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Dear authors and readers!
Dear colleagues!

In the preface, we traditionally inform authors and readers about the latest important achievements of our
journal. The Eurasian Journal of Physics and Engineering has been successfully accepted into the Directory of
Open Access Journals (DOAJ), one of the leading international databases of high-quality open access journals.
The journal's inclusion in the DOAJ confirms its compliance with international standards of scientific
publication, transparency of editorial processes, and the principles of open access to scientific research. This
achievement represents an important step toward increasing the journal's international visibility, expanding its
readership and author base, and strengthening its position in the global scientific community.

Furthermore, as you are aware, based on the 2025 results, the journal ranks in the Q3 quartile across all
scientific fields, reaching a peak percentile of 29% in Energy (previously 25%). Percentiles improved slightly
in other fields: Physics and Astronomy — 28% (previously25%); Materials Science 20% (previously 18%) and
Engineering — 26% (the same).

The Cite Score Tracker, which is directly related to the number of citations an article receives, has
demonstrated a stable value of 1.4 in recent months.

According to statistics, to articles published in 2023-2024 170 citations were made in 2025. In total, 64
articles from 109 articles published in 2023-2024 were cited, accounting for 58.7%, with self-citations
accounting for 11.8%. But the remaining 45 articles were not cited at all.

We hope each author can contribute to improving the dynamics of this important citation indicator. All
journal indicators in the Scopus database, including the h-index of authors, are determined by the number of
citations! Cite and be cited in articles published in Eurasian Physical Technical Journal!

Allow me to present to you a brief announcement of the articles in this issue articles.

The Materials Science section of this issue presents new, original research results on the properties of
materials exposed to aggressive influences. Accelerated tests to determine the tribological characteristics of
castings revealed that the use of Ni, Ti, and Mo as alloying additives provides casting hardness of up to 340-
400 HB. In a study by Ukrainian scientists, a unified analytical model was developed to describe the
deformation resistance of metals during thermoplastic processing and to evaluate the behavior of the surface
layer under complex thermomechanical loading. Researchers at our university presented the results of a study
on the microhardness and corrosion resistance of a number of protective coatings applied to the surface of D16
alloy products. It was demonstrated that a double protective coating consisting of a chromium nitrite layer
applied over a chromium layer exhibits satisfactory hardness (HV = 236) and corrosion resistance.

The "Energy" section presents the results of research aimed at solving current energy problems using
alternative energy sources. On the base of modern software, researchers from Almaty conducted a numerical
study of the influence of blade geometry on the aecrodynamic characteristics of a three-bladed Darrieus vertical-
axis wind turbine. Joint research by authors from Astana and Uzbekistan is focused on finding methods for
efficient processing of organic matter and biogas production. Specifically, the influence of mixing intensity
and mode on gas exchange, heat transfer, and substrate decomposition during anaerobic digestion were studied.
Researchers from Al-Farabi National University have modeled bifacial photovoltaic cells based on a single-
diode model. Test results, including both typical operating conditions and a configuration with enhanced rear-
side reflectivity, demonstrated the high potential of bifacial modules for increasing power generation and the
overall energy efficiency of photovoltaic systems.

The "Engineering" section presents the results of developing innovative research methods aimed at
improving the efficiency of technical devices and technologies. The article by Petropavlovsk authors is devoted
to studying the durability criteria for a rod-type deep-well pump and determining the relationship between
valve efficiency and the structural and material characteristics of the ball-and-seat assembly. The feasibility of
using modern structural materials and new designs with elastic-damping valve properties while simultaneously
improving valve tightness is substantiated. Authors from Astana examines the dynamic characteristics and
improvements to control methods for pulsed impact mechanisms used in high-performance hydraulic systems.
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A logical structure for generating the input signal X(t) is developed, ensuring more precise synchronization of
dynamic processes. A paper by a representative of the Institute of Engineering Thermophysics, National
Academy of Sciences of Ukraine, Kyiv, Ukraine, demonstrates that reliable diagnostics of such a laminar-
turbulent transition is only possible using a combination of developed methods. The data obtained allow
prediction of the location of the wake-induced transition and the intensification of heat transfer in the preceding
pseudolaminar boundary layer. The article by authors from Tashkent proposes an approach to intelligent
diagnostics of fiber-optic information transmission system elements based on the parameters of digital
monitoring of optical modules. A structural diagram of a hardware-software device is proposed, providing
continuous data collection, their adaptive processing, and the formation of real-time prognostic estimates.

The first two articles in the "Physics and Astronomy" section are devoted to studying the patterns of
complex interactions at the microscopic level. One article defines the boundary between diffusion and
convective regimes and identifies the parameters controlling the convective regime. The novelty lies in
reconstructing the spatiotemporal evolution of isoconcentration fields for binary mixtures at different pressures
and correlating the structures of convective flows with the observed regime transitions. The second article
presents the results of an experimental study of the absorption properties of water cryocrystals for carbon
monoxide, carbon dioxide and methane molecules under high vacuum and ultra-low temperature conditions
(13-200 K). The results confirm the potential of water cryostructures for promising applications in
decarbonization, environmental monitoring, and gas storage technologies.

This section contains articles devoted to the study of astrophysical phenomena of the macro-world and
space. The study of young stellar objects as indicators of the formation of stars and planetary systems is a
priority area of modern astrophysics. Authors studied of the N22 dust bubble region using data from the Wide-
Field Infrared Survey Explorer space telescope in the near- and mid-infrared ranges: W1 (3.4 um), W2 (4.6
pm), W3 (12 um), and W4 (22 pum). Next article devoted study the distribution of dark matter in the halos of
the spiral galaxies ESO3050090, ESO4880049, and ESO0140040 using their observed rotation curves. A
statistical comparison between the King and Plummer profiles was performed using the Bayesian Information
Criterion. The results of this work clarify how effectively the halo models under consideration reproduce the
observed kinematics and highlight the ability to distinguish alternative dark matter density profiles. Another
paper considers a new generalized Higgs inflation scenario, in which inflation occurs near a symmetric point
of the "Mexican hat" potential, unlike standard Higgs inflation. The advantage of such models in the broad
landscape of inflationary theories is their simplicity: no special scalar fields are assumed to exist solely to
explain inflation, since both the Higgs and Peccei-Quinn fields are motivated by considerations of particle
physics. Last work presents an analysis of variable stars based on archival photometric data obtained with a
Schmidt camera at the Fesenkov Astrophysical Institute during the period from 1960 to 1989. The detected
objects are cross-matched with existing catalogs of variable stars and modern astrometric and photometric
databases, allowing the compilation of an extended set of stellar parameters for studies of stellar variability
and long-term photometric evolution.

We sincerely thank our editorial board members, reviewers, authors, and all contributors whose efforts
have supported the development of Eurasian Physical Technical Journal.

We hope the presented articles will not only be interesting but also useful in preparing new publications
for researchers, teachers, graduate students, and postgraduates.

Please remember to cite the articles published in our journal.

And we look forward to seeing you among our readers and authors in the future.

With respect and hope for fruitful collaboration,
Editor-in-Chief, Professor Sakipova S.E.
June, 2026
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WEAR RESISTANCE OF CAST IRON PARTS PRODUCED BY LOST
FOAM CASTING

Yeszhanov G.S., Kuzembyev S.B.*, Abdrakhmanova S.T., Zhanshuakova R.M.

Sh. Ualikhanov Kokshetau University, Kokshetau, Kazakhstan
*Corresponding author: ksb_mlp@mail.ru

Abstract. The article addresses the pressing issue of improving the wear resistance of cast iron parts
manufactured by lost foam casting. Using a friction wedge as an example, the current state of wear-
resistant components for railway rolling stock is analyzed. A methodology for accelerated testing to
determine the tribological characteristics of castings is presented, based on specimen wear under
conditions of external surface contact. The results of wear resistance tests conducted on samples of
friction wedges are reported, enabling an assessment of component service life. Measures implemented
to improve the lost foam casting process technology are also described. It is effective for casting parts
weighing 10 to 20 kg, ensuring uniformity of chemical composition and the necessary stability of cast
iron properties. The use of Ni, Ti, and Mo as alloying additives ensures casting hardness of up to 340 to
400 HB.

Keywords: castings; wear resistance, lost foam casting; testing; friction wedge; tribological properties; casting.
1. Introduction

Kazakhstan, ranking ninth in the world by territory, is the largest country globally without direct access
to the ocean. Therefore, overland transportation is vitally important for the country. Its significance is further
increased by the extremely uneven distribution of settlements and population. Despite the fact that the total
length of highways (about 96,000 km) significantly exceeds that of railways (over 16,000 km), rail transport
has been and remains the primary mode of freight transportation, accounting for slightly less than three quarters
of the total freight turnover. Consequently, the problem of improving the operational reliability of railway
rolling stock and, accordingly, reducing downtime due to repairs remains highly relevant.

Particular attention should be paid to the running bogies of freight cars. The weak point in this system is
the friction vibration damper assembly (Fig. 1). It consists of two friction wedges (1) installed between the
inclined surfaces of the ends of the bolster (5) and the friction plates (2) mounted on the columns (4) of the
bogie side frame. The wedges rest on springs (3). Changes in the condition of the damper components during
operation—especially wear—affect the duration of maintenance intervals of freight car bogies.

The influence of stable wedge operation on service life is associated with the friction force it generates
to damp vertical and horizontal vibrations of the railcar body. As a result of wear of the working surfaces of
the friction wedge, the friction force gradually decreases over time, which leads to an increase in the dynamic
forces acting on the railcar and the track [1, 2, 3].
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Wear of the wedge or its improper installation in the vibration damper assembly leads to cracking,
fracture, excessive raising or lowering of the wedge relative to the supporting surface of the bolster, and results
in loss of elasticity and wear of the mating components. As a result, the damping of railcar vibrations is
impaired. This, in turn, causes increased loads and accelerated wear of other components (wheelset flanges,
axle boxes, etc.), ultimately leading to the necessity of removing the railcar from service for repair. The most
common defects of the vibration damper assembly are excessive wear of the wedge working surfaces and wear
of the mating surfaces (springs, etc.).

~e\JLZe]

Fig.1. The main element determining the operability of the assembly is the friction wedge (Fig. 2 a) [1].

A review of the literature revealed a unique case of excessive wear (Fig. 2 b) [4]. According to GOST
34503-2018, friction wedges may be manufactured from cast iron (grey and ductile) as well as from various
grades of cast steel. The standard specifies durability requirements for wedges, characterized by the duration
of a defined stage of operation. The wedge must “ensure a service life not less than the designated operating
life of the freight car bogie from the start of operation to its first scheduled overhaul or between scheduled
overhauls” [5]. Based on service life and a scheduled maintenance interval of 250,000 km, friction wedges are
divided into two classes. A wedge capable of ensuring a mileage not exceeding this limit is assigned to Class
2. A wedge capable of ensuring a greater mileage (but not exceeding 1 million km) is assigned to Class 1 [5].

a) b)
Fig.2. Friction wedge (@) and a case of its excessive wear (b).

The operation of the friction pair “wedge—plate” occurs under dry friction conditions [6] and is
characterized by intense abrasive wear. Despite this, the wedge must ensure at least one scheduled maintenance
interval of the freight car bogie before replacement [7]. According to [8], depending on their chemical
composition, friction wedges provide service life in the range from 120,000 km to 500,000 km. Other studies
indicate that wedges made of grey cast iron grade SCh25 exhibit wear that prevents further operation already
at a mileage of about 100,000 km [1, 9]. It should be noted that GOST 34503-2018 recommends the use of
cast iron grades SCh30 and SCh35. The use of other materials is permitted only if the requirements of the
standard are met. Apparently, in the cited case involving SCh25 cast iron, this requirement was not satisfied.
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The stages of operation of freight cars and their running bogies are determined by maintenance mileage
intervals. The standards for performing the first depot repair of freight cars of any type are established in the
Regulations on the System of Maintenance and Repair... 7], approved by the Commonwealth of Independent
States countries. With a few exceptions, this standard is 210,000 km. Already at the first repair, the friction
wedge is usually replaced. From the standpoint of the theory of reliability of technical systems, this is
consistent with the durability of the friction wedge as an element of a friction assembly. In other words, its
wear resistance can serve as a criterion for determining the service mileage [8]. Indeed, a linear relationship
between the service life of the friction wedge and the mileage parameters of freight cars has been established
[10]. At present, a number of cast irons have been developed for friction wedges that are complex-alloyed with
combinations of various elements, ranging from traditional chromium to rare-earth metals [11-13]. These
materials ensure a service mileage of 250,000 km or more, and some of them have already been implemented
in production.

Friction wedges are usually manufactured by casting in disposable sand molds. Such molds are very
inexpensive but do not provide high geometric accuracy. The wedge is a critical component of the assembly;
however, wedge castings are not subjected to machining, except for the removal of feeder remnants. Therefore,
the wedges must be cast within the specified dimensional tolerances, which is not always achievable when
using disposable sand—clay molds. To improve geometric accuracy, the use of alternative, more advanced
technologies is desirable.

The aim of this work is to develop a material and a technology for the serial production of a friction
wedge capable of providing a service mileage of more than 500,000 km.

2. Materials and Research Methods

Grey cast iron grade SCh35 was selected as the base material. It is more technologically efficient in
production than ductile iron, the melting technology of which is labor-intensive and requires the use of
expensive modifiers. Compared with steels, grey cast iron exhibits higher frictional properties. In addition,
cast iron castings do not require strengthening heat treatment. However, experimental data obtained in our
studies conducted in 2019-2020 revealed, first, a wide scatter in the hardness of wedges in service (grey cast
iron), ranging from 100 to 240 HB (according to GOST, the hardness of SCh35 cast iron is HB = 210-275),
as well as a scatter in other mechanical properties of the castings and a coefficient of variation of service life
equal to 0.67. This indicates instability either in the chemical composition or in the material structure, both of
which equally determine mechanical and operational properties. Consequently, despite the above, either the
composition and structure of grey cast iron require further optimization, or they are unstable due to
imperfections in the production technology. Therefore, it is necessary to study not only the influence of a wide
range of alloying elements, additives, and modifiers, but also the technology of their application. As an
example, treatment of the same alloy with the same modifier in a furnace, in a ladle, and in a mold yields
different results. Second, the main reason for failure of the friction assembly is wear of the contact surfaces
between the wedge and the friction plate. This confirms the well-known dependence of the service life of a
friction wedge on wear. Wear is a complex physic mechanical process accompanied by chemical and thermal
phenomena. It is determined by the type of wear and loading, the material, geometry and surface condition, as
well as other factors [14].

In our case, we are dealing with dry friction of flat surfaces under sliding conditions with an intensive
cyclic load. The material of the cast part is unstrengthened grey cast iron without mechanical machining, and
there is also a possibility of oxidation. Wear debris is not removed. The roughness of the contacting untreated
surfaces with relative movement/sliding due to the applied external force should also be taken into account
[15]. The choice of the wear testing methodology was based on the advantages of evaluating wear in terms of
reduced duration and cost of these studies, which makes it possible to avoid shutdown and disassembly of units
under actual operating conditions of the rolling stock fleet.

The use of statistical data on the reliability of cast iron components of railcar bogies proved impossible
due to the limited amount of reliable information. The fact is that castings of these products already represent
finished parts. This means that the possibility of influencing their surface layers by mechanical and thermal
treatments—to create compressive stresses, the required surface roughness and hardness, as well as to remove
defective structures—is excluded. When using new materials for vibration damping unit parts, full-scale bench
tests are recommended to evaluate their frictional properties [16]. When preparing such products for serial
production, a large body of statistical data is required, whereas in practice only a pilot batch of castings is
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usually available. Moreover, to register the wear rate of the surfaces of castings weighing more than 10 kg (the
wedge mass is 10.5 kg), an operating time of at least 500—1000 hours and significant labor input are required.

Thus, the problem arises of developing an accelerated method for studying the wear of the working
surfaces of a friction wedge under foundry shop conditions. At the same time, experiments must be carried out
under conditions that most strongly affect the wear of the working surfaces. Solving this problem is
inextricably linked to conducting a large number of experiments to reveal the mechanism of surface property
formation in castings, as well as to obtain and systematize data on the wear resistance of the objects under
study.

A solution was found in the use of cast pilot specimens as test sections of the wedge. To achieve the
closest possible correspondence to real operating conditions, a fixture was developed that allows adjustment
of the duration and the force of interaction between the friction surfaces. In addition, based on the
considerations outlined above, a guidance document entitled “Methodology for Evaluating the Wear
Resistance of Castings Made of Cast Iron Alloys” was developed, which establishes a method for assessing
surface wear parameters of castings. It is based on testing specimens by wear on a test rig according to the
“roller—block™ scheme. The roller material was USA steel with a hardness of 280-300 HB.

The cast iron was melted in an induction furnace of the PPU-0.16 type. The technology for producing
grey cast iron castings by the lost foam casting (LFC) method was developed. Compared with conventional
sand—clay mold casting, LFC makes it possible to obtain higher-quality castings with improved dimensional
and geometric accuracy. In order to reduce material consumption, surface alloying of the castings in the mold
was applied.

Specimens for tribological testing were cast iron blocks in the form of square bars 50 mm in length and
15 mm in width. This geometry was chosen based on the need to conduct a large number of multivariate tests
in order to ensure the required confidence level.

The choice of the testing method and a custom-made laboratory setup meets the above-mentioned
environmental and friction conditions. Reproduction of operating regimes using this methodology was ensured
by the requirements of tribological testing for parts having a complex elemental composition due to the
combination of base and alloying or modifying elements: C, O, Mn, Mg, Si, Ca, Fe, Ni, Cu, Mo, V, Co, Cr,
Ti, and B. The investigations included determination of hardness, as well as qualitative and quantitative
analysis of the surface chemical composition before and after testing.

3. Results and Discussion

Friction pair tests were carried out at a constant sliding speed of 0.5 m/s under moderate heating
conditions. The test duration for one contact pair was 0.2 h. Each experimental series included at least three
tests. The surface wear per unit sliding distance was adopted as the evaluation criterion. Visual examination
of the specimen surfaces revealed no signs of plastic deformation; the surfaces remained smooth, without
adhesion or material buildup. Dark inclusions were observed on the block surfaces, indicating phase
heterogeneity; no brittle structural constituents were detected. As follows from Table 1, the chemical
composition of the contact surfaces of the specimens after testing does not differ from the initial composition.

Table 1. Chemical composition of the surface of sample SCH35 before (1) and after (2) testing.

