductivity of samples without additives increased with an increase in the proportion of
polyol. With high polyol content, the contact between the components improved, the cell sizes decreased, and the
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density increased. Dense materials provided more efficient heat transfer, i.e. they had higher thermal conductivity [12].
The addition of foam and coal in high concentrations also increased density and significantly increased thermal
conductivity [13]. Adding fillers in small quantities, on the contrary, could improve thermal conductivity. For example,
when adding foam and straw in the amount of 5%, it was possible to reduce the values of thermal conductivity to
0.023 W/m-K. The author of [14] obtained almost the same result of 0.024 W/m-K.

Compressive Strength. Figure 10 shows the results of determining the compressive strength.

450 |
| .
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Compressive strength, kKN/m?
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Fig. 10. Comparison of samples by compressive strength

Compressive strength was proportional to density of the material; therefore, in samples without additives, it
increased with increasing polyol content. With the addition of 5% straw and coal, the compressive strength was high
due to the uniformity of the cellular structure. With the addition of 10% filler, the mechanical strength decreased due to
a decrease in the internal binding force of the sample.

Acoustic Characteristics. Figure 11 shows the results of sound absorption tests.
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Fig. 11. Comparison of samples by sound absorption

Among the samples without fillers, the densest one had the best score — 1. With a low additive content (5%), sound
absorption increased due to the homogeneous cellular structure. With a higher level of additives (10%), it decreased due
to insufficiently strong bonds in the sample material.

Discussion and Conclusion. The results of the research allow us to draw the following conclusions.

1. The addition of fillers in a certain amount can improve thermal, mechanical and acoustic properties of polyurethane.

2. An increase in the proportion of additives generally worsens the studied properties and may increase water
absorption. This happens when adding straw.

3. To achieve optimal results, it is recommended to add 5% straw to polyurethane, consisting of 62% isocyanate and
33% polyol. Thermal conductivity of this sample (number 7) was 0.023 W/m-K with a density of 37 kg/m® and a
compressive strength of 358 kN/m?.

4. The values of thermal conductivity and mechanical strength of sample 7 are better by 2% and 4%, respectively,
compared with the sample without additives (number 3).

5. The advantages of sample 7 should also include its lower cost. Straw is cheaper than the main components of
polyurethane.

In the future, it is planned to study other fillers in terms of their effect on the properties of polyurethane.

Chemical Technologies, Materials Sciences, Metallurgy

79



https://bps-journal.ru

80

Safety of Technogenic and Natural Systems. 2025;9(1):72—80. eISSN 2541-9129

References

1. Estravis S, Tirado-Mediavilla J, Santiago-Calvo M, Ruiz-Herrero JL, Villafafie F, Rodriguez-Pérez MA. Rigid
Polyurethane Foam with Infused Nanoclays: Relationship between Cellular Structure and Thermal Conductivity.
European Polymer Journal. 2016;80:1-15. https://doi.org/10.1016/j.eurpolymj.2016.04.026

2.Hu Zhang, Wen-Zhen Fang, Yue-Ming Li, Wen-Quan Tao. Experimental Study of the Thermal Conductivity of
Polyurethane Foam. Applied Thermal Engineering. 2017;115:528-538. http://doi.org/10.1016/j.applthermaleng.2016.12.057

3. Sair S, Oushabi A, Kammouni A, Tanane O, Abboud Y, El Bouari A. Mechanical and Thermal Conductivity
Properties of Hemp Fiber Reinforced Polyurethane Composites. Case Studies in Construction Materials. 2018;8:203-212.
https://doi.org/10.1016/j.cscm.2018.02.001

4. Zieleniewska M, Leszczynski MK, Szczepkowski L, Bryskiewicz A, Krzyzowska M, Bien K, et al. Development
and Application Evaluation of the Rigid Polyurethane Foam Composites with Egg Shell Waste. Polymer Degradation
and Stability. 2016;132:78-86. https://doi.org/10.1016/j.polymdegradstab.2016.02.030

5. Eren Komurlu, Ayhan Kesimal. Experimental Study of Polyurethane Foam Reinforced Soil used as a Rock-Like Material.
Journal of Rock Mechanics and Geotechnical. 2015;7(5):566-572. https://doi.org/10.1016/].jrmge.2015.05.004

6. Nontawat Kraitape, Chanchai Thongpin. Influence of Recycled Polyurethane Polyol on the Properties of Flexible
Polyurethane Foam. Energy Procedia. 2016;89:186—197. https://doi.org/10.1016/j.egypro.2016.05.025

7. Bryskiewicz A, Zieleniewska M, Przyjemska K, Chojnacki P, RyszkowskaJ. Modification of Flexible
Polyurethane Foam by the Addition of Natural Origin Fillers. Polymer Degradation Stability. 2016;132(1):1-9.
https://doi.org/10.1016/j.polymdegradstab.2016.05.002

8. Nastaran Nazeran, Jafarsadegh Moghaddas. Synthesis and Characterization of Silica Aerogel Reinforced Rigid
Polyurethane Foam for Thermal Insulation Application. Journal of Non-Crystalline Solids. 2017;461:1-11.
https://doi.org/10.1016/j.jnoncrysol.2017.01.037

9. Formela K, Hejna A, Zedler L, Przybysz M, Ryl J, Saeb M, et al. Structural, Thermal and Physico-Mechanical
Properties of Polyurethane/ Brewers' Spent Grain Composite Foams Modified with Ground Tire Rubber. /ndustrial
Crops and Products. 2017;108:844—852. https://doi.org/10.1016/j.indcrop.2017.07.047

10. Nicholas JV, White DR. Traceable Temperatures: An Introduction to Temperature Measurement and
Calibration. 2ed. Chichester: Wiley; 2001. 400 p.