Content of elements, in fractions
Sample . .
C Si Mn Cr Cu Ni P S
No. 1 2,83 1,56 0,97 0,22 0,37 0,13 0,12 0,09
No. 2 2,83 1,56 0,97 0,22 0,37 0,13 0,12 0,09

This indicates that no oxidation of the component surfaces occurs during operation. Table 2 shows the
results of wear resistance tests. The influence of the alloying element on the hardness of the specimens is
clearly observed. At the same time, the hardness of all specimens falls within the range acceptable for friction
wedges, namely 230-444 HB. Once again, the dependence of wear resistance on hardness is confirmed.
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Table 2. Results of tribological wear tests.

Technological scheme Sample material Hardness, HB Wear resistance, um/hour
Basic option SCH35 285 9,5
Technology No. 1 Mo = 0,6 % 340 7,1
Technology No. 2 Ni=0,4% 360 6,6
Technology No. 3 Ti=0,3% 420 4,6

The positive results of the study demonstrate the prospects for their application in the production of
castings for railway transport. This approach makes it possible to predict the service life of friction wedges
(Fig. 3). For example, at a wear rate of 2.5 to 5 um/h, the service life of this component may reach 300,000—
400,000 km, which is achievable through the implementation of certain casting technologies using appropriate
alloying additions. In this regard, it is recommended that the working surfaces of both the friction wedge and
the friction plate of a freight car bogie have the same hardness.

10

Basic option
Technology No.1

Technology No. 2

um / hour

Technology No. 3

0 100 200 300 400 500
Mileage, thousand km

Fig.3. Wear rate of samples (friction wedge) under steady-state friction conditions.

The choice of gray cast iron as the base material was determined by the results of developing the LFC
technology. Options for casting the wedge from ductile (nodular) and gray cast iron were considered. Pilot
batches of castings were produced under industrial conditions. Patterns were made from granulated expanded
polystyrene by foaming in heated molds. The finished casting patterns and elements of the gating system were
bonded into a single cluster and coated with an anti-stick (refractory) paint (Fig. 4).

Fig.4. Block of friction wedge models.

After the coating had dried, the patterns were placed in flasks and molded with dry fine-grained sand.
The molds were evacuated and then poured on a foundry conveyor with the vacuum pump operating
continuously. Subsequent operations were carried out in the same manner as in conventional sand casting. The
casting technologies for gray and ductile iron differed only in that the latter was produced by treating the liquid
superheated iron with a powdered modifier in the ladle prior to pouring the molds.
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Castings made of ductile iron were characterized by increased hardness and required heat treatment—
quenching followed by tempering—to improve the microstructure. In addition, a surface defect, a shrinkage
cavity, was observed on some of the castings (Fig. 5 a, b). The initial solution was a conventional one—the
installation of a riser (Fig. 5 ¢). However, this led to increased material consumption and additional labor
associated with riser removal and surface cleaning of its remnants. An alternative measure was then applied:
the use of chills. Installing them directly on the casting proved to be impractical due to the appearance of chill
imprints on the casting surface and the risk of metal adhesion. The final solution was to place the chills on the
pattern (Fig. 5 d). After this modification, the defect was no longer observed. Nevertheless, the labor intensity
of manufacturing the product still increased. In addition, during LGM, the nature of the formation of sound
signals is preserved, which affects fatigue from receiving castings [17].

Fig.5. Sink (a, b) on the wedge casting, riser (c) and refrigerators (d).

Pilot batches of gray cast iron castings demonstrated an almost complete absence of defects and
satisfactory service properties (hardness and tensile strength) without additional labor input. Therefore, gray
cast iron was selected for subsequent studies of wear resistance.

4. Conclusion

The research results demonstrated the effectiveness of the LFC for producing castings with a mass of 10—
20 kg, ensuring uniformity of chemical composition and the required stability of cast iron properties.

The use of Ni, Ti, and Mo as alloying additions provides casting hardness in the range of 340—400 HB.

Changes in the physic mechanical condition of the casting surface after alloying resulted in a 1.4-1.5-
fold increase in wear resistance compared with the baseline variant (serial parts), which corresponds to an
increase in the service mileage of friction wedges up to rejection by 70—85 thousand km.
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A UNIFIED ANALYTICAL MODEL FOR DEFORMATION RESISTANCE
OF METAL UNDER THERMOPLASTIC PROCESSING CONDITIONS
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Abstract. A unified analytical framework is developed to describe the deformation resistance of metals under
thermoplastic processing conditions. The proposed approach is based on the Hansel-Spittel constitutive equation
and establishes a direct relationship between yield stress and the key thermomechanical parameters of deformation,
including strain, strain rate, and temperature. An analytical solution of the spatial plasticity problem is obtained
using harmonic functions, enabling the determination of stress intensity at any point within the deformation zone.
The formulation integrates the Huber-Mises plasticity criterion with frictional and geometric factors, resulting in a
closed-form expression that links the local stress strain state to process parameters. The model accounts for non-
uniform and multi-stage deformation characteristic of rolling and contact loading processes. Its applicability is
demonstrated for thermoplastic loading of surface layers in tribological contacts, where deformation resistance
plays a decisive role in wear and fatigue damage accumulation. The developed analytical model provides an
efficient tool for predicting energy-force parameters and assessing surface layer behavior under complex
thermomechanical loading. The proposed framework can be directly applied in engineering calculations, process
optimization, and the design of metal forming and tribological systems.

Keywords: deformation resistance; thermoplastic processing; plasticity theory; tribological contact; surface layer
damage.

1. Introduction

In thermoplastic processing of metallic materials, including rolling, forging, and contact loading in
tribological systems, deformation resistance is one of the key parameters governing energy consumption, force
characteristics, and the resulting service performance of components. Accurate prediction of deformation
resistance is essential for the rational design and optimization of metal forming processes, as well as for
assessing wear and fatigue damage in surface layers subjected to complex loading conditions [1].

Deformation conditions play a decisive role in shaping both the mechanical response of the material and
the evolution of its microstructure. Variations in strain, strain rate, and temperature directly affect hardening,
recovery, and dynamic recrystallization processes, which in turn determine the stress strain state within the
deformation zone. As a result, reliable models describing the dependence of deformation resistance on
thermomechanical parameters are required to ensure adequate prediction of energy-force parameters and
material behavior under real processing conditions.

In recent years, numerical simulation methods, particularly finite element modeling, have become widely
used for analyzing thermoplastic deformation processes [2, 3]. However, the accuracy of such simulations
strongly depends on the quality of the constitutive description of the material. In addition to precise
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characterization of physical and chemical properties, it is necessary to establish analytical relationships that
adequately reflect the evolution of mechanical characteristics during deformation. In many engineering
applications, the absence of closed-form solutions complicates rapid parametric analysis and limits the
applicability of numerical models at early design stages.

Deformation resistance is commonly treated as a rheological characteristic of metals, representing the
stress required to sustain plastic flow under specific thermomechanical conditions [4, 5]. In technological
processes such as continuous rolling, this parameter determines the stress level in the deformation zone and
significantly influences the mechanical properties of the final product. Therefore, the development of
physically substantiated and mathematically tractable models for deformation resistance remains an important
engineering task.

Existing experimental and semi-empirical approaches provide valuable insights into the dependence of
yield stress on deformation parameters; however, the reported results are often inconsistent, particularly with
respect to strain rate sensitivity and temperature effects [6]. Moreover, many available models are limited to
monotonic deformation paths and do not fully capture the non-uniform and multi-stage nature of real industrial
processes [7, 8]. Under such conditions, yield stress may increase, decrease, or remain nearly constant
depending on the balance between hardening and softening mechanisms, highlighting the need for more
flexible constitutive descriptions.

The rolling process represents a generalized case of thermoplastic loading, characterized by spatially non-
uniform stress and strain distributions within the deformation zone. For sheet and section rolling, as well as
for contact loading in tribological joints, an analytical solution of the three-dimensional plasticity problem is
particularly valuable, as it allows the stress state to be evaluated at any material point rather than relying on
averaged parameters.

2. Materials and methods

The most common methods of theoretical research of technological processes of processing metals by
pressure, both hot and cold, are mathematical and simulation modeling.

At each moment of the technological process of rolling, especially in a continuous process, the metal is
in completely different deformation and stress states at a single point of the deformation center [9, 10]. This
leads to inhomogeneity of the physical and mechanical properties of the metal, ambiguity in determining the
power parameters of the process, energy consumption.

Theirs is known complex nature of the metal flow curve, presented in Fig. 1 [11].

The dependence is characterized by the growth of oy from the yield strength oy to a certain peak value o,
corresponding to the peak deformation ¢,, then oy decreases to the steady-state stress oy, at which the
equilibrium of the hardening and dynamic recrystallization processes occurs.

On the other hand, the flow curve of the metal also indicates the nature of the change in austenite. In the
area of hardening, before the deformation value ¢, is reached, grain refinement occurs, the density of
dislocations in the substructure increases, after which the process of dynamic recrystallization develops
intensively, and according to, the size of the austenite grain depends exclusively on the stress oy.

In his scientific work A. Nadai proposed an equation for determining the resistance to deformation of a
metal, taking into account temperature, relative deformation, hardening in time, stress changes, depending on
the deformation rate taking into account the viscosity of the metal. The authors in work [11] considered the
positive and negative sides of this equation, and established that the laws necessary for solving the equation
proposed by A. Nadai are quite complex and require improvement. Thus, in practical applications, the
determination of os relies on experimental data, which are presented as discrete values corresponding to
specific deformation conditions and steel grades or as approximated dependencies that represent these
experimental results.

In various works, experimental studies were carried out that determined the dependence of the yield
strength o, yield stress g, on the thermomechanical parameters of the process of plastic impact (degree, speed
and temperature of deformation). Based on the results of these experimental studies, the authors Cook P.M.,
Nikolaev V.O. and others [12] proposed their own options for determining the dependence of the flow stress
of a metal on the deformation rate. The data presented in the technical literature regarding the dependence of
deformation resistance on strain rate for steels are often inconsistent, making it difficult to draw definitive
conclusions about the influence of various factors. An inaccurate mathematical representation of yield stress
during the design of technological processes can lead to significant errors in calculating the forces and
moments involved in plastic deformation.
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Fig.1. The general view of the flow curve of steel in the presence of dynamic recrystallization

A key distinction between yield strength and yield stress lies in their definition: yield strength
characterizes the stress level at which plastic deformation begins under initial loading, whereas yield stress is
determined throughout the loading process. The yield stress serves as an indicator of the material's rheological
behavior. As a result, existing models and dependencies do not fully capture the rheological properties of the
material. Depending on deformation conditions, yield stress may not only increase with greater strain but also
decrease or remain constant.

In this context, the present study aims to develop a unified analytical model describing metal deformation
resistance under thermoplastic processing conditions. The proposed approach is based on the Hansel-Spittel
constitutive equation and is combined with an analytical solution of the spatial plasticity problem using
harmonic functions. By integrating the Huber-Mises plasticity criterion with frictional and geometric factors,
a closed form relationship between the local stress strain state and thermomechanical processing parameters is
established. The developed framework is intended for practical engineering applications, including prediction
of energy-force parameters and assessment of surface layer behavior in metal forming and tribological systems.

3. Results and discussion

A preliminary review of mathematical models proposed by various researchers revealed that the Hansel-
Spittel equation is the most suitable for determining yield stress under varying thermomechanical conditions.
This equation effectively represents the relationship between stress and thermomechanical parameters,
accommodating diverse variations in their values:

o, =0e" exp(%j exp(age Y1+ &) uu® 7% exp(aT), (1)
£

where a,... oo — empirical coefficients, € — relative deformation, 7 — temperature, u — deformation rate

In case of small deformations (¢ = 0.2...0.3), the yield strength increases strongly as the deformation
increases. At moderate deformation levels, the increase in yield strength becomes less pronounced, and in
some cases, it may even decline with further straining. A distinctive feature of this approximation is that the
derived formula allows for consideration of the rheological properties of various steel grades. The relationship
between yield stress and deformation can exhibit different trends — it may increase, decrease, or remain
constant. This formula enables the calculation of energy parameters and yield stress at any point within the
deformation zone.

Moreover, it is necessary to take into account that the inhomogeneity of the deformed state is the main
feature of metal products shaped by pressure processes. As a result, the metal of the product has different
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mechanical properties and fatigue resistance in its volume. This is important because, in each model, separate
elements or zones usually correspond to service characteristics. Thus, for accurate forecasting, it is essential
to analyze the deformation of individual material points throughout the entire product volume rather than
relying on averaged deformation characteristics. The intensity of tangential stress is used as an indicator [13]:

T, = %\/(O'X -0, )2 + (Gy -0, )2 + (O'Z -0, )2 + 6(2'5‘, + Ti + ri) (2)

where 6x, Gy, Gz, Txy, Tyz,Txz — Normal and tangential stresses in space

Real technological processes are characterized by a multi-stage, non-monotonic nature of strain intensity
with complex loading. In the theory of small deformations, it is proven that the deformed state of any material
point is completely determined by six components: three main components, intensity and type of deformation.
At the same time, the total shear deformation is a quantitative characteristic of the degree of change in the
shape of the particle under consideration, which is expressed as a dependence through the main components
of the deformation [14]:

DiZ\E\/(Sx—Sy)2+(8y—82)z+(82—Sx)2+;(Y2+Y) 3)

where & ,gy,&, — degree of deformation in space, y — shear strain

In general, for finite (significant) deformation, the intensity equation is preserved. For multi-operational
(multi-pass) processes Smirnov-Aliaev G.A. proposed a mathematical equation according to which the total
(resulting) degree of deformation for the entire technological process is defined as the arithmetic sum of the
degrees of deformation of individual operations, the values of which, in the case of a monotonous course of
the deformation process, are numerically equal to the intensity of the main deformations. At the same time, it
was noted that the intensity is a scalar quantity and the only comparable characteristic of the change in shape,
allowing to determine the work spent on it.

Approximate theoretical calculations, based on the estimation of the amplitude of the change in the
potential energy of the nucleus during the movement of the dislocation, showed that the minimum tangential
stress necessary for the movement of the dislocation is equal to:

_2G 7, 4)
"k
where a — distance between adjacent sliding planes, b — size of a structure element

This formula indicates that as a increases and b decreases, the value of 7, becomes smaller. It is
established that the value of a is the maximum for densely packed atomic planes, and the smallest value of b
corresponds to the most densely packed directions.

Thus, checking the condition ti>1,, it is possible to talk about the possibility of dislocation movement.
Dislocations that ensure plastic displacement along the directions and planes of the densest atoms are especially
mobile. Preventing sliding in these planes in any way, it is possible to cause ego in those planes where the
packing of atoms is less dense.

The most clearly marked relationship between metal deformation resistance and thermoplastic processing
conditions impact on the surface layer is manifested in the contact interaction in the conditions of friction of
parts in tribo-joints. It is obvious that under contact conditions of loading, the near-surface layers of the
material are damaged more than the deep ones.

With repeated loading, fatigue microcracks appear on the surface even in the absence of contact loads and
are located in the active sliding planes, in which the maximum shear stresses act. The accumulation of defects
leading to the formation of microcracks is determined by the characteristic features of the main structural
elements of the material. Under the action of multiple impulse loads, the original structure of the deformable
material changes significantly. The subsurface zone, extending from a few to several hundred micrometers in
depth, consists of a plastically deformed material layer characterized by specific crystallite size and orientation.

The processes of friction and wear, as well as the destruction of the surface layers of the tribocoupling,
are determined by the dynamic nature of the application of loads in contact, the amplitudes of mutual
displacements, which create specific conditions of contact interaction. At the same time, the majority of
tribocoupling work under the conditions of complex three-dimensional dynamic loading: impact and sliding
in two mutually perpendicular directions with the effect of both high and low temperatures. Such a complex

T
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of loading conditions causes a complex tense state of the surface layers of contacting pairs. This explains the
limited capabilities of the general principles of friction theory, as well as the majority of experimental research
results.

As preliminary studies have shown [15-17], complex three-dimensional loading (impact and slip in two
mutually perpendicular directions) creates conditions for the formation of surface layer fragments with
relatively easy passage of dislocations through these crystallites to their boundaries. This contributes to
lowering the level of external stresses required for the action of the rotational plasticity mechanism in the
analyzed structures. As a result, a surface layer with a more uniform texture is formed, which is accompanied
by increased wear. A change in the nature of loading leads to a change in the state of the surface layer and, as
a consequence, a change in the wear resistance of the tribocoupling.

The features and specificity of the mechanism of plastic deformation during friction under
multicomponent loading have not yet made it possible to develop the physical foundations and reveal the
patterns of surface destruction. Research on the structure and properties of surfaces in tribocoupling
components reveals the complexity and variety of surface phenomena involved.

The general case of a diagram of vertical surface and horizontal subsurface cracks during friction with
three-dimensional dynamic loading is shown in Fig. 2 [17].

Fig. 2. Scheme cracks arrangement during friction with three-dimensional dynamic loading: 1; — conditional length
of the defect, 1, — conditional width of the defect, h — depth of the defect, kq(z) — conditional area of the defect,
q(z) — normal alternating stress (rolling stress)

The surface is loaded with normal alternating stress q(z) under impact loading and tangential stresses T«
and 7, under reciprocating sliding in two mutually perpendicular directions of the counter-specimen.

Studies using microscopic methods have shown that as a result of plastic deformation, a developed cellular
structure oriented along the friction direction is formed in the surface layers. Fracture is initiated by the cell
faces perpendicular to the sliding direction, and the initial crack passes along these faces. Therefore, with
relative sliding of surfaces, the initiation of differently oriented cracks is possible [18-19]. Especially in the
case of friction with sliding in two mutually perpendicular directions.

Overall, the development and propagation of microcracks under cyclic loading are heavily influenced by
both the material's structural condition and the number of loading cycles N. To describe the development of
microstructurally short cracks, the equation presented in [20] is applicable:

db -

N c(ay)'(d-bn) 6]
where b — crack depth; Ay — shear strain range; d — characteristic size of a structure element; C and m —
experimentally determined material constants.
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It follows from this equation that as the crack grows to the grain size, its speed decreases down to zero.
At stresses above the endurance limit, the crack does not stop, but only slows down its growth or may stop for
some time.

Moreover, the nature of deformation accumulation under the action of multiple pulse and pulsating loads
is approximately the same. Thus, under impact loading, the dependence of contact deformation on the number
of cycles is nonlinear with three sections: in the first section — the hardening stage (approximately up to N =
20) contact deformation occurs; in the second section, slow accumulation of contact deformation at an
approximately constant speed (up to N =103 ... 104); in the third section, a significant increase in deformation
and intense destruction of the surface are observed [21].

It has been established [22] that wear under impact loading is a nonlinear function of the number of cycles
and normal stress:

W =BN"c™, (6)
where B, n, m — coefficients determined experimentally.

In this case, the normal stress ¢ and the maximum contact pressure N are determined by the impact force,
which in turn depends on the speed, geometry of the contact and the properties of the material.

Cyclic stresses lead to the occurrence of fatigue damage, both on the surface and at some depth. Surface
fatigue occurs as a result of the normal collisions between microroughnesses, which generate tangential
stresses beneath the roughness features, extending to a depth roughly corresponding to the height of the
protrusions (in the micrometer range). The maximum tangential stress acts under the protrusion:

T, =(E’/Tc2)np, (7
where E’—reduced modulus of elasticity; ¢ — angular coefficient of protrusion.

It is obvious that microscopic (second kind) maximum shear stresses can indeed be the cause of the
formation of embryonic cracks under the surface. The contact area between two bodies is influenced by the
prevailing conditions:

rm,=—q@)\u§+w§+(E;/n2%, (8)
6, = _q(Z)

Based on the solution of plane problems in analytical form presented in works [14, 23, 24], it is
necessary to comply with the formulas:

‘CXZ :kl 'Sin AI(DI’ Tyz :kz 'Sin Azq)za (9)
where A; and A, — constants that determine the parameters of a plastic medium; @; and @; — unknown

coordinate functions determined by the solution of the problem; &;, k> — resistance to plastic shear deformation
along the X and Y axes, depending on the coordinates of the deformation zone:

k; =Cyg -exp0;, k, =C, -exp0,, (10)
where C,;, C,2 — constants that determine the dimension of shear resistance in the directions of the X and Y
axes; 6;, 8> — coordinate unknown functions determined by solving the problem along the same axes. Based
on the equilibrium equation, we obtain analytical dependencies for normal stresses. The components of the
stress tensor have the form:

c,=-2-C_,-expb,-cosA,d,-C_,-expb,-cos A,®, +C,

0,==C,,-expb,-cos A,®,-2-C,; -exp b, -cos A,0, +C,
0.=-3-C,-expb,-cosA,d,-3-C_,-exp, -cos A, D, +C,

7, =C,,exp 0, -sin A, ®,,

(1)

7. =C, exp0,-sin A,®,

The integral characteristic of the stress state of a point is the intensity of normal stresses according to
equation (2). Substituting (11) into (2), we obtain an equation convenient for conducting analysis:

o, =3 \/(ng -expb, )2 +(C63 -expé, )2 +(C62 -exp@écosA;DzXC(r3 -expé?;cosA3CD3) (12)

Based on the condition of plastic deformation, in accordance with the Huber-Mises hypothesis on the
equality of the intensity of normal stresses and yield stress, it is possible to write in relative values:

%i_o, (13)

0r Or
where ¢ — yield stress; o7 — yield stress in unhardened condition.
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On the one hand, we have a characteristic of the stress state of the medium, depending on the friction
coefficient, the shape factor, on the other, a physical quantity determined by the degree and speed of
deformation, temperature, chemical composition. Thus, the Huber-Mises plasticity condition is a link that
allows us to establish a connection between the parameters of the stress state of a point and the
thermomechanical characteristics of the process.

Taking into account all of the above and the results of the experimental part, we finally get:

Gp=O,0000880’52 exp

-0,00016
(—) exp(1,114¢g) (1+g)0-0034T. (14)

0217 D00034T 1297 o () 00495T)

The obtained equation allows us to connect the parameters of the stress state of a point (friction coefficient,
shape expresfactor) with the thermomechanical parameters of the process (degree, speed and temperature of
deformation). Thus, an analytical connection has appeared that directly connects the factors of production and
loading [24-25]. By setting the parameters of the stress state, with known coefficients o, it is possible to
determine, using different calculation methods, the thermomechanical parameters of the process.

The proposed analytical model can be directly applied in engineering practice for the rapid estimation of
deformation resistance and energy-force parameters in thermoplastic metal processing. The closed-form
relationships obtained allow efficient parametric analysis without extensive numerical simulations, making the
approach suitable for preliminary process design, optimization of rolling and forming regimes, and assessment
of surface layer behavior in tribological contacts. The model can also be integrated into computational
workflows as a constitutive sub-model, improving the accuracy and reliability of engineering calculations
under complex thermomechanical loading conditions.

When performing the experimental part of the study using a Gleeble 3800 thermomechanical simulator,
cylindrical specimens of microalloyed steel 10HFTBch with a diameter of 10 mm and a height of 12 mm were
used. The samples were placed in a sealed chamber, where air was evacuated to create a vacuum environment
in order to prevent oxidation during high-temperature deformation.

During thermomechanical loading, yield stress and logarithmic strain were recorded at predefined
deformation intervals. The temperature of the central region of the specimens was monitored using
thermocouples. The maximum temperature reached during hot deformation was 952 °C, ensuring deformation
within the austenitic region. To analyze microstructural evolution during thermomechanical processing of
microalloyed steel 10HFTBch, phase transformation behavior during continuous cooling after plastic
deformation was investigated. The specimens in the as-delivered condition were heated to 950 °C and
subjected to 30% plastic deformation in the austenitic region below the recrystallization temperature, while
the deformation rate did not exceed 100 s™'. Subsequently, the samples were cooled to 20 °C. To evaluate the
effect of prior plastic deformation on subsequent structural formation, the specimens were reheated to 950 °C
under identical thermal conditions.

Analysis of the results of calculating the intensity of normal stresses from the parameters of shape and
friction coefficient shows that it is possible to increase this parameter compared to unhardened metal. There is
an increase in this indicator by 1.13...2.0 times [17]. This means that, based on the Huber-Mises’s hypothesis,
the physical quantity, that is, the yield strength, also increases by 1.13...2.0 times. With an increase in the
friction coefficient and shape parameters, we determine the yield stress, which in this case, through the
temperature factor and recrystallization diagrams, makes it possible to establish structural transformations
corresponding to a given stress state. The experimental data obtained from these thermomechanical tests were
used to calibrate and validate the proposed universal analytical model describing metal deformation resistance
under thermoplastic processing conditions.

4. Conclusions

A unified analytical model describing the dependence of metal deformation resistance on thermoplastic
processing conditions has been developed. The proposed formulation combines the Hansel-Spittel constitutive
equation with an analytical solution of the spatial plasticity problem, enabling a closed-form description of the
stress strain state under non-uniform and multi-stage deformation.

The integration of the Huber-Mises plasticity criterion with frictional and geometric factors provides a
direct analytical link between local stress intensity and the key thermomechanical parameters of the process,
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including strain, strain rate, and temperature. This approach allows deformation resistance to be evaluated at
any point within the deformation zone, overcoming the limitations of averaged or purely empirical models.

The developed framework is particularly effective for analyzing thermoplastic loading of surface layers
in rolling and tribological contact conditions, where complex stress states govern wear and fatigue damage
accumulation. The analytical nature of the solution makes it suitable for rapid parametric studies and
preliminary engineering calculations without the need for extensive numerical simulations.

Overall, the proposed model enhances the accuracy of energy-force parameter prediction and provides a
practical tool for process optimization, material behavior assessment, and the design of metal forming and
tribological systems operating under complex thermomechanical loading conditions.
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Abstract. This paper presents the results of a study of the microhardness and corrosion resistance of a number
of protective coatings applied to the surface of D16 alloy products. Various protective coatings (chromium,
chromium nitrite, and a chromium nitrite layer with a chromium layer deposited on top) are proposed, each with
varying degrees of Vickers microhardness (from HV = 80 to HV = 1114) and corrosion resistance. A chromium
layer deposited on the surface of D16 alloy is shown to have very low hardness (HV = 80). A chromium nitrite layer
deposited on the surface of D16 alloy is determined to have high hardness (HV = 655), but very low corrosion
resistance. A double protective coating consisting of a chromium nitrite layer deposited on top of a chromium layer
is shown to have satisfactory hardness (HV = 236) and corrosion resistance. It was found that the introduction of
a highly hard layer between the surface of a D16 alloy part and an external chromium layer exceeds the surface
hardness of the D16 alloy parts several times. It was shown that treating protective chromium-containing coatings
with active oxygen species significantly increases the corrosion resistance and hardness of these coatings.

Keywords: coating, microhardness, corrosion, corrosion resistance, chromium, chromium nitrite.

1. Introduction

Metal corrosion is one of the main processes leading to the destruction of metal structures and machine
parts [1]. Under certain external conditions, the corrosion process can either accelerate or slow down. Land
areas bordering seas and oceans are zones of increased corrosion due to the aggressive chemical composition
of sea air [2, 3]. Halogen ions are the main factors in the destruction of metal products in seawater and in the
atmosphere of coastal areas [4, 5]. One of the most widely used classes of metal alloys is duralumin alloys.
Products made from these alloys are lightweight compared to steel parts and have sufficient strength [6].

Aluminium alloy D16 (duralumin, duralumin) belongs to the group of duralumin alloys with a high
copper content. Close analogues of alloy D16 are 2024, AlCusMg;, AlCuMg;, AA2024, AA2124. Alloy D16
is similar in composition to the group of aluminium-magnesium alloys - magnalium’s of the AMgl.5 type
(AMg-aluminium-magnesium alloys). The percentage of magnesium in the D16 sample is 1.2-1.8%, which
allows this alloy to be classified as belonging to the AMgl.5 group of alloys (Table 1) [7]. The D16 alloy,
which has a low density and high strength for aluminium alloys (Table 2) [8-10], is widely used in various
fields of technology, such as aircraft construction [11]. In [10], it is noted that magnesium in AMg alloys is
present in the form of Mg>Als groups, which are a rhombic subsystem of aluminium cells. It has been shown
that the more aluminium cells contain Mg,Als groups, the higher the mechanical strength of the alloy. In
AMgl.5 group alloys, the number of cells containing this group averages 18% of the total number of
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aluminium cells [10]. It has been shown that a 1% increase in the number of cells containing the Mg»Als group
in an aluminium alloy increases the strength of the aluminium alloy by 5.83 MPa. It has been shown that the
structural formula of the Mg>Als compound is a rhombic system (Figure 1, a). Replacing two aluminium atoms
in the rhombic subsystem with magnesium atoms significantly increases the strength of the alloys [10].

Table 1. Chemical composition of magnalium alloys (wt.%)

Al Mn Cr Ti Cu Zn Mg Fe Si
D16 90,9-94,7 0,3-0,9 0.1% 0.155 3,8-49 0.25% 1,2-1,8 0.5% 0.5%
D16* 91.8% 91.8% 0.1% 0.155 4.3% 0.25% 1.6% 0.5% 0.5%
AMgl,5 96,45- 0,1%; 0,1% - 0,2%; 0,25%; | 1,1-1,8% | 0,5% 0,5%
98,9%
D19 91,095-94% | 0,5-1% 0.1% 0.1 3.8-4.3 0.1 1.7-2.3% | 0,5% 0,5%

* Calculated mass percentages of elements in alloy D16 based on the assumption that the number of copper atoms in alloy D16 is equal
to the number of magnesium atoms.

Alloy D16 differs from the simple AMg1.5 alloy in that it has a significantly higher copper content, which
leads to a significant increase in strength and hardness (Table 2). In the D16 alloy, the number of magnesium
atoms is approximately equal to the number of copper atoms. In the D19 alloy, which is an improved version
of the D16 alloy, the number of copper and magnesium atoms is actually equal, which has increased the impact
strength of this alloy [12]. Considering that aluminium atoms are trivalent, while magnesium and copper atoms
are divalent, it was concluded that in the D16 alloy, aluminium cells contain the MgAl4Cu group instead of the
Mg, Al group. One magnesium atom in the rhombic subsystem of the aluminium lattice is replaced by a copper
atom (Figure 1, b).

Table 2. Mechanical characteristics of aluminium alloys

Tensile strength, | Yield strength, MPa|  Brinell hardness Vickers hardness

MPa (HB), Kgs/mm? (HV)
Pure aluminium 70 25 25 26.31579*
AMgl 140 50 30 31.57895*
AMg?2 170 80 45 47.36842*
AMg3 200 100 58 61.05263*
AMg4 250 120 75 78.94737*
AMg5 280 150 65 68.42105*
AMgb6 320 160 100 105
D16 440 300 114*, 125 [7] 120 [13], 132*
D19 460 340 125 [7] 132*

* Data is given in accordance with the formula HB=0.95* HV.

Increasing the copper content in the D16 alloy created a problem in that it reduced corrosion resistance.
At the same time, the D16 alloy does not have a sufficiently high surface hardness (according to Vickers, HV
=120-132, Table 2). It is known that products made from the D16 alloy have insufficient corrosion resistance
to seawater [14]. To protect against corrosion damage, these products are usually coated with protective
coatings, such as varnishes [15], which creates problems during their use. For example, over time, protective
varnishes deteriorate and flake off; protective coatings, such as bitumen, can also ignite.

However, the corrosion resistance of these alloys is low, and therefore various research groups are
working to increase the corrosion resistance of products made from these alloys. One way to improve corrosion
resistance is to apply inorganic protective coatings to aluminum alloy products [1]. In this case, it is important
to increase the hardness of the protective coatings. Technologies for strengthening the surface layers of parts
and creating protective coatings with high physical, mechanical, and chemical properties are a widely
researched topic. These methods are discussed in the review article [1].

For example, reviews [16] the most promising innovative technology for surface hardening of aluminium
alloys — plasma electrolytic oxidation (PEO). It considers the possible conditions and mechanisms for the
formation of protective coatings on the surface of aluminium alloys. The influence of the main parameters of
PEO treatment (electrical parameters, electrolyte composition and concentration, influence of alloying
elements) on the structure and properties of oxide-ceramic coatings is studied. The qualitative characteristics
of the surface layer of samples and finished products made of aluminium alloys demonstrated the effectiveness
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of the PEO technology, which allows obtaining ceramic coatings with high hardness, strength, and increased
wear and corrosion resistance.

Mg Cu
Al Al
Al Al A Al
Al
Al
Mg Mg
a) b)

Fig.1. Diagram of the possible arrangement of atoms in an elementary cell: a) Rhombic subsystem of the AMg alloy
containing a solid solution in the form of AlsMg»; b) Rhombic subsystem of the AMg alloy containing a solid solution
in the form of MgAlsCuMgAl4Cu.

Possible areas of application for highly effective technologies for applying protective PEO coatings to
the surfaces of aluminium alloy products are proposed. Another example of the development of protective
coatings is the work [17]. It proposes a new method of high-dose ion implantation of chromium and oxygen
ions for the anti-corrosion treatment of VNS-5 aviation steel. The resulting protective layer of chromium oxide
with a thickness of up to 100 nm is rich in Cr and poor in Fe, which slows down oxidation. The results of the
work showed an improvement in corrosion resistance without compromising mechanical properties, which is
especially useful for marine vessel parts.

The aim of this work was to develop protective coatings for aluminium alloys based on chromium, which
are both corrosion-resistant and highly durable. The cathodic sputtering method was used for production,
followed by additional oxidation of the protective coating. This made it possible to obtain coatings with
increased hardness and corrosion resistance.

2. Materials and experimental details

The study used samples of D16 aluminum alloy measuring 15 mm % 10 mm x 4 mm. Before being loaded
into the working chamber, the samples were degreased in isopropyl alcohol. In the working chamber, before
coating, the surface of the samples was ionically cleaned using a plasma source with a hot cathode (PINK)
[18]. In order to increase the corrosion resistance of the surface of the D16 samples, chromium or chromium
nitride with a thickness of 2 um was applied to their surface. Chrome target ERKh 99.95 (TU 14-22-138-2000)
were used. When chromium films were applied to the surface of the chromium nitride film, the thickness was
0.5 um. The films were applied by cathodic sputtering with an accelerating voltage of 1000 volts on the
measuring setup described in [18, 19]. The chromium films were obtained in an argon atmosphere with a
chamber pressure of 0.5 Pa. During the process of obtaining chromium nitride coatings, the working gas in the
working chamber is changed from argon to nitrogen. The working gas pressure in the chamber was 0.5 Pa.

Samples with protective coatings were placed in a working chamber and heated to 185 °C in an
atmosphere for 12 hours, while the atmosphere was exposed to ultraviolet (UV) radiation. More details on the
treatment method are provided in articles [10, 20].

For the purposes of this article, the following abbreviations were chosen for the names of samples
subjected to various treatments:

D16 _X — a layer of chromium sprayed onto the surface of a product made of D16 alloy;

D16_X Ul2 — a layer of chromium sprayed onto the surface of a product made of D16 alloy and then
exposed to air for 12 hours, subjected to UV radiation (further processed samples);

D16 _(N+X) — surface of the D16 alloy covered with a layer of chromium nitride;

D16 _(N+X) U12 — surface of the D16 alloy covered with a layer of chromium nitride and then subjected
to 12 hours of treatment;

D16 _(N+X) X -—alayer of chromium nitride is sprayed onto the surface of the D16 alloy, then a layer of
chromium is applied to the chromium nitride layer;
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D16 (N+X) X Ul2 — a layer of chromium nitride is sprayed onto the surface of the D16 alloy, then a
layer of chromium is applied to the chromium nitride layer and subjected to 12 hours of treatment.

In these designations: X — application of a chromium film to the surface of the sample, U12 — treatment
of the sample surface with ultraviolet radiation for 12 hours, N+X — chromium nitride films applied with the
addition of nitrogen to the working chamber. A schematic representation of the process of applying protective
coatings and the process of their treatment is shown in Figure 2.

19\
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Fig.2. Schematic representation of the process of applying protective coatings and the process of their treatment: a)
D16 X;b) D16 X Ul2;c)DI6_(N+X); d) D16_(N+X) Ul2;e) D16 (N+X) X; ) D16 _(N+X) X Ul2.

The surface morphology of the synthesized films was investigated using a scanning electron microscope
(SEM) (MIRA 3LMU, TESCAN) fitted with an energy-dispersive X-ray analyser (EDX, INCAPentaFET x3,
Oxford Instruments, UK).

The microhardness of the obtained samples was measured using an HVS-1000A microhardness tester. A
load of 100 g was used. The enlarged surface areas were also analyzed using an optical microscope of the
HVS-1000A microhardness tester. Next, to test corrosion resistance using the method described in article [10],
samples D16 and D16, coated with various protective films, were placed in a test solution simulating the
corrosive effect of seawater for a control period (72 hours). A 5% solution of iodine in ethanol was used as the
test solution. The mass of the sample was measured before and after placement in the solution. The results are
given as mass percentages of mass loss, where the mass of the sample before placement in the solution is taken
as 100%. Information is also provided in the form of the number of atoms lost from the surface of the samples
as a result of corrosion. For this purpose, the mass loss was divided by the mass of one atom of the protective
coating. The mass of samples was measured on electronic scales RADWAG AS 60/220.R2 with an accuracy
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of 10 grams. The area of corrosion damage was estimated from measurements of areas affected by corrosion
and without corrosion, obtained using an HVS-1000A optical microscope microhardness tester.