11. Sripathy M, Sharma KV. Flammabillity and Moisture Absorption Test of Rigid Polyurethane Foam. International
Journal of Scientific & Engineering Research. 2013;4(2):1-8. URL: https://www.ijser.org/researchpaper/Flammability-and-
Moisture-absorption-test-of-rigid-polyurethane-foam.pdf (accessed: 05.12.2024).

12. Ramnas O, Jarfelt U. Thermal Conductivity of Polyurethane Foam Best Performance. In: 10th International Symposium
on District Heating and Cooling, Hannover, September 3-5, 2006. URL: https:/Ista.lt/files/events/28 jarfelt.pdf
(accessed: 05.12.2024).

13. Chan Wen Shan, Maizlinda Izwana Idris, Mohd Imran Ghazali. Study of Flexible Polyurethane Foam
Reinforced with Coir Fibres and Tyre Particles. International Journal of Applied Physics and Mathematics.
2012;2(2):123-130. http://dx.doi.org/10.7763/1JAPM.2012.V2.67

14. Kpele Y. Rationalizing Energy Consumption by Improving the Specifications of Thermal Insulation Materials.
Latakia: Tishreen University; 2009, 130 p.

About the Author:

Imad R. Antipas, Cand. Sci. (Eng.), Associate Professor of the Fundamentals of Machinery Design Department,
Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID,
ScopusID, ResearchID, imad.antypas@mail.ru

Conflict of Interest Statement: the author claims no conflict of interest.
The author has read and approved the final version of manuscript.

006 asmope:

HWman Puzakanna AxTmudac, KaHIWAAT TEXHUYECKHX HAYK, JOLEHT KadeIpbl OCHOB KOHCTPYMPOBAHUS MAIlIWH
JoHckoro rocymapcTBeHHOTO TexHm4ueckoro yHuBepcutera (344003, Poccmiickas ®epepaums, 1. PoctoB-Ha-/loHYy,
1. ['arapuna, 1), SPIN-kox, ORCID, ScopusID, ResearchID, imad.antypas@mail.ru

Kongauxm unmepecos: aBTop 3asiBJIsieT 00 OTCYTCTBMHM KOH(JIMKTA HHTEPECOB.
Aemop npouuman u 0006punt OKOHUAMELHbLIL 6APUAHM DYKORUCH.

Received / [loctynuia B pexakumio 25.12.2024
Revised / IToctynmnia mocie penensupoBanusi 20.01.2025
Accepted / IIpuasaTa k mydaukanuu 25.01.2025


https://bps-journal.ru/
https://doi.org/10.1016/j.eurpolymj.2016.04.026
http://doi.org/10.1016/j.applthermaleng.2016.12.057
https://doi.org/10.1016/j.cscm.2018.02.001
https://doi.org/10.1016/j.polymdegradstab.2016.02.030
https://doi.org/10.1016/j.jrmge.2015.05.004
https://doi.org/10.1016/j.egypro.2016.05.025
https://doi.org/10.1016/j.polymdegradstab.2016.05.002
https://doi.org/10.1016/j.jnoncrysol.2017.01.037
https://doi.org/10.1016/j.indcrop.2017.07.047
https://www.ijser.org/researchpaper/Flammability-and-Moisture-absorption-test-of-rigid-polyurethane-foam.pdf
https://www.ijser.org/researchpaper/Flammability-and-Moisture-absorption-test-of-rigid-polyurethane-foam.pdf
https://lsta.lt/files/events/28_jarfelt.pdf
http://dx.doi.org/10.7763/IJAPM.2012.V2.67
https://www.elibrary.ru/author_profile.asp?authorid=763974
https://orcid.org/0000-0002-8141-9529
https://www.scopus.com/authid/detail.uri?authorId=57191988834
https://www.webofscience.com/wos/author/record/1032376
mailto:imad.antypas@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=763974
https://orcid.org/0000-0002-8141-9529
https://www.scopus.com/authid/detail.uri?authorId=57191988834
https://www.webofscience.com/wos/author/record/1032376
mailto:imad.antypas@mail.ru

	0_0 Обложка (A4) 0
	Vol9_No1_2025 eng (для печати)
	0-1 Ред Коллегия 1-4 eng
	0-2 Содержание 5-6 eng
	1-382 Ширниех 7-13 eng
	2-294 Андреева 14-21 eng
	3-315 Филин 22-31 eng
	4-385 Саетов 32-41 eng
	Claimed Contributorship:

	5-409 Минасян 42-54 eng
	Обсуждение и заключение. Данные, полученные в результате проведенного авторами исследования, свидетельствуют о том, что Россия начала движение в направлении активного внедрения возобновляемых источников энергии, не оставляя при этом без внимания и фун...
	In [1], a roadmap is presented that outlines strategies for promoting green development through a hybrid approach. The authors identify 12 strategies, indicating that lower-level strategies are more significant than higher-level ones (Fig. 5). Based o...
	The country has begun to make a transition to more active use of renewable energy sources. At the same time, we should not forget that progress in one segment inevitably leads to regression in another. This is actually proved by the previous developme...
	2. Shivanna KR. Climate Change and Its Impact on Biodiversity and Human Welfare. Proceedings of the Indian National Science Academy. 2022;88(2):160–171. https://doi.org/10.1007%2Fs43538-022-00073-6

	6-392 Енгельская 55-64 eng
	7-363 Долгачев 65-71 eng
	8-401 Антибас 72-80 eng