Image scaling and the subsequent measurement of structural elements were carried out in Imagel
following preliminary calibration using a reference object.

3. Results and discussion
3.1 Surface morphology of protective coatings based on chromium and chromium nitride

The surface morphology of the D16 _(N+X), D16 (N+X) U12,D16 (N+X) Xand D16 _(N+X) X Ul2
samples is shown in Figures 3, a-d. Figures 3, a-d show the formation of a uniform structure on the surface of
the D16 samples. The films are homogeneous, free from cracks and significant defects. Particles ranging in
size from 50 nm to 2.5 um are also present on the film surface. However, their proportion is not significant
compared with the film surface without particles. The formation of particles is associated with the film
deposition parameters and the use of an industrial cathodic metal sputtering system [18]. Treatment of the
samples in an oxygen atmosphere under UV irradiation does not lead to significant changes in the film
structure.

The map of elemental distribution across the sample surface on the Figure 4 shows the formation of a
homogeneous film with no changes in stoichiometric composition across the sample surface. The remaining
samples exhibit similar film quality on the surfaces of the D16 samples. EDX analysis determined the
stoichiometric composition of the films to be Cr2.7N. UV treatment of the film surfaces does not result in any
change to their stoichiometric composition.

SEM HV: 20,0 KV
View fieid: 10.0 pm
SEM MAG: 19.1 kx

SEM HV: 20.0 kV
View field: 10.4 pm
SEM MAG: 19.9 kx

SEM HV: 20.0 kV
View field: 10.4 ym
SEM MAG: 20.0 kx

SEM HV: 20.0 kV
View field: 9.18 ym
SEM MAG: 226 kx

Fig.3. Surface morphology of coatings obtained by SEM: a) D16_(N+X); b) D16_(N+X) U12; c) D16 (N+X) X; d)
D16 (N+X) X UI12.
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Fig.4. Map of distribution of elements on the sample surface of D16_(N+X).

3.2 Chromium-based protective coatings treated with ultraviolet light

Initially, in order to increase corrosion resistance, the surface of sample D16 was coated with a 2 um layer
of chromium. Next, to test corrosion resistance using the method specified in [10], samples D16 without
additional protective coatings and D16 coated with chromium were placed in a test solution for a control
period. The experiment showed a significant reduction in the corrosion rate in the test solution. The number of
atoms lost by the D16 sample as a result of applying a layer of chromium to the surface decreased by 1.65
times (Table 3). However, a significant decrease in the surface hardness of the sample coated with pure
chromium (1.5 times) was also recorded.

Table 3. Summary information on the loss of atoms in the samples studied, the area of corrosion damage, and the
microhardness of D16 samples without coatings and with various protective coatings.
INumber of ator D16 D16 X | D16 X Ul2 | D16 (N+X) | D16 (N+X) | D16 (N+X) | D16 (N+X)
lost by the Ul12 X X Ul2
surface due to
corrosion
Number of ator] 9,868*10%° | 5,992*10%°| 4,072 *10%° -- 5,611%10%° 4,19 *10%°
lost by the
surface due to
corrosion
Surface hardne 150 80 120 655 1114 236 350
according to
\Vickers (HV)
|Area of - 30% 5% 53% . 6%; 23% 12%
corrosion
damage*
Sample mass - 2,66% 1,81% 4,12 % 2,56% 2,49 % 1,86%
loss (%)

* Determined as a percentage of the total area of the micrograph at 160x magnification.

In [20], a significant increase in the corrosion resistance of martensitic stainless steel X17 was revealed
as a result of treating the surface of stainless-steel samples with ozone (ozone was generated by exposing
oxygen molecules in the air to ultraviolet radiation). It was shown that the corrosion resistance of martensitic
stainless steel X17 increased by 71% due to a significant increase in the number of chromium-oxygen-
chromium bonds (the oxygen content on the surface increased 5.71 times from 0.7 to 4 mass percent). Based
on the results of [20], it was assumed that the corrosion resistance of D16 samples coated with chromium could
increase after prolonged treatment of the surface of these samples with air exposed to UV radiation.

To verify this assumption, D16 alloy samples coated with a 2 um thick layer of chromium were treated
with air containing active oxygen species (AOS) at a temperature of 185°C for 12 hours. Each of the sample
surfaces of D16_X and D16_X U12 was treated for 12 hours. As a result of corrosion resistance testing, it was
found that the corrosion rate of D16 samples coated with chromium and further processed by AOS decreased
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by 32% in mass compared to the corrosion rate of D16 alloy samples coated with chromium (1.47 times) (Table
3). At the same time, the surface hardness of the samples coated with chromium and further processed by AOS
increased by 33%.

Figure 5 shows photographs of D16 alloy samples coated with a layer of chromium after being kept in
the test solution for a control period of time. There is a large difference in the area of damage to the D16 alloy
samples. On samples coated with chrome and treated with AOS D16 X U12, a dozen pinpoint corrosion pits
are observed. On the surface of the sample coated with chrome D16_X without further treatment, moderate
corrosion damage is observed: the number of pinpoint pits is an order of magnitude greater than on the sample
subjected to prolonged treatment AOS.

Fig.5. Photographs of D16 alloy samples with a protective chrome film after exposure to the test solution for the control
time. On the left is a D16 sample coated with a layer of chrome. On the right is a D16 alloy sample coated with a layer
of chrome and then subjected to 12 hours of treatment with air exposed to UV radiation.

Figure 6 shows micrographs of the surface of D16 alloy samples after exposure to the test solution for
the control time. It is clearly visible that the total area of corrosion damage has significantly decreased on the
D16 X Ul12 sample, which was subjected to prolonged treatment. For these samples, the size of individual
corrosion lesions has significantly decreased. The area of a single corrosion lesion is 5% of the studied area of
the treated sample D16 X U12 and 30% of the sample area D16 X if no treatment was performed. On
average, the radius of individual lesions on ozonated samples D16 X U12 decreased 6 times compared to
samples D16 X coated with chromium without further treatment. Also, on the treated samples D16 X U12,
there are no destruction channels outside the main corrosion ulcer. It can be seen that outside the corrosion
ulcers, the surface microstructure has practically not been affected. The absence of damage to the surface
microstructure indicates that the destruction of the chrome-coated surface begins with isolated foci, which
increase in area and depth over time. lodine ions interact with chromium atoms and D16 alloy atoms at the
edges of the primary corrosion hole, gradually increasing its area.
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Fig.6. Samples D16_X and D16_X_U12 after exposure to the test solution for the control time: a) D16_X; b)
D16 X U12. Samples magnified 160 times.

Considering the above, it can be concluded that samples coated with a layer of chromium D16 X without
further processing can be used in an atmosphere containing halogen ions in the absence of abrasive particles
in the atmosphere.



Eurasian Physical Technical Journal, 2026, 23, 2(56) ISSN 1811-1165; e-ISSN 2413-2179 29

3.2 Protective coatings based on chromium nitride

There is often a need to use products made of D16 alloy in an atmosphere containing abrasive particles
and chemically active vapors. It is known that after applying coatings (chromium nitride) to metal products,
the surface hardness of the products increases significantly [21]. It was assumed that coating the samples with
a layer of chromium nitride would increase the surface hardness of products made of D16 alloy, which would
expand the technological application of this alloy. For example, increasing the surface hardness of products
will allow them to be used in sandy desert conditions, where the atmosphere contains abrasive impurities. To
test this hypothesis, a 2 um thick chromium nitride coating was applied to the D16 sample using cathodic
sputtering.

Studies of the obtained D16 (N+X) samples showed a significant increase in the surface hardness of the
D16 _(N+X) samples to HV100g = 655. Next, a study of the corrosion resistance of the D16 _(N+X) samples
was conducted. The D16 (N+X) samples were placed in a test solution for a control period. The experiment
showed that the mass loss of the D16 _(N+X) sample was 4.12% of the sample mass (Table 3). The surface of
the D16_(N+X) sample became reddish. This fact indicates the destruction of the chromium nitride coating
and the destruction of the upper layers of the surface of the D16 alloy sample (the red color of the surface
indicates the release of copper from the D16 alloy structure). In addition to significant mass loss, significant
corrosion damage was found on the surface of the test sample (Figure 7). Micrographs at 160x magnification
showed that the corrosion process created wide areas of continuous damage between slightly damaged areas
(Figure 8, a). The total area of corrosion damage was 53%.

= AL

Fig.7. Samples D16 (N+X) and D16 (N+X) U2 after exposure to the test solution for the control time: on the left is
sample D16 (N+X); on the right is sample D16 _(N+X) U12.

Fig.8. Micrographs of the surface of samples D16 _(N+X) and D16_(N+X) U12 after exposure to the test solution for
the control time: a) D16 _(N+X); b) D16_(N+X)_U12. Magnification 160x.

Thus, severe damage to the micro- and macrostructure of the surface of samples D16 (N+X) was
observed when these samples were placed in the test solution. For samples D16_(N+X), a significant increase
in hardness leads to a significant decrease in corrosion resistance (Table 4). Products coated with chromium
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nitride D16 _(N+X) can be used in atmospheres containing abrasive particles but no halogen ions. For example,
chromium nitride coating cannot be used in products used in seaports.

In [20], it was shown that an increase in the number of chromium-oxygen-chromium chemical bonds
leads to a significant increase in the corrosion resistance of X17 stainless steel. Considering that the chromium-
nitrogen coating applied to the surface of D16 alloy samples contains chromium in a basic valence state of 3,
it was assumed that converting chromium to a higher valence state (from 4 to 6) would create additional
chemical bonds in the coating. As a result of the increase in the density of chromium chemical bonds in the
coating (chromium nitride), the corrosion resistance of the D16 (N+X) coating will increase. To activate the
additional valence of chromium, active oxygen molecules were used, generated by the effect of ultraviolet
radiation on oxygen molecules in the air (ultraviolet irradiation time 12 hours). The D16 (N+X) samples were
subjected to 12 hours of UV radiation treatment at a temperature of 185°C. As a result, a significant increase
in the hardness of the D16_(N+X) samples to HV = 1114 was recorded (a very significant increase in hardness).
As a result of additional oxidation, the surface hardness of the D16 (N+X) U12 sample increased 1.7 times
at low loads.

However, a significant increase in surface brittleness was also observed. Under loads exceeding 50
grams, cracks formed around the test area. This fact prevents the use of this coating in cases of high loads, but
does not prevent its use in atmospheres containing abrasive particles. Corrosion resistance testing showed a
significant reduction in the corrosion process of samples coated with chromium nitride and then subjected to
prolonged exposure to active forms of oxygen (D16 _(N+X) U12). A 2.56% loss in sample mass was recorded
as a result of exposure to the test solution for the control time (Table 3). In other words, additional oxidation
of the chromium nitride surface increased corrosion resistance by a factor of 1.61. Visually, there are no
corrosion pits on the surface of the treated sample D16 _(N+X) U12 (Figure 7). The colour of the surface has
not changed, and no reddish tint has appeared. With identical sample sizes, mass loss decreased by 37.8%
(1.61 times) for D16 _(N+X) U12 samples. Figure 6, b shows a micrograph of the D16 (N+X) UI12 samples
after the control time in the test solution. The micrograph shows that outside the corrosion pits, the surface
microstructure has not changed. The total area of corrosion damage is no more than 6%.

3.3 Protective layered coatings based on chromium nitride and chromium layer

Applying a chromium nitride coating to the surface of alloy D16 revealed a significant increase in
hardness to HV=655, but at the same time, corrosion resistance decreased significantly (Table 3). It was
assumed that additional spraying of a chromium layer over the chromium nitride layer would increase the
corrosion resistance of the product surface and, at the same time, the high hardness of the chromium nitride
layer would increase the hardness of the applied chromium layer.

To test this hypothesis, a chromium nitride coating plus an additional 0.5 um thick chromium layer was
applied to sample D16 by cathodic spraying. Studies of the obtained samples D16 (N+X) X showed a surface
hardness of HV1o0 ¢=236. This hardness is significantly lower than the surface hardness of the D16 (N+X)
samples, which is HV = 655, but 1.6 times higher than the surface hardness of the D16 alloy, which is HV =
150, and 3 times higher than the surface hardness of the D16 X samples, which is HV = 80 (Table 3).

The presence of a high-hardness surface under the chromium layer in sample D16 (N+X) X HV = 655
resulted in the hardness of the chromium coating becoming significantly greater than HV = 240, which is the
hardness of the chromium coating layer applied directly to the surface of alloy D16 (D16_X) HV=80.

At the same time, the chromium film applied to the surface with high hardness - chromium nitride
HV=655 - protects the hard layer of chromium nitride HV=655 from the effects of halogen ions contained in
seawater. Next, the corrosion resistance of the D16 (N+X) X samples was studied. The experiment showed
that during the control period, the mass loss of the D16 (N+X) X sample was 2.49% of the sample mass
(Table 3). The loss of atoms from the surface of sample D16 (N+X) X decreased by 1.76 times compared to
the surface of alloy D16 (Table 3). Figure 9 shows the appearance of sample D16 (N+X) X after exposure to
the test solution for the control period. Severe pitting is observed for this sample. However, there is no reddish
tint on the surface, which indicates that the top layer of chromium and the layer of chromium nitride were not
completely destroyed and corrosion on the surface of the D16 alloy did not begin.
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Fig.9. Samples of alloys D16 (N+X) X and D16 (N+X) X U12 after exposure to the test solution for the control
time. On the left is sample D16 _(N+X) X. On the right is sample D16 _(N+X) X UIl2.

Micrographs at 160x magnification (Fig. 10) showed that the corrosion process created narrow zones of
continuous damage between undamaged areas. The total area of the surface damaged by corrosion is 23% of
the total surface area (Figure 10, a), which is 2.3 times less than the area of corrosion damage on the surface
covered with chromium nitride and not subjected to ozonation. At a magnification of 160, a pattern of surface
corrosion damage similar to that of chromium-nitrogen layer corrosion is observed, but the width of the
damaged areas is significantly smaller. Thus, a decrease in damage to the micro- and macrostructure of the
surface of D16 alloy samples coated sequentially with a layer of chromium nitride and a layer of chromium
was observed when these samples were placed in the test solution. That is, additional spraying of a 0.5-micron-
thick chromium layer onto the D16 (N+X) sample increases the corrosion resistance of D16 samples with a
pre-applied chromium-nitrogen coating by 1.65 times (by 40%). At the same time, the final surface hardness
of the D16 _(N+X) X samples is 1.57 times greater than HV=236 (36% greater) than the surface hardness of
the D16 alloy samples HV=150. Also, the surface hardness of D16 (N+X) X samples is 3 times greater (by
200%) than the surface hardness of D16_X.

Fig.10. Micrographs of the surface of samples D16 (N+X) X and D16 (N+X) X UI12 after exposure to the test
solution for the control time. a) CD16_(N+X) X;b) D16 (N+X) X U1l2. Magnification 160.

Based on the results of our experiments, we can conclude that in order to create an anti-corrosion coating
of chromium with high surface hardness, it is necessary to place a layer of a substance with high hardness
between the surface of the D16 alloy product and the top layer of chromium. The surface structure is as follows:

1) the bottom layer of D16 alloy with a hardness of HV=150;

2) the second layer of a substance with high hardness, in our case a layer of chromium nitride with a
hardness of HV=655;

3) the third layer of chromium applied over the chromium nitride layer to protect the chromium nitride
layer from corrosion. The final surface hardness is HV=240.

Products made of D16 alloy, coated sequentially with layers of chromium nitride and chromium
(D16_(N+X) X), can be used in atmospheres containing abrasive particles and atmospheres containing
halogen ions, for example in seaports.
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Considering that the AOS surface treatment of D16 X samples resulted in a significant increase in
corrosion resistance (Table 3), the surface of D16 (N+X) X samples was also treated with AOS for 12 hours.
As a result of surface oxidation, an increase in the hardness of the D16 (N+X) X coating to HV= 350 was
recorded, and the hardness under low loads increased by 1.47 times.

However, a significant increase in surface brittleness was also observed: under loads exceeding 50 grams,
cracks formed around the indentation zone. This fact prevents the use of this coating in cases of high loads,
but does not prevent its use in atmospheres containing abrasive particles, such as sand particles in the desert.

Corrosion resistance testing showed a significant reduction in the corrosion process of D16 alloy samples
coated with chromium nitride plus pure chromium, subjected to prolonged exposure to active forms of oxygen
(12 hours): samples D16_(N+X) X Ul2. A mass loss of 1.86% was recorded for the sample as a result of
exposure to the test solution during the control test. Before oxidation, there was a 2.49% loss in the surface
mass of the D16 (N+X) X samples (Table 3). That is, additional oxidation of the surface of the D16 (N+X) X
samples increased the corrosion resistance of the surface by 1.34 times (by 25%).

Visually, after the control time in the test solution, a small amount of fine pitting is present on the surface
of sample D16 _(N+X) X U12 (Figure 9, b). The colour of the sample surface has not changed, and no reddish
tint has appeared. Outside the corrosion pits, the microstructure of the surface of sample D16 (N+X) X UI2
did not change (Figure 10, b). The total area of corrosion damage on sample D16 _(N+X) X U12 is no more
than 12% of the total study area, which is 1.92 times less than the area of corrosion damage on the surface of
D16_(N+X) X. Compared to the surface of sample D16 _(N+X) X, the total area of affected areas on the
oxidized surface of sample D16 (N+X) X U12 decreased by 48%.

In summary, the following conclusions can be drawn:

1. As a result of treating the surface of D16 (N+X) X samples with air exposed to UV radiation, the
surface hardness increased from HV=236 to HV=350 (1.48 times).

2. The corrosion resistance of the surface of samples D16 (N+X) X as a result of AOS treatment
increased by 1.34 times. The total area of corrosion damage as a result of surface treatment decreased by 1.7
times.

4. Conclusions

In summary, the following conclusions can be drawn:

1. Films of chromium and chromium nitride deposited by cathodic sputtering onto the surface of a D16
alloy specimen form a smooth, uniform surface with good adhesion to the D16 alloy surface. These films are
free from cracks.

2. Spraying a layer of chromium onto the surface of alloy D16 significantly increases the corrosion
resistance of the surface (by 39%), but at the same time significantly reduces the hardness of the surface (by
46%). The D16_X coating cannot be used in conditions where there are abrasive particles in the space
surrounding the product. This D16_X, D16 X U2 coating is acceptable for use in sea fog conditions.

3. Spraying a layer of chromium nitride onto the surface of the D16 alloy greatly increases the surface
hardness — 4.3 times that of the D16 alloy surface.

At the same time, the corrosion resistance of the surface is significantly reduced (by 35%). Products with
a D16_(N+X) chromium nitride coating cannot be used in sea fog conditions, but can be used in sandy desert
conditions.

4. Treating the sputtered chromium nitride layer with air exposed to ultraviolet radiation significantly
increases hardness by 41% and corrosion resistance by 62% compared to the untreated chromium nitride layer.
These D16 _(N+X) U12 products are suitable for use in sea fog conditions and in the presence of abrasive
particles in the atmosphere.

5. It was found that in order to increase the hardness of the chrome-coated surface, it is necessary to place
a layer of a substance with very high hardness, for example, a layer of chromium nitride with a hardness of
HV=655, between the surface of the D16 alloy and the chrome layer. This will increase the hardness of the
surface layer of chrome by 3 times, from HV=80 to HV=236.

6. A layer of chrome sprayed over a layer of chromium nitride reduces the corrosion rate of the product
D16 (N+X) by 38%.

7. Treating the chrome layer applied to the surface of the chromium nitride with air exposed to UV
radiation increases the hardness of the top chrome layer by 32% to HV=350. Oxidation of the chrome surface
also increases the corrosion resistance of the chrome layer by 25%.
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8. In marine climates and in the presence of strong winds, it is recommended to use D16 (N+X) X U12
products made of D16 alloy, coated with a layer of chromium nitride, on top of which there is a layer of
additionally oxidized chromium.
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ANALYSIS OF AERODYNAMICS OF AN ASYMMETRIC DARRIEUS
WIND TURBINE WITH THREE-BLADES
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Abstract. This paper presents a comprehensive numerical investigation of the aerodynamic performance of a
three-bladed vertical-axis Darrieus wind turbine equipped with asymmetric airfoil blades, with the primary aim of
evaluating the influence of blade geometry on torque generation and overall aerodynamic efficiency. The study
focuses on a detailed analysis of rotor flow behavior, including the spatial distributions of velocity and pressure
fields, the formation and evolution of flow separation zones, and the development of a turbulent wake structure
downstream of the rotor over a wide range of operating conditions. Numerical simulations were carried out using
the Reynolds-Averaged Navier—Stokes equations coupled with the k—w SST turbulence model, which provides
reliable prediction of near-wall flow behavior, adverse pressure gradients, and unsteady aerodynamic effects
typical for vertical-axis wind turbines. The obtained results demonstrate that the asymmetric blade profiles interact
more effectively with the incoming airflow at moderate tip speed ratio values, leading to improved torque
characteristics and a noticeable reduction in negative torque regions. In particular, the maximum average torque
coefficient was observed at tip speed ratio values close to 2.5, where the aerodynamic performance of the rotor
reached its optimum due to balanced lift and drag forces acting on the blades. At higher tip speed ratio values,
despite the stabilization of the flow structure and reduction of large-scale vortical formations, a decrease in
aerodynamic efficiency was identified, and the findings of this study provide a scientific basis for optimizing blade
geometry and selecting efficient operating regimes in the design of Darrieus-type vertical-axis wind turbines with
asymmetric airfoils.

Keywords: Vertical-axis wind turbine; Darrieus rotor; asymmetric airfoil; aerodynamic performance; torque
coefficient; tip speed ratio.

1. Introduction

Increasing global warming and growing concerns about environmental degradation are prompting many
countries to reduce their dependence on fossil fuels and transition to clean energy sources. Wind energy holds
a special place among renewable energy sources due to its abundant reserves, inexhaustible nature, and low
environmental impact. Modern scientific research in this field demonstrates that wind energy has high potential
to complement or replace traditional energy sources. Wind turbines are the primary technical devices for the
efficient use of wind energy. A wind turbine is a complex engineering system designed to convert the kinetic
energy of atmospheric airflow into mechanical energy and then into electrical energy [1]. Its operating
principle is based on the coordinated control of aerodynamic forces and energy conversion processes, which
determines the overall efficiency and energy productivity of the system. Depending on their axis of rotation,
wind turbines can be divided into horizontal-axis wind turbines (HAWT) and vertical-axis wind turbines
(VAWT) [2]. Horizontal-axis wind turbines (HAWT) are currently the most widely used wind turbines in large



36 Eurasian Physical Technical Journal, 2026, 23, 2(56) Energy

wind farms due to their high efficiency [3]. However, vertical-axis wind turbines (VAWT) have distinct
advantages. They are particularly suitable for use in turbulent or urban environments. Vertical-axis wind
turbines (VAWTs) have not yet been fully studied [4]. This is mainly due to the fact that the aerodynamic
characteristics of vertical-axis wind turbines are more complex than those of horizontal-axis wind turbines.
However, VAWT offer unique advantages, including ease of design and maintenance [5], the ability to operate
in any wind direction without the need for expensive turning mechanisms [6], low noise levels, and suitability
for installation in urban areas [7, 8]. Recent recognition of the structural and aerodynamic advantages of
vertical-axis wind turbines has led to a revival of this trend and the need for extensive scientific research [9-
11]. One of the key elements determining the efficiency of the Darie wind turbine is the blade profile.
Symmetrical and asymmetrical profiles are used in design practice, each with its own advantages and
disadvantages. Symmetrical blades have identical upper and lower surfaces, while asymmetrical blades have
different upper and lower surfaces. Asymmetrical blades are more efficient than symmetrical ones in areas
with low and variable wind speeds due to their high starting torque and self-starting capability. Asymmetrical
blades have been extensively studied in recent years to improve the aerodynamic performance of vertical-axis
wind turbines and offer several significant advantages over symmetrical profiles. Therefore, another effective
solution for increasing the power of vertical-rotor wind turbines is the development of specialized airfoils for
such turbines, as they can significantly impact wind energy efficiency and the flow field around the blade [12].
Asymmetric airfoils, characterized by a curved shape, improve the aerodynamic performance of wind turbines
under various conditions. For example, [13] showed that by optimizing the angle of asymmetric blades,
performance at low wind speeds can be significantly improved.

The growing interest in asymmetric blades is explained by their ability to control complex flow processes.
Asymmetric geometry balances aecrodynamic loads during the positive and negative half-periods of the rotor,
preventing flow interruption or stall. At the same time, such modifications can improve the maximum power
factor (Cp) of the rotor not only at medium speeds but also in low- tip speed ratio (TSR) regimes. For example,
[14—15] demonstrated that an asymmetric blade profile not only improves self-starting performance compared
to a symmetric blade profile but also increases (Cp) by up to 26.83%. This makes vertical-axis wind turbines
suitable for regions with low wind speeds, thereby expanding their application range.

Asymmetric and modified blades for vertical-axis Darrieus wind turbines have been shown to improve
aerodynamic efficiency in low-TSR regimes [ 16—19]. Experimental and numerical analyses confirm that blade
geometry directly influences the formation of pressure, velocity, and torque fields. These results support the
relevance of in-depth numerical studies of asymmetric blades.

Thus, the literature review demonstrates that the use of asymmetric blades can significantly improve the
aerodynamic performance of vertical-axis Darrieus wind turbines.

2. Methodology

2.1 Model geometry

Figure 1 shows the geometric model of an asymmetric three-bladed Darrieus wind turbine. In this study,
the aerodynamic characteristics of an asymmetric three-bladed Darrieus vertical-axis wind turbine were
analyzed using numerical simulation methods. The primary objective of the study was to evaluate the impact
of asymmetric blade geometry on rotor performance and determine the aerodynamic efficiency under various
operating conditions.

Fig.1. Asymmetric three-bladed Darrieus wind turbine.
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The object of the study was an asymmetric configuration of a three-bladed Darrieus rotor. The blade
shape was achieved by modifying the aerodynamic profiles to improve the interaction of the rotor with the
wind flow at different phases. Table 1 shows the geometric parameters of the vertical-axis Darrieus turbine;
this data is taken from the article [20]. As shown in Figure 2, a rectangle and a cylinder were chosen as the
computational domain. We consider the rectangle as a stationary domain, and the cylinder as a moving domain.
This approach allowed us to accurately represent the flow around the rotor and the interaction of the airflow
with its blades. Table 2 shows the geometric parameters of the computational domain, taken from [20].

Table 1. Geometrical parameters of the vertical-axis Darrieus turbine.

Parameter Mean
Aerodynamic profile NACA 0021
Number of blades (N) 3
Chord length (C) 0,04 m
Rotor diameter (D) 3m
Relative density of the turbine (o) 0,3

0,00 500,00 1000,00 (cm)

2snnn 7%nnn

Fig.2. Computational domain of an asymmetric three-bladed Darrieus wind turbine.

Table 2. Geometric parameters of the computational domain for modeling the aerodynamics of an
asymmetric three-bladed Darrieus wind turbine.

Parameter Mean
Rotor diameter D
Moving domain diameter 1,5D
Distance from the rotor center to the left border 20D
Distance from the rotor center to the right border 40D
Distance from the rotor center to the upper and lower boundaries 10D

One way to improve the Darrieus rotor is to introduce controlled geometric asymmetry into the blade
configuration. Geometric modification improves the aerodynamic interaction of the blade with the airflow,
expands the range of operating angles of attack, and increases torque stability. This study proposes the design
of a three-bladed asymmetric Darrieus wind turbine, where the asymmetry is formed based on a combination
of NACAO0021 airfoils [21-24]. By trimming the main airfoil to a smaller airfoil, we obtain a modified
NACAO0021 blade, shown in Fig3.

This approach allows for the redistribution of loads along the arc of rotation, altering the blade's thickness,
surface area, and local aerodynamic curvature. This improves the lift-to-drag ratio, potentially increasing the
rotor's power factor. Furthermore, the proposed geometric design reduces vibration loads and torque
fluctuations, a crucial factor for low-power vertical-axis wind turbines.
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Fig.3. Asymmetrical blade NACA 0021

To provide a quantitative description of the blade geometry and to improve the reproducibility of the
numerical model, the coordinate data of the NACA 0021 profile were analyzed. The chord length in the
coordinate file is equal to 400 coordinate units and was scaled to the chord length used in the numerical model,
C = 0.04 m. The maximum profile thickness obtained from the coordinates is tmax/C = 0.2100, which
corresponds to the NACA 0021 airfoil. The maximum thickness is located at xt/C = 0.3014. The main
geometrical parameters extracted from the coordinate data are presented in Table 3.

Table 3. Geometrical parameters of the blade profile based on the coordinate data.

Parameter Symbol Value
Initial aerodynamic profile — NACA 0021
Chord length C 0.04 m
Chord length in coordinate data Ccoord 400
Maximum upper-surface ordinate ymax/C 0.1050
Maximum lower-surface ordinate ymin/C —0.1050
Maximum profile thickness tmax/C 0.2100
Maximum profile thickness tmax 0.0084 m
Position of maximum thickness xt/C 0.3014
Leading-edge coordinate x/C; y/C 0;0
Trailing-edge coordinate x/C; y/C 1;0
Trailing-edge thickness OTE/C 0
Number of coordinate points Np 201

2.2 Basic Equations

Dimensionless aerodynamic parameters such as the power coefficient (Cp), torque coefficient (Cm), lift
coefficient (Cl), and drag coefficient (Cd) are used to quantify the aerodynamic performance of a wind turbine.
These coefficients allow one to determine the turbine's energy efficiency and compare the obtained calculation
results. The actual power (P) extracted by the turbine from the flow is determined by the ratio of its theoretical
maximum power (P;), and the power coefficient is given by the following expression:

P
where p — air density (kg/m?®), A — rotor projection area (m?), and V — wind speed at the inlet (m/s).
The power generated by a turbine is determined by the product of torque (T) and angular velocity (®):

(1)

Cp=

P=T- w 2
Using this relationship, the power factor can be expressed in terms of torque characteristics:

T-w
l AV3
2P

)

Cp=
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The torque coefficient (Cm) is determined by the following formula:
T
Ch = Ty “
where R — rotor radius (m).
The relationship between Cp and Cm is defined as follows:

CP = CM <A (5)
R
where A= “’7 _ blade TSR.

The physical model of flow near a blade surface is based on the laws of conservation of mass, momentum,
and energy. For incompressible and isothermal airflow, these processes are described by the Navier-Stokes
equations:

V-u=0 (6)

Z—I:+(u~l7)u=—%l7p+v|72u+f (7)

where u — flow velocity vector, p — pressure, p — air density, v — kinematic viscosity, f — mass forces. Here, f
is the body force term. In this study, body forces were neglected due to their insignificant influence on the
considered incompressible and isothermal airflow; therefore, f = 0 was used in the numerical simulations.

Because direct numerical modeling (DNS) is computationally expensive for high-Reynolds number
flows, Reynolds-averaged Navier-Stokes (RANS) equations are used in engineering calculations. Averaging
leads to turbulent Reynolds stresses, so a turbulence model must be introduced to describe the system. The
averaged continuity equation is:

ou;
axi

=0 (3

The average momentum equation is:

ou 0 _ 108 00ty
at J dxj p 0x; ax]? oxj

©

where u; — average flow rate, 7;; = ulfu]'- — Reynolds tensor of turbulent stresses.

To fully capture the system, the k-@ SST turbulence model, widely used in engineering aerodynamics,
was chosen. This model allows for synergy with the k-¢ model in the free-flow zone while maintaining
accuracy in high-gradient regions. The model consists of two main auxiliary equations: the turbulent kinetic
energy (k) and the specific dissipation rate (®):

ey | Aewik) _ p e 9 Ok
oc tox, D B pwk + o, (W + opepr) o, (10)
0pw) | Apwj0) _ wp g2y 0 ) _ 19k 00

where p — density, k£ — turbulent kinetic energy, P — a source of turbulent energy caused by a change in velocity,
B* v, B — empirical constants, w — specific dissipation rate, u — dynamic viscosity, ¢ — turbulent viscosity, ox—
diffusion coefficient for k.

The system of governing equations (6)—(11) was solved using the finite volume method. A transient
pressure-based solver was applied to describe the unsteady aerodynamic interaction between the rotating
blades and the airflow. Pressure—velocity coupling was performed using the SIMPLE algorithm. The pressure
equation was discretized using a second-order scheme, while the convective terms in the momentum and
turbulence equations were approximated by a second-order upwind scheme. The transient terms were
discretized using a second-order implicit formulation. The gradients were calculated using the least-squares
cell-based method. The convergence criterion for the residuals of the governing equations was set to 1075, and
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the torque coefficient was additionally monitored until a periodic solution was obtained over several complete
rotor revolutions.

The computational domain consisted of an inner rotating cylindrical region and an outer stationary
rectangular region. The rotating region contained the three-bladed rotor, and its angular velocity was prescribed
according to the selected TSR value. The outer region remained stationary and represented the far-field flow
with specified inlet, outlet, and side boundary conditions. The RANS equations with the k—® SST turbulence
model were solved in both regions using the finite volume method. The interaction between the rotating and
stationary domains was implemented through a sliding mesh interface, where pressure, velocity, and
turbulence quantities were exchanged at each time step.

2.3 Mesh generation

In this study, a multi-layer hybrid mesh was used to accurately calculate the acrodynamic characteristics
of a wind turbine. The mesh structure is designed to accurately represent the boundary layer near the blade,
vortex shedding regions, and complex flow fields around the rotor. The images below illustrate the mesh
features in various regions.
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Fig.4. Mesh near the NACA0021 asymmetric blade

The mesh shown in Figure 4 is a multi-block hybrid structure designed to accurately discretize the flow
region near a blade airfoil. In the region close to the blade surface, prismatic elements with 15-25 layers are
used to accurately describe the boundary layer, ensuring the condition y*=1-5, while the mesh is significantly
denser to correctly account for sharp changes in pressure gradients at the leading and trailing edges. As the
distance from the blade increases, the element sizes gradually increase in accordance with geometric patterns,
improving the computational efficiency of the entire domain. While the structured regions of the mesh
accurately capture the complex geometry of the airfoil, the free-form elements in the outer regions do not
disrupt the natural flow distribution. Overall, this mesh enables highly accurate computation of turbulent flow—
especially vortex structures at the blade tip and separation zones at the rear.

The mesh configuration in Figure 5 is designed to discretize the entire flow domain of a vertical-axis
Darrieus wind turbine and accurately model aerodynamic phenomena around a rotor with complex geometry.
The three-dimensional mesh of the rectangular computational domain (left figure) is formed using mesh
densification near the rotor to accurately determine vortex structures, flow separation, and low-pressure zones
in the rotor region.

Fig.5. Grid of computational domains for an asymmetric three-bladed Darrieus wind turbine.
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In distant regions, element sizes gradually increase, reducing the overall computational load. In regions
close to the cylindrical rotor body located in the center, triangular-tetrahedral meshes ensure a natural flow
distribution along the complex geometry. The mesh of the three-bladed rotor, located within the cylindrical
region shown in the figure on the right, is based on a multi-block structured system. To accurately model the
boundary layer near each blade, concentric layers are formed in the radial direction, and the mesh is particularly
fine in the high-gradient regions near the blade tips. The cylindrical outer boundary ensures constant flow
conditions at the outlet and inlet, while maintaining the geometric consistency of the mesh. Overall, the mesh
quality enables highly accurate calculations of flow variations.

2.4 Grid and time-step independence analysis

To ensure the stability and reliability of the obtained numerical results, a convergence analysis of the
numerical solution was carried out during the CFD simulations. During the calculations, the residuals of the
governing equations were monitored, and the stabilization of the main aerodynamic parameters, including the
torque coefficient (Cm), was analyzed over several complete rotor revolutions. In addition, a grid independence
study was performed to evaluate the influence of mesh resolution on the calculated aerodynamic
characteristics.
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Fig.6. Mesh sensitivity analysis.

Three mesh levels, namely coarse, medium, and fine, were considered, as shown in Table 4. The
comparison was performed for the representative operating condition TSR = 2.5, where the rotor demonstrates
the highest positive torque coefficient and the maximum average useful torque. The average torque coefficient
and power coefficient were selected as the main convergence criteria.

Table 4. Grid convergence analysis

Mesh type | Number of elements Type of elements First layer thickness | y*
Coarse 486,325 Predominantly triangular elements 5x10*m 6.8
Medium 1,204,786 Hybrid mesh (quadrilateral + triangular elements) 10°m 0.85
Fine 2,148,532 Fine hybrid mesh with quadrilateral refinement 10°m 0.12

3. Results and discussion

As the rotor rotates, the blade's angle of attack constantly changes, which in turn directly affects the
pressure distribution and the formation of flow lines on the blade surface. While pressure contours indicate the
location of high and low pressure regions, flow lines visually describe the overall flow dynamics. The
configuration and location of these regions constantly change as the rotor rotates, so it is important to analyze
changes in the pressure field and flow structure at different rotation angles.

In this regard, the study comprehensively examined pressure changes and flow structure reorganization
at various rotor azimuthal positions. This analysis allows us to determine the characteristics of airflow-blade
interactions and assess the impact of the angle of attack on turbine aerodynamic performance. The results
obtained provide the basis for a deeper understanding of time-dependent flow behavior during rotor operation
and for analyzing the effectiveness of blade geometry.
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3.1 Pressure contour

Figure 7 shows the numerical results of the pressure distribution for a three-bladed Darrieus rotor with a
modified asymmetric profile. There are the static pressure contours for various TSR values for a three-blade
Darrieus rotor with an asymmetric profile. Atlow TSR values (1.5-2.0), high-pressure zones are clearly visible
on the leading edge of the blades, while low-pressure zones are visible on the trailing edge, indicating a high
aerodynamic load on the rotor. As the TSR value increases (2.5-3.0), the pressure field somewhat equalizes,
and the distribution of high- and low-pressure zones stabilizes. At high TSR values (3.5-5.0), the pressure

gradient decreases, and a uniform flow distribution around the rotor is observed, indicating stabilization of
aerodynamic interactions and a stable operating mode.
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Fig.7. Contours of static pressure around an asymmetric 3-blade Darrieus rotor at different values of TSR.

3.2 Turbulent wake contour

Figure 8 shows the turbulent wake contours for a three-blade Darrieus rotor with an asymmetric airfoil at
different TSR values. At low TSR values (1.5-2.0), distinct and irregular turbulent structures form behind the
rotor, and a high level of vorticity is observed. As the TSR value increases (2.5-3.0), the turbulent wake
lengthens, its structure becomes somewhat more regular, and energy losses are gradually distributed along the
flow. At high TSR values (3.5-5.0), the turbulent wake intensity decreases, and the vortex amplitude decreases,
indicating flow stabilization and improved rotor aerodynamic performance.

3.3 Change in torque coefficient at different TSR values per one complete revolution

Figure 9 shows a comparative dependence of the torque coefficient (Cm) on the azimuth angle (©) for a
three-bladed Darrieus rotor with an asymmetric profile at TSR = 1.5-5.0. These results clearly illustrate the
nature of the change in aerodynamic load and the differences in efficiency in different rotor operating modes.

At low and medium TSR values (TSR = 1.5-3.0), the Cm amplitude is significantly higher, and
oscillations are clearly visible. Especially at TSR = 2.5, the highest positive torque coefficient values are
recorded, and the influence of negative torque zones is weak. In this mode, the blade angle of attack is in the
aerodynamically favorable range, and lift is generated efficiently. As a result, the average useful torque
obtained from the rotor is maximum, characterizing the TSR = 2.5 mode as the most efficient operating zone.

Although positive Cm values predominate at TSR = 1.5 and TSR = 2.0, the presence of regions with
oscillation amplitude and negative torque indicates a more frequent occurrence of flow separation. This
situation reduces rotor stability and limits overall energy efficiency. In the high TSR region (TSR = 3.5-5.0),
the Cm curves flatten out, and the oscillation amplitude decreases significantly.
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Fig.8. Turbulent wake contours generated by an asymmetric 3-blade Darrieus rotor at different TSR values.
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Fig.9. Variation of the torque coefficient Cm for asymmetric blades at full rotation at different values of TSR.

However, this stability is accompanied by a decrease in the average torque coefficient. At TSR = 3.5, a
negative torque is observed in a certain azimuthal region (approximately 170-210°), indicating increased
inertial and aerodynamic losses. In TSR = 4.0-5.0 regimes, although the negative torque regions weaken, the
positive torque also remains low, which is explained by the inability of the blades to fully effectively extract

energy from the flow.

A general comparative analysis revealed that the most favorable combination of torque coefficient and
maximum average value is achieved in the TSR range of 2.5. This finding confirms the aerodynamic advantage
of asymmetric blades in medium TSR modes and the limited optimal operating range for Darrieus-type

vertical-axis wind turbines.
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3.4 Power factor versus TSR

Figure 10 shows a comparison of the power factor Cp as a function of TSR for an asymmetric 3-blade
wind turbine, where the experimental values are taken from the literature [25]. For the asymmetric blade (blue
line), the power factor increases as TSR increases from 1.5 to the range of 2.0-2.2, reaching its maximum
value around Cp = 0.24-0.25. This range is the most efficient operating mode of the turbine. As TSR further
increases (after 2.5), Cp gradually decreases. At TSR =~ 4-5, the power factor decreases significantly, indicating
an increase in aerodynamic losses. This phenomenon is explained by the flow disturbance in the blade,
increased turbulence, and inefficiency of the rotation mode.

According to experimental data (red line), Cp starts at low values and steadily increases with increasing
TSR. The maximum power factor is observed in the range of TSR = 3.2-3.5, reaching Cp =~ 0.28—0.29. This
value indicates that the efficient operating mode is achieved at increasingly higher TSR values than the
calculated maximum obtained for the asymmetric blade.
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Fig.10. Power factor Cp versus TSR for an asymmetric 3-blade wind turbine.

It should be noted that the comparison between the experimental and numerical results is qualitative rather
than a direct one-to-one validation, since the experimental data correspond to a turbine with a symmetric blade
profile, whereas the present CFD results were obtained for a modified asymmetric blade. The discrepancy in
the maximum Cp value and optimal TSR can be explained by differences in blade geometry, rotor scale,
Reynolds number, three-dimensional flow effects, end losses, support elements, mechanical losses, and
idealized CFD boundary conditions. Nevertheless, both curves show the same general trend: Cp increases with
TSR up to an optimal range and then decreases due to acrodynamic losses, wake development, and flow
separation. Therefore, the comparison confirms the physical consistency of the numerical results, while further
experimental validation of the proposed asymmetric blade geometry is required.

4. Conclusion

This study, using numerical simulations and experimental data, conducted a comprehensive analysis of
the aerodynamic and energy characteristics of a vertical-axis wind turbine with asymmetric blades. The results
showed that the power factor (Cp) depends on the total speed ratio (TSR) and that blade geometry plays a
decisive role in determining turbine efficiency.

An analysis of the power factor versus TSR curves showed that the highest efficiency of the asymmetric
blade is observed at low and medium TSR values (approximately TSR = 2.5). At this point, Cp reaches its
maximum value, demonstrating the turbine's ability to efficiently generate power even at low rotational speeds.
With further increases in TSR, Cp gradually decreases, which is associated with increased aerodynamic losses,
flow disturbance zones, and turbulence levels at high rotational speeds.

According to experimental data, the maximum power factor is observed at higher TSR values (TSR = 3—
3.5), and the maximum Cp value is higher than that of the asymmetric computational model. This indicates
the complexity of inertial effects, three-dimensional flow structures, and blade-flow interactions under real-
world conditions. At the same time, this difference highlights the need to refine the computational model and
the importance of adapting the turbine operating mode to real-world conditions.

An analysis of the flow velocity and pressure contours showed that the load is uniformly distributed
across the asymmetric blade, and in the effective TSR region, high-velocity flows continuously form on the
blade surface. In inefficient modes (at high TSR), the contours show an increase in turbulent zones, an increase
in vortices, and a decrease in the pressure difference, which directly contributes to a reduction in the power
factor. Overall, the obtained results demonstrate the effectiveness of a vertical wind turbine with asymmetric
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blades in areas with low wind speeds and low relative drag coefficients. This design makes it promising for
use in areas with light to moderate wind conditions. The study's findings can serve as a basis for optimizing
wind turbine blade geometry, increasing their energy efficiency, and further improving their aerodynamic
performance.
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Abstract. Effective mixing in anaerobic bioreactors plays a crucial role in ensuring uniform temperature and
substrate distribution, which directly affects the efficiency of organic matter degradation and biogas yield. This
study investigates the influence of mixing intensity and regime on gas transfer, heat transfer, and substrate
degradation during anaerobic digestion. Special attention was given to the experimental data obtained from the
pilot solar-powered biogas plant. The results demonstrated that intermittent mixing (e.g., 5 minutes per hour)
provided the same biogas yield as continuous mixing, but with substantially lower energy consumption. Continuous
mixing did not result in a significant increase in methane yield compared to intermittent operation, while it was
associated with markedly higher energy demand. In contrast, the absence of mixing impaired reactor
performance—the volume of gas produced decreased, and temperature stratification was observed, indicating
uneven heating of the medium and incomplete substrate degradation. In this work, international studies (2019—
2024), including experimental investigations and CFD models, were analyzed to assess the effects of mixing regimes
on decomposition kinetics, temperature uniformity, and methane yield, and to compare them with our results. For
quantitative evaluation, energy balance equations (e.g., the Lindorfer model) and stoichiometric formulas were
applied. The findings indicate that intermittent mixing is the optimal strategy, as it ensures a high degree of organic
matter degradation and biogas yield while requiring significantly less energy than continuous mixing.

Keywords: anaerobic digestion, mixing efficiency, gas and heat transfer, substrate degradation, biogas yield
1. Introduction

Anaerobic digestion (AD) is widely used worldwide for the treatment of organic waste and the production
of biogas [1]. Kazakhstan is currently paying increasing attention to the development of renewable energy
sources and carbon neutrality strategies. According to national energy policy, the share of renewable energy
in electricity generation is expected to increase significantly by 2030. In this context, biogas technologies are
considered a promising solution for the utilization of agricultural waste and renewable energy production [2].
By converting organic substrates into methane and carbon dioxide, AD reduces greenhouse gas emissions and
generates a renewable form of fuel [1,3]. In particular, CFD-based kinetic models of gas—liquid mixture
formation in anaerobic digesters typically integrate hydrodynamic simulation (Euler—Euler multiphase flow
with k—¢ turbulence closure) with biochemical reaction kinetics (ADM1-based substrate degradation and
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methane production models), allowing prediction of mixing efficiency and methane yield under different
operational regimes. The efficiency of AD systems is determined by both biochemical processes and physical
exchanges within the reactor [4,5]. In particular, mixing strongly influences gas transfer and heat transfer:
active agitation ensures uniform distribution of heat and substrate, whereas insufficient mixing leads to
temperature stratification and stagnant zones [3,5]. Approximately 44% of large-scale biogas plants report
sedimentation problems due to improper mixing [4]. A significant proportion of livestock in Kazakhstan is
concentrated in small-scale farms with relatively low numbers of cattle. Therefore, compact and energy-
efficient biogas plants with simple mixing systems are particularly important for decentralized agricultural
applications [6].

The analysis of energy costs for maintaining the optimal mixing mode of organic waste in the installation
allows us to conclude that the mixing method is most acceptable by means of multilevel reciprocating
movement of biomass. Most authors believe [7] that the mixed biomass in the reactor should have a limited
velocity (up to 0,5 m/s), since a high velocity of the substrate is unprofitable from a microbiological point of
view. In addition, although it leads to an increase in the intensity of heat transfer, it also increases the energy
consumption for mixing. It is easy to verify this by analyzing the known equations of heat transfer and
hydraulic resistances during turbulent fluid movement in a tube heat transfer [7].

N, =0,021R*® x P*#

gmpé + Z gﬂuoa)z
d 2 2

where Nu is the Nusselt number, Re is the Reynold's number, P, is the Prandtl number, AP is the hydraulic
resistance of the heat exchanger on the side of the given working medium,  is the speed of the working

(M

AP =

environment, p is the density of the medium, ! is the channel length, d is the channel diameter, § is the
coefficient of friction and ¥ & is the sum of the local resistance coefficient. From (1) and (2) are

A=Al @ 0,8, )
Ap=A2® 1,75, (4)

where Aland A2 are the coefficients of proportionality.

From the obtained ratios, it can be seen that a doubling of the flow velocity provides a 1.75-fold increase
in heat transfer, and in this case, the increase in hydraulic resistance occurs up to 3.4 times.

From the above considerations, it follows that the intensification of the process cannot be considered in
isolation from the energy costs involved. Mixing also affects substrate degradation, i.e., the efficiency of
organic solids breakdown. Sufficient mixing intensity enhances contact between fresh substrate and active
sludge (inoculum), thereby improving mass transfer of enzymes and nutrients, which accelerates hydrolysis
and subsequent degradation stages. In recent years, a considerable number of studies have been devoted to
optimizing mixing strategies in anaerobic digestion in order to improve its efficiency. Within the framework
of this study, a review was carried out covering scientific publications from 2019 to 2024, including both
experimental investigations and computational fluid dynamics (CFD) modeling of hydrodynamics in anaerobic
reactors. The CFD approaches considered in the reviewed studies are mainly based on multiphase Euler—Euler
flow modeling combined with the k—¢ turbulence model, often coupled with biochemical kinetic sub-models
such as ADM1 and first-order hydrolysis kinetics to describe gas—liquid mixing, mass transfer, and methane
formation processes. Li et al. (2022) emphasized that mixing “significantly influences methane production in
AD” and concluded that periodic mixing is preferable for maximizing biogas yield [8].

Singh et al. (2022) noted that mixing improves substrate—microbe contact and enhances thermal
homogeneity, thereby reducing volatile fatty acid (VFA) concentrations and increasing organic removal
efficiency [4]. Conversely, mechanical agitation may cause microbial floc disruption and suppression of
syntrophic bacteria, as observed in several experiments [4]. Indeed, excessively high mixing intensity can
increase the availability of soluble substrates but may also disrupt biomass structure, sometimes resulting in a
reduction of overall methane yield [4]. Most studies indicate that intermittent mixing often provides the best



Eurasian Physical Technical Journal, 2026, 23, 2(56) ISSN 1811-1165; e-ISSN 2413-2179 49

balance. For instance, Kowalczyk et al. (2013) demonstrated that reducing daily mixing time from 7 hours to
2 hours resulted in 12-29% energy savings without compromising methane yield [9].

For example, Bose et al. (2021) added granular activated carbon into a CSTR and reported that the
methane yield in the non-mixed case reached 318 mL CH4/g COD (chemical oxygen demand), compared to
~290 mL/g in mixed conditions [10]. This suggests that specific factors such as substrate type, additives, and
reactor design can modify the impact of mixing on microbial performance.

The literature also highlights the physical consequences of mixing. Mixing enhances mass transfer by
reducing boundary layers around biomass and redistributing the substrate [5]. Hu et al. (2021) visualized
mixing using LIF and PIV techniques and showed that poor mixing leads to substrate accumulation zones and
dead zones in reactors with high solid content [11]. Mixing also contributes to temperature homogenization:
in unmixed reactors, thermal stratification due to buoyancy often occurs [3], potentially creating “cold zones”
that slow hydrolysis. El Ibrahimi et al. (2021) measured unmixed reactors and found significant vertical
temperature gradients. Their CFD simulations indicated that double-wall heating could eliminate this effect,
linking thermal homogeneity directly to methane yield [3]. These findings underline that the role of mixing in
heat transfer is as crucial as in mass transfer [3,5]. Experimental data and mathematical modeling are used for
quantitative assessment. For example, Lindorfer (2007) developed a dynamic model of the energy balance of
a bioreactor, in which the net power output is expressed by the equation [12]:

dPp,
dr;et = Pprod,e - (Ploss,pump + Ploss,stir + Ploss,rad + Ploss,sub) + Ploss,term + Ploss,mic (5)
where Pyroge = Q¢ * Pcna " HC *Me and Pprog therm = Q¢ * Pcna *HC -1y — electric and thermal power

outputs of biogas, Ploss i.rms and others — the cost of pumping, mixing, heating the substrate, radiation, etc.

Using such formulas, it is possible to estimate the yield of clean energy under various mixing modes. For
substrate decomposition, classical stoichiometry (Buswell's equation) predicts the yields of Cha/co. from the
composition of C:H:O:N [13], and kinetic models (for example, first-order or ADM1) describe the rate
constants. In practice, mixing affects both the effective rate of decomposition (preventing deposition of the
substrate) [4,5] and the proportion of the substrate converted to gas (by reducing pH or inhibiting PLA [4]).
Thus, world practice shows that the mixing mode has a profound effect on the productivity of the AD.
Continuous mixing ensures uniformity, but requires a lot of energy [4,12]. Intermittent mixing has become the
optimal option [4,8]. The absence of mixing minimizes energy consumption, but creates a risk of stratification
and reduced conversion [3,4].

This study investigates the effect of three mixing regimes (continuous, intermittent, and no mixing) on
the performance of AD. Using experimental data from a biogas plant, we evaluate how each regime influences
heat and mass transfer, substrate degradation rate, and methane yield. These results are compared with an
extensive literature review covering international studies from 2019-2024, including experimental research
[5,8]. Quantitative models are also applied, such as the energy balance equation, to interpret the obtained
results [12]. The main objective is to determine the optimal mixing regime in anaerobic bioreactors that ensures
maximum methane productivity while minimizing energy consumption for mixing and maintaining thermal
stability.

2. Materials and methods
2.1. Materials

The object of the study was the operating regimes of anaerobic digestion (no mixing, intermittent mixing,
and continuous mixing) evaluated in a solar-assisted biogas reactor under mesophilic conditions.

The experimental system consisted of a solar-assisted vertical biogas reactor designed for anaerobic
digestion of cattle manure. The reactor had a cylindrical body with a conical bottom and was equipped with a
water jacket connected to a solar thermal collector to maintain stable operating temperatures. A two-blade
mechanical stirrer was installed inside the reactor to provide controlled mixing of the substrate. The digester
was mounted on a supporting frame to ensure structural stability during operation [14,15]. The main research
object was the determination of the optimal mixing regime that maximizes methane production while
minimizing energy consumption in a solar-assisted biogas reactor.

The substrate used in the experiments was a mixture of cattle manure and water with an initial carbon-to-
nitrogen ratio (C/N) of approximately 25 and a total solids (TS) content of about 8%. The reactor was operated
under mesophilic conditions at a target temperature of 37 = 1 °C.



50 Eurasian Physical Technical Journal, 2026, 23, 2(56) Engineering

The operational parameters were maintained as follows:

— Organic Loading Rate (OLR): 2 kg VS m=d™;

— Hydraulic Retention Time (HRT): 20 days;

— Daily substrate feeding;

— Reactor operation under stable mesophilic conditions.

Three mixing regimes were investigated:

1. No mixing (NM): the stirrer remained switched off during the entire digestion process.

2. Intermittent mixing (IM): the stirrer operated for 5 min every hour (5 min h™).

3. Continuous mixing (CM): the stirrer operated continuously at 60 rpm throughout the day.

The comparison of these operating modes enabled the evaluation of their influence on heat transfer, gas
transfer, substrate degradation, methane production, and overall energy efficiency.

Figure 1 shows the external appearance of the digester, equipped with a solar heating system using support
frame. The configuration of this biogas plant includes a water jacket and a two-blade mechanical stirrer.

Fig.1. Experimental solar-assisted vertical biogas plant/

2.2 Research methods

The reactor performance was monitored using calibrated measuring instruments to ensure reliable and
repeatable experimental results.

The following parameters were measured during the experiments:

— Temperature: digital immersion thermometers with an accuracy of +0.5 °C installed at the middle
section of the reactor. Measurements were recorded every 2 h.

— pH: determined using colorimetric indicator strips and periodically verified by a portable
electrochemical pH meter equipped with automatic temperature compensation. Measurements were performed
every 4 h.

— Biogas composition (CH4 and CO2): measured using a portable nondispersive infrared (NDIR) gas
analyzer with a measurement range of 0—100% and an accuracy of +1%.

— Pressure: measured using a diaphragm pressure gauge (0-200 kPa, accuracy +£0.25%).

— Biogas volume: continuously recorded using a wet-type diaphragm gas meter with an accuracy of
+1%.

— Substrate level: monitored by an ultrasonic distance sensor mounted at the top of the reactor.

Digestate samples were periodically collected from the upper, middle, and lower sections of the reactor
for laboratory analysis.

The determination of volatile solids (VS), chemical oxygen demand (COD), and volatile fatty acids
(VFA) was carried out according to internationally recognized analytical procedures. COD analysis was
performed following APHA Standard Methods for the Examination of Water and Wastewater. The
determination of bio-based carbon content was conducted in accordance with EN 16640:2017 “Bio-based
products — Bio-based carbon content — Determination of the bio-based carbon content using the radiocarbon



Eurasian Physical Technical Journal, 2026, 23, 2(56) ISSN 1811-1165; e-ISSN 2413-2179 51

method”. Methane concentration was determined by gas chromatography. The obtained experimental data
were used to evaluate substrate degradation, methane productivity, and reactor energy efficiency.

2.3. Analytical Calculations
The chemical oxygen demand (COD) was calculated as:

coD = —(A‘B);V'g""", mg/L (6)

where A is the volume of titrant in the blank experiment (ml), B is the volume in the sample (ml), N is
normality, and V is the volume of the sample (ml).
The concentration of volatile fatty acids (VFA) was calculated using:

_ Vnaon'N'60-1000

VFA , mg/L 7)

Vsample

where Vion is the volume of NaOH (ml), N is normality, 60 is m.m.CH3COOH, Vsamplc is the volume of the
sample (ml).
The removal coefficient (%) was calculated from incoming and outgoing solid particles:

VSremoval = s x 100% ®)

where VS;,, is VS in the input substratum, VSout is in the digest.
The methane yield was expressed in terms of g of consumed methane and m? of reactor volume.

VCH4.

)

Y, =—3
CHLVS
4 MysSdestroyed

where V¢y, is the volume of methane, mysgestroyea-is the mass of destroyed VS, g.

VCH4.

YCH4vol = (10)

Vreactor

where V¢, is the volume of methane, Vieacior 18 the volume of the reactor (m?%).

2.4. Energy Balance Analysis

prod
elect

prod

The Lindorfer model was used: electric energy P therm

calculated using the formula [11]:

and thermal energy P from biogas were

d _
Petece = Q6" Por, " Hengee, (WWhA™) (11)
d _

Pherm = Q6" Per,  Henpep (KWhA™) (12)
where Qg is the biogas production (m*d), Pcu4 is the methane content (%), Hc is the calorific value of methane
(kWh Nm™), nele«t is the electrical degree of efficiency (-) and Muerm is the thermal degree of efficiency (-) [11].

Stirrer losses according to the equation:

Py2i = Vig - Sts (kWhd ™) (13)
where Vi is the liquid volume (m?), S is the specific power of the stirrer (kWm™ ) and t; is the time for

stirring (hd™).
Pump losses according to the equation:
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— L (kWhd™Y) (14)

P%ﬁfr%p - Qin . Hpgtp Necc_warm
where Qi is the inflow rate (kgs™), H is the conveyor height (m), p is the density of the pumped media
(kgm?), g is the acceleration of gravity (ms), tp is the time for pumping (hd™") and necc warmis the degree of
efficiency (-)

Radiation losses according to the equation:

24
1000

2 —
Pg"(:zsds = Kheat_trans[(Tliq - Tambient)Vliq + (Tgas - Tambient) X (Vtot - Vliq)] ; (kth 1) (15)
where Kheat ans is the heat transfer coefficient (Whmh! K™!), T is the temperature of the substrate within the
digester (K), Tambient is the ambient temperature, Vi is the liquid volume (m?), T is the gas temperature (K),
Vet is the total digester volume (m?) and r is the radius of the digester (m).
Heat transfer losses according to the equation:

1 —
Pé%slf_heat = QinC(Tdigester - Tsubstrate) 3_,6 (kth 1) (16)

where Qi is the reactor inflow (m3d?), ¢ is the heat capacity of the substrate (kjkg'K™), Tgigester is the
temperature of the digester (K) and Tsubsiate 1S the temperature of the stored substrate (K).

The calculated energy indicators were used to compare the effectiveness of the investigated mixing
regimes and to determine the optimal operating mode for methane production and energy utilization. In
addition to experimental analysis, CFD-informed kinetic interpretation was used, where multiphase flow
behavior and substrate conversion were analyzed using Euler—Euler hydrodynamic assumptions coupled with
ADM1-based biochemical kinetics.

3. Results and discussion

The experiments revealed clear trends in the production of biogas and methane in three modes. Table 1
contains average data on biogas production, methane content, VS removal, and mixing costs for each regime.

Table 1. AD productivity in an experimental biogas plant under various mixing modes (OLR = 2 kg/m?-day, 37°C,
HRT = 20 days).

Mixing model Biogas production CHa (%) Removing VS (%) Mixing energy
(1 m*-/day) (kWh/day)
Without stirrer 0.65 58 48 0.00
Intermittent (5 min/h) 0.78 61 53 1.5
Continuous (60 rpm) 0.75 60 56 4.8

Figure 2 presents the effect of different mixing regimes on anaerobic digestion performance. Figure 2(a)
illustrates methane yield and VS removal efficiency under no-mixing, intermittent, and continuous mixing
conditions, while Figure 2(b) shows the corresponding temperature gradients within the reactor. The results
indicate that intermittent mixing achieved the highest methane concentration (61% CHa), slightly exceeding
that of continuous mixing (60%). Continuous stirring provided the greatest VS removal efficiency,
approximately 5% higher than that observed in the non-mixed reactor. However, continuous mixing required
about three times more energy (4.8 versus 1.5 kWh per day) than intermittent mixing. In contrast, the reactor
without stirring consumed no mechanical energy, but its methane production was about 15% lower than in the
intermittent stirring mode, which is consistent with reports that the absence of stirring reduces the overall gas
output [4]. It is noteworthy that the pH and VFA values indicate a slight accumulation of VFA in the static
reactor, while the content of acetate and propionate remains at the lowest level during periodic stirring. These
trends are consistent with previous findings that periodic stirring stabilizes the chemical composition of the
reactor more effectively than without stirring [4].
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Fig.2. Effect of mixing regimes on anaerobic digestion performance: (a) methane yield and VS removal efficiency;
(b) temperature gradient inside the reactor.

The results demonstrate a trade-off between mixing regimes. Continuous mixing ensured the most
uniform substrate distribution and enhanced degradation (see Table 2), as predicted by mixing models [12]. It
prevented solid settling and increased organic matter conversion; however, the associated energy demand was
very high [4,12]. Intermittent mixing achieved nearly the same level of VS removal with considerably lower
energy consumption. This is consistent with the literature: Singh et al. and others reported that short mixing
pulses provide almost the same gas yield as continuous mixing, while using electricity more efficiently [4]. In
our experiments, a 5 min/h pulse proved effective, although the optimal intervals may vary for other scales
and substrates. From a mechanistic perspective, intermittent mixing combines several advantages: short bursts
distribute fresh substrate, while pauses allow microbes to operate without strong shear stress. This typically
promotes acetolactic methanogens and prevents the accumulation of volatile fatty acids (VFAs) [4]. In our
reactor, VFA concentrations stabilized at lower levels under the intermittent regime. As noted by Caillet et al.,
improved mixing enhances the mass transfer coefficient and eliminates thermal gradients [5].

The energy balance highlights the advantages of the intermittent regime: according to the Lindorfer model
[12], continuous mixing requires ~0.14 kWh/m?3-d solely for the agitator, whereas intermittent mixing needs
only ~0.04. At the same time, the thermal and electrical energy recovered from biogas (=6.5 kWh/m?3-d) shows
a smaller reduction under intermittent operation. The resulting net power (~6.3 kWh/m?-d) was higher than
under continuous mixing (~6.1). This is consistent with the findings of El Ibrahimi et al. (2025), who reported
that combining mixing with heating can reduce energy consumption by more than 75% [16]. Our results also
support the observations of Kowalczyk et al., who reported a 29% reduction in energy demand when mixing
time was shortened, as well as the conclusion of Semen et al. that longer pauses lead to higher yields.

It should be noted that the specific methane yield (per g VS) was the lowest in the non-stirred reactor,
which is consistent with the reports of Bose et al. on efficiency losses in the absence of mechanical agitation
[4]. Nevertheless, some self-induced convective flows still occurred without a stirrer. Our measurements
revealed a vertical temperature gradient of ~3 °C, confirming the CFD modeling of El Ibrahimi, which showed
stratification in the absence of mixing [3]. This likely slowed down hydrolysis in the cooler upper zone, further
highlighting the benefits of short mixing periods in ensuring uniform heating and mixing.

An additional comparative analysis was conducted between the experimental results and the predictions
of mathematical models based on differential equations (Table 3, Fig. 3), as reported in the studies of Li et al.
[8], Singh et al. [4], El Ibrahimi et al. [3], Lindorfer [12], and other researchers.

Table 3. Data from mathematical models based on differential equations

Mixing model CHa4 (%) | Removing VS (%) | Temperature gradient (°C) | Clean energy (kWh/m? day)
Without stirrer 57 47 32 5,4
Intermittent(5 min/h) 62 52 0,4 6,35
Continuous (60 rpm) 60 55 0,1 6,05
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Figure 3 presents a comparison between the obtained experimental data and the model predictions. Figure
3(a) shows the methane concentration (CHa, %), Figure 3(b) presents the volatile solids removal efficiency
(VS removal, %), Figure 3(c) illustrates the temperature gradient within the reactor (°C), and Figure 3(d)
depicts the net energy production (kWh m™ day™).
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Fig.3. Comparison between experimental data and model predictions: (a) methane concentration, CHa (%);
(b) volatile solids removal, VS (%); (c) temperature gradient (°C); (d) net energy production (kWh m™ day™).

m Experimental Model prediction

The following computational models were used:

— a first-order kinetic model for hydrolysis;

— the structured ADM1 model describing the dynamics of VFAs, pH, and methanogenesis;

— the Lindorfer energy model accounting for power balance.

Thus, both experimental data and literature sources converge on the conclusion that an intermediate
regime between the extremes is optimal [4,12]. Continuous mixing does not provide a significant gain in yield
compared to intermittent operation but consumes considerable energy. The complete absence of mixing saves
energy but reduces biogas yield and causes stratification. Intermittent mixing enables nearly maximal yield at
substantially lower costs [4]. Our data show that short mixing pulses are sufficient to sustain microbial activity
and prevent inhibition (with VFAs remaining at low levels). In line with global studies, we recommend
periodic mixing (e.g., 5—15 min every 14 h) at moderate speed to break the surface crust and keep particles
in suspension without creating excessive shear stress [4,8].

4. Conclusion

The study clearly demonstrates that the mixing regime has a profound impact on the efficiency of
anaerobic digestion. Based on experiments and an extensive literature review, we conclude that intermittent
mixing is the optimal strategy, as it maintains high methane yield and degradation efficiency at substantially
lower energy costs than continuous mixing. In particular, short mixing pulses (5—-10 min every 1-2 h) resulted
in nearly the same biogas yield as continuous mixing but required three times less electricity, consistent with
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the findings of other authors. Continuous mixing did not improve yield compared to intermittent operation but
significantly increased energy demand. The non-mixed regime provided the lowest yield and showed
temperature stratification, although it required minimal energy input.

Therefore, the analysis of energy expenditures in anaerobic digestion systems indicates that efforts to
reduce the overall energy intensity should primarily focus on heat recovery from digested organic residues and
on the optimization of biomass mixing within bioreactors. Considering the intensive treatment of biomass
under thermophilic conditions, the application of high-efficiency heat exchangers appears most appropriate.
Furthermore, the selected equipment must comply with the operational requirements of systems handling non-
Newtonian fluids, a characteristic property of biomass.

In practice, it is recommended to design AD plants with programmable intermittent mixing. For instance,
mixer operation can be synchronized with heating periods. The reactor geometry (height-to-diameter ratio)
should promote natural circulation during idle phases. Operators should monitor biogas yield and temperature
profiles to detect potential stratification. These recommendations are consistent with global trends in
optimizing the energy efficiency of AD systems.

In the future, it will be reasonable to refine CFD-kinetic models for specific operating conditions and
substrates. Overall, the experimental results combined with the analysis of international studies demonstrate
that intermittent mixing is the optimal regime for anaerobic bioreactors. It ensures effective heat and mass
transfer, a high degree of substrate degradation, and maximum biogas yield at minimal energy input.
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MODELING OUTPUT PERFORMANCE OF BIFACIAL SOLAR CELLS
BASED ON SINGLE DIODE MODEL
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Abstract. Bifacial photovoltaic cells represent a promising solution for increasing the energy efficiency of
solar modules by utilizing the rear surface. In this study, the bifacial solar cell was modeled based on the single-
diode model. Current-voltage (I-V) and power-voltage (P-V) characteristics were constructed for various bifacial
factor values, allowing us to consider both typical operating conditions and configurations with increased
reflectivity of the rear surface. Calculations showed that a 36-cell module provides a 3.5% increase in efficiency
compared to a monofacial module. The annual energy output of the bifacial module was 910 Wh versus 517 Wh for
the monofacial module, representing a 76% increase. Daily and monthly energy production profiles confirmed the
significant contribution of the rear side and the consideration of seasonal fluctuations in solar radiation. These
results demonstrate the high potential of bifacial modules to improve power generation and overall energy efficiency
of photovoltaic systems.

Keywords: Bifacial photovoltaic cells, Monofacial photovoltaic cells, Single-diode model, Bifacial factor, Bifacial
energy effect.

1. Introduction

With the increasing demand for renewable energy sources, the cost-effective and efficient fabrication of
photovoltaic (PV) cells has been developing in recent decades. One of the most promising technologies in the
PV field in recent years is bifacial solar cells (BSC). Bifacial solar cells are already accounting for a significant
portion of the PV market and demand for these cells is increasing. Solar cell manufacturers such as Panasonic,
Prism Solar, LG, Solar World, Centrotherm are increasing their share of BSC production.

BSC panels have been produced and experimentally investigated since the 1980s and they were found to
be able to generate up to 50% more energy than flat monofacial solar cells (MSCs) [1]. Currently, new BSC
technologies such as PERC, PERT, and HIT are rapidly developing, and the price of such solar cells is
becoming cheaper every year. The use of BSC technology reduces the levelized cost of energy (LCOE),
because it collects light from both sides and expands the energy yield. Accordingly, costs such as land, cabling,
and installation structure are reduced than MSCs [2]. That is, BSC modules capture sunlight from both the
front and rear sides, thereby increasing the output power. This advantage not only increases energy efficiency,
but also reduces the area occupied by the module, thereby increasing the power density. MSC albedo radiation
utilization does not exceed 2%, while BSC has a much higher figure. Thus, this system is also more economical
as the presence of both front and rear sides allows for a greater amount of electricity to be captured from the
same area than MSC [3].
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The disadvantage of BSC over MSC is its higher cost because the material is bifacial and requires more
expenses. However, the advantage of BSC is that the warping effect is reduced due to the small difference in
the thermal expansion coefficients of silicon and aluminum, and this reduces electrical losses. BSC also has a
lower operating temperature and a better temperature coefficient [4].

Vertically mounted BSCs have higher yields at noon because they receive light from both sides. Another
advantage of this configuration is that snow and dust do not accumulate on the surface of the solar cell, which
reduces soiling. Currently, issues such as optimal installation of BSCs, installation at a certain angle or on sun
trackers are being addressed. In the work [5], three configurations of south-facing monofacial, south-facing
tilted bifacial, and ground-sculpted vertical bifacial modules were compared, and the south-facing tilted
bifacial configuration was 73.3% better than the vertically mounted bifacial panel. And the south-facing tilted
BSCs yield 21.3% better than the south-facing tilted MSC.

To extract maximum energy from BSCs panels, the problem is to maximize the light incident on both
sides. One solution to this problem is to study the bifacial irradiance using a BSC model. For this, a precise
model of BSCs is required. A precise model of BSCs also solves the problem of predicting its output energy
under different environmental conditions [6]. Since the element has two sides, the illumination incident on it
varies nonlinearly depending on the efficiency of the front and rear solar cells. Therefore, it is important to
accurately characterize the total BSC current-voltage (I-V) and its parameters, taking into account the received
irradiance of both sides [7]. The electrical characteristics of BSCs are more complex than those of MSCs, and
traditional models may not fully describe the bifacial properties of the solar cell.

Typically, two methods are used to describe the electrical characteristics of BSCs: the single-diode model
and the double-diode model [8]. The single-diode model is simple and easy to use, has low computational cost,
and consists of five parameters. However, it cannot fully describe the recombination under low illumination
and different temperatures [9]. For this reason, the double-diode model is used and consists of seven
parameters. Although the double-diode model can describe solar cells more accurately, it is considered more
complex, especially for BSC cells, because the two-sided asymmetric irradiance distribution makes the model
even more complicated. In the work [10], a method for characterizing the electrical characteristics of BSCs
was proposed, and this method was based on the standard MSC model of BSCs. By studying the two sides of
the solar cell separately, new bifacial parameters of BPV, such as short-circuit current, open-circuit voltage,
fill factor and efficiency, were introduced for the one-diode model of PV. Thus, the BSC characteristics for
different illumination conditions were compared with the experimental results and found a deviation of 1%. In
addition, many works have tried to describe the BSC more precisely. For example, in the work [11], a dataset-
based five-parameter analytical model of the MSC was developed based on the single-diode model, and it was
tested with commercial panels under different irradiance and temperature conditions, and it showed good
performance.

In the study [12], the generalized MSC model for BSC was able to describe the effect of the back side of
the solar cell by adding an additional parameter. The next work [13] described the BSC using a single double-
diode model by including alpha and beta parameters. Here, o refers to the error and precision of the
measurements, and 3 is a parameter that describes the interaction of the illumination of the rear and front parts.
The authors of [14] proposed a method for characterizing BSC and tested their model under standard test
conditions (STC). The proposed model considers the radiation from the rear and front surfaces simultaneously,
rather than separately. Two new parameters are introduced: the bifacial effective efficiency and the gain-
efficiency product. The article [15] is also based on the single-diode model, but they consider each parameter
as a function of the individual side’s parameter. The next study [16] proposed a method for reducing the error
of the single-diode model for BSC by accurately determining the saturation current. The work [12] also
proposes a new parameter to adjust the series resistance of BSC using traditional MSC and compared with
conventional single-diode and double-diode models, the proposed method can provide an accurate model for
the whole operating range of BSC. Another work [17] also models the BSC using a single-diode model and
describes the series resistance and shunt resistance values using two physical equations. The study [18]
evaluated the performance of the BSC using the single-side illumination method instead of double-side
illumination and showed that the short-circuit current and the open-circuit voltage parameters were not
significantly different from those when double-side illumination was considered. Most of the parameter
extraction methods are based on numerical optimization and provide limited insight into the mathematical role
and sensitivity, so the work [19] proposed a new method that combines analytical formulation, hybrid
optimization, and parametric sensitivity analysis and does not require single-diode modification. As a result,
the model was tested for different environments and showed an error of 1.1%. Obtaining an accurate model of
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BSC and extracting its parameters is very important and fundamental. The work [20] demonstrated a method
for estimating the output power of vertically mounted bifacial solar panels using an optical and electrical
model.

Thus, an accurate BSC description allows for a more accurate prediction of the energy production of the
panel under different environmental conditions. This plays an important role in assessing the panel
performance in advance when installing BSC panels in different locations. This is because the data in the
datasheets of bifacial solar panels is often measured under standard test conditions (STC) and is not sufficient
for accurate analysis and planning of the installation, since it is exposed to different environmental conditions
in real-world applications. An accurate model of the panel can not only increase the efficiency of its installation
but also reduce economic costs. In addition, a model that describes its operation is also needed to obtain the
maximum output power from the panel during operation [21].

Many works proposed methods to accurately describe the BSC behavior and the problem of improving
these models and using them correctly in energy forecasting is still a problem [12, 22]. Many works have
validated their models with experimental results or performed simulations, but there is still a lack of work that
has performed an in-depth analysis of the IV curve. In-depth analysis of the IV curve and each parameter is
needed. In particular, since the combination of the rear-side irradiance and the front-side irradiance increases
the nonlinearity of the BSC, it is important to accurately describe the bifacial illumination. In real-world
conditions, part of the other side of the BSC may be shaded and the nonlinearity of the model increases. At
this point, simple single-diode and double-diode models reduce accuracy. Therefore, the nonlinearity
characteristics of the BSC should be considered and the different combinations of the front- and rear-side
illuminations should be considered when performing their models.

In this paper, a method for obtaining a bifacial silicon solar cell model, taking into account the two-sided
illumination parameter, is presented using a five-parameter single-diode equivalent model. The output power
of the bifacial solar module at different coefficients x is determined. The obtained bifacial solar module output
power is compared with that of the monofacial solar module. As a result of the proposed modeling, it is found
that the bifacial solar module produces more energy in the same area than the monofacial solar module.

2. Methodology

In this study, a single-diode equivalent model, which is widely used to analyze the current-voltage
characteristics of solar cells, is used to describe the electrical characteristics of a bifacial silicon solar cell. This
model accounts for the key physical processes that determine cell operation, including photogeneration of
charge carriers, recombination losses, and the influence of internal resistances:

I = Lp—1 [exp (q(?T};SI)) - 1] - %, (D

where I denotes the output current of the solar cell, V is the terminal voltage, k represents the Boltzmann
constant, and T is the absolute temperature.

The five-parameter solar cell model is formulated based on the open-circuit voltage V. , the voltage at
the maximum power point V,;, , the short-circuit current Is. , and the current at the maximum power point
Lpp. These parameters are either specified by the manufacturer or obtained through experimental

measurements. The remaining solar cell model parameters are subsequently evaluated using Equations (2)-(6)
[23].

Iy = (ISC - Zﬁ) exp (— %) (2)
Lo = Ise (1 + RR—h) + 1, [exp (1 + q:lT:) - 1] 3)
Ry = Ry — | exp (- 4¢)| @)
o o ©)
n = m+ImppRoc—Voc (6)

[ln(lsc—lmpp)_ln(lsc)]VT ’

where Rg. and R, denote the short-circuit and open-circuit resistances, respectively.
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The parameters Is. and V¢ correspond to the short-circuit current and open-circuit voltage, while Iy,
and V,,, represent the current and voltage at the maximum power point. The thermal voltage is defined as Vi =
kT, where k is the Boltzmann constant and T is the absolute temperature. Below is the equivalent circuit
diagram of a bifacial solar cell, in which the total output current is defined as the algebraic sum of the currents
generated by the front and rear sides of the cell [24]. This model allows for the contribution of radiation incident
on both sides of the cell, as well as the influence of internal electrical parameters described within the single-
diode approximation (Figure 1).

Front face LTI [+1,

Rear face R.x L

wx%w

Fig.1. Equivalent circuit for a bifacial solar cell.

When determining the energy performance of bifacial photovoltaic cells, it's important to consider the
characteristics of incident solar radiation, as the output power is directly determined by the irradiance of the
active surface. Unlike monofacial photovoltaic cells, bifacial cells receive solar radiation from both the front
and rear sides (Figure 2).

Bifacial solar panel

Diffuse

Diff .
S~ Reflection

Reflection

Fig. 2. Bifacial solar panel.

To quantify the contribution of insolation from the rear side, a dimensionless coefficient x is introduced,
called the bifacial impact factor. This coefficient is defined as the ratio of the radiation incident on the rear
surface of the cell to the radiation incident on its front surface:
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(7

Gr
Gr

X =

where Gy is the solar radiation falling on the front side of the module (W/m?), G- is the solar radiation arriving
on the rear side (W/m?) [14].

The value of the coefficient x is determined depending on the reflectivity of the lower surface, the
installation geometry and the operating conditions. This allows one to determine the energy of a bifacial solar
cell taking into account the additional contribution of radiation from the rear side. Typically, the x-factor ranges
from 0.05 to 0.5 for simple practical installations and can reach 0.8 in optimized or experimental configurations
with surrounding highly reflective surfaces [25].

The efficiency of converting solar energy into electrical energy is characterized by the efficiency factor,
which is defined as the ratio of the maximum output electrical power of a photovoltaic cell to the total power
of solar radiation incident on it. For a bifacial solar cell, the efficiency is written as:

Pmax
= AGF+Gy)’ )

where A is the active area of the bifacial solar cell (m?), By,4 is the maximum output electrical power of the
solar cell (W).

The active area is determined by the geometric dimensions of the bifacial cell and is independent of the
cell's operating mode. The contribution of the rear side is taken into account solely through the magnitude of
incident radiation, not through changes in area. Therefore, when comparing monofacial and bifacial
photovoltaic cells, the active area is assumed to be the same [8]:

A= Apono = Abif~ (10)

Taking into account the introduced coefficient x, the expression for the output power of a bifacial
photovoltaic cell can be represented as follows:

P,.: =n(1+x)GA. (11)

This allows one to clearly see the effect of rear insulation on increasing output power at a constant active
area and front illumination.

To estimate the daily energy output of a photovoltaic cell, the instantaneous output power is integrated
over time. Daily electrical energy output is determined by the expression:

E= fttss:P(t)dt, (12)

where tg, is the sunrise time, tq is the sunset time.

To determine the temporal dependence of solar radiation during daylight hours, a sinusoidal model is
used, approximating the characteristic distribution of solar radiation depending on the time of day. This model
is widely used in modeling insolation and hourly radiation distribution:

G() = Guax - sin (B22), ¢, <t <t (13)

tss—tsr

where G, 4, 1s the peak value of solar radiation corresponding to midday and the maximum angle of incidence
of solar rays.

When performing calculations over long periods of time, such as a month or a year, using peak solar
radiation does not accurately account for temporal variability in insolation. Annual energy calculations use the
average daily solar radiation value Gg,4, which is determined by integrating the daily radiation profile over
time. Using this value allows for seasonal fluctuations in insolation to be taken into account.

The energy efficiency of a bifacial module is the difference in energy production between bifacial and
monofacial systems with the same active area:
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Epir—E,
AE = bif —“mono

Emono (14)
where Ej,; is the energy generated by a bifacial solar cell, Ey,op, 18 the energy generated by a monofacial solar
cell.

3. Results and discussion

To construct the current-voltage characteristic of a bifacial photovoltaic cell, the current equation
according to formula (1), which is used to describe monofacial solar cells, was used. This approach is based
on the equivalent electrical circuit of a bifacial solar cell, shown in Figure 1. To analyze the effect of different
illumination levels on the electrical characteristics of the module, several values of the coefficient x, listed in
Table 1, were considered.

Table 1. Calculated characteristics of a bifacial solar cell.

Ne Coefficient x Gr, Wim? G,, W/m? Praxs W
1. 0.5 600 300 0.27
2. 0.66 600 400 0.28
3. 0.75 800 600 0.37
4. 0.4 1000 400 0.35
5. 0.6 1000 600 0.39
6. 0.8 1000 800 0.44

As the table shows, this allows us to cover both typical practical operating conditions for bifacial modules
and configurations that optimize the reflectivity of the lower surface.

The I-V and P-V characteristics are shown in Figure 3, a and b. The curve designations in the graphs
correspond to the numbering of the variants in Table 1, and each characteristic is plotted based on the
corresponding solar radiation values.
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Fig. 3. I-V and P-V characteristics of a bifacial photovoltaic cell.

As can be seen from the obtained results, with an increase in the coefficient x and an increase in solar
radiation on the surface, the corresponding current-voltage characteristics show an expected increase in the
output current and power. After constructing the current-voltage and power-voltage characteristics of the
bifacial PV cells, the efficiency of a module consisting of 36 bifacial cells was calculated based on the obtained
results.

Based on this simulation, the efficiency values for monofacial and bifacial cells were determined using
the standard formula and formula (9), respectively. The calculation results showed that the bifacial module
provides a 3.5% efficiency increase compared to a monofacial module with the same active area and the same
lighting conditions. This result indicates a positive impact of the rear side on the energy efficiency of the
bifacial PV cell. To determine the module's daily output power, the solar radiation-time dependence G(t) was
used using formula 13 described above (Figure 4, a). Based on this data and the corresponding formula for
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calculating output power with formula (11), a graph of the module's power change over the course of the day
was constructed, reflecting the dynamics of energy production (Figure 4, b).
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Fig.4. Time-dependent solar irradiance and output power

Using formula (14), the increase in energy generated by a bifacial solar cell compared to a monofacial
one was calculated to be 76%, demonstrating a significant increase in energy efficiency when using the rear
side of the module. Figure 5 shows a histogram of monthly energy production for a monofacial and bifacial
PV module. The calculations were based on average solar radiation values Gg,4 for each month, accounting

for seasonal variations in solar radiation.
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Fig.5. Monthly distribution of energy production

As the histogram shows, the bifacial cell exhibits higher energy yield than the monofacial module in all
months of the year. Annual energy yield was 517.0 Wh for the monofacial module and 910.0 Wh for the
bifacial module, confirming the significant contribution of the rear side to the overall energy output of the
module. The maximum increase is observed during periods of high insolation. These results allow us not only
to estimate the annual energy efficiency but also to determine the efficiency of bifacial cells compared to
monofacial cells.

4. Conclusion
The conducted modeling of bifacial photovoltaic cells was based on a single-diode model previously used

for monofacial cells. This allowed for a comprehensive assessment of their electrical efficiency and
comparison with single-sided cells. The constructed current-voltage and power-voltage characteristics for
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various values of the bifacial factor demonstrated that using the rear side of the module significantly increases
output current and power. Based on the characteristics of individual cells, the efficiency of a 36-cell module
was calculated: the bifacial module demonstrated a 3.5% efficiency increase compared to the monofacial
module under the same area and illumination conditions. Daily power calculations confirmed the positive
impact of the rear side on energy production dynamics throughout the day, and the monthly and annual
integrated values showed a significant increase in total energy: 910 Wh versus 517 Wh, corresponding to an
increase of 76%. An analysis of monthly generation profiles also allowed us to account for seasonal
fluctuations in solar radiation and determine the periods of peak performance for bifacial modules. Overall,
the study's results demonstrate that the use of bifacial modules significantly improves the energy efficiency of
photovoltaic systems, which is particularly important for optimizing solar power plant operation in various
climatic and operating conditions.

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

CRediT author statement

Rustemov A.: Investigation, Writing — original draft; Ibraimov M.: Conceptualization, Methodology; Almen D.: Data curation, Writing
—review & editing; Svanbayev Ye.: Methodology, Supervision; Saymbetov A.: Funding acquisition, Project administration; Nurgaliyev
M.: Validation, Funding acquisition; Kapparova A.: Formal analysis, Writing — review & editing; Orynbassar S.: Visualization, Writing
— original draft. The final manuscript was read and approved by all authors.

Statement on the use of Atrtificial Intelligence.
The authors declare that no artificial intelligence tools were used to generate scientific content, results, or conclusions of this article.

Data Availability Statement
The data are available upon reasonable request from the authors.

Funding
This work has received funding from the research project AP26197983 of Committee of Science
of the Ministry of Science and Higher Education of the Republic of Kazakhstan.

References

1 Diao, A., Thiaw, B., Boiro, M., Mbodji, S., Sissoko, G. (2021). A junction electric field determination of a
bifacial silicon solar cell under a constant magnetic field effect by using the photoconductivity method. Journal of Modern
Physics, 12(5), 635-645. https://doi.org/10.4236/jmp.2021.125041

2 Patel, M. T., Khan, M. R., Sun, X., & Alam, M. A. (2019). A worldwide cost-based design and optimization of
tilted bifacial solar farms. Applied Energy, 247, 467 — 479. https://doi.org/10.1016/j.apenergy.2019.03.150

3 Matarneh, G. A., Al-Rawajfeh, M. A., & Gomaa, M. R. (2022). Comparison review between monofacial and
bifacial solar modules. Technology audit and production reserves, 6(1/68), 24 — 29. https://doi.org/10.15587/2706-
5448.2022.268955

4 Guerrero-Lemus, R., Vega, R., Kim, T., Kimm, A., & Shephard, L. E. (2016). Bifacial solar photovoltaics—A
technology review. Renewable and sustainable energy reviews, 60, 1533-1549.
https://doi.org/10.1016/j.rser.2016.03.041

5 Jahangir, J. B., Al-Mahmud, M., Shakir, M. S. S., Haque, A., Alam, M. A., & Khan, M. R. (2022). A critical
analysis of bifacial solar farm configurations: Theory and experiments. [EEE Access, 10, 47726-47740.
https://doi.org/10.1109/ACCESS.2022.3170044

6  Joseph, K. V., Rosana, N. M., Kumar, J. A., & Samrot, A. V. (2025). Commercial bifacial silicon solar cells-
Characteristics, module topology and passivation techniques for high electrical output: An overview. Results in
Engineering, 26, 104971. https://doi.org/10.1016/j.rineng.2025.104971

7  Ohtsuka, H., Sakamoto, M., Koyama, M., Tsutsui, K., Uematsu, T., & Yazawa, Y. (2001). Characteristics of
bifacial solar cells under bifacial illumination with various intensity levels. Progress in Photovoltaics: Research and
Applications, 9(1), 1-13. https://doi.org/10.1002/pip.336

8  Silvestre, S., Boronat, A., & Chouder, A. (2009). Study of bypass diodes configuration on PV modules. Applied
energy, 86(9), 1632-1640. https://doi.org/10.1016/j.apenergy.2009.01.020




Eurasian Physical Technical Journal, 2026, 23, 2(56) ISSN 1811-1165; e-ISSN 2413-2179 65

9 Ko, S. W., Ju, Y. C, Hwang, H. M., So, J. H., Jung, Y. S., Song, H. J., & Kang, G. H. (2017). Electric and
thermal characteristics of photovoltaic modules under partial shading and with a damaged bypass diode. Energy, 128,
232-243. https://doi.org/10.1016/j.energy.2017.04.030

10 Singh, J. P., Aberle, A. G., & Walsh, T. M. (2014). Electrical characterization method for bifacial photovoltaic
modules. Solar energy materials and solar cells, 127, 136-142. https://doi.org/10.1016/j.s0lmat.2014.04.017

11 Brano, V. L., & Ciulla, G. (2013). An efficient analytical approach for obtaining a five parameters model of
photovoltaic modules using only reference data. Applied Energy, 111, 894-903.
https://doi.org/10.1016/j.apenergy.2013.06.046

12 Ahmed, E. M., Aly, M., Mostafa, M., Rezk, H., Alnuman, H., & Alhosaini, W. (2022). An accurate model for
bifacial photovoltaic panels. Sustainability, 15(1), 509. https://doi.org/10.3390/su15010509

13 Hong, D., Ma, J., Man, K. L., Wen, H., & Wong, P. (2022). Prediction of IV characteristics for Bifacial PV
Modules via an alpha-beta single double-diode model. In 2022 IEEE Energy Conversion Congress and Exposition
(ECCE), 1-5. IEEE. https://doi.org/10.1109/ECCE50734.2022.9948042

14 Singh, J. P.,, Walsh, T. M., & Aberle, A. G. (2014). A new method to characterize bifacial solar cells. Progress
in Photovoltaics: Research and Applications, 22(8), 903-909. https://doi.org/10.1002/pip.2341

15 Sahu, P. K., Batzelis, E. 1., Chakraborty, C., & Roy, J. N. (2024). Electrical modeling of bifacial PV
modules. IEEE Journal of Photovoltaics. https://doi.org/10.1109/JPHOTOV.2024.3501403

16 Becerra, V. G., Valdivia-Lefort, P., Barraza, R., & Garcia, J. G. (2024). Electrical model analysis for bifacial
PV modules using real performance data in laboratory. Energies, 17(23), 5868. https://doi.org/10.3390/en17235868

17 Raya-Armenta, J. M., Ortega, P. R., Bazmohammadi, N., Spataru, S. V., Vasquez, J. C., & Guerrero, J. M.
(2021). An accurate physical model for PV modules with improved approximations of series-shunt resistances. IEEE
Journal of Photovoltaics, 11(3), 699-707. https://doi.org/10.1109/JPHOTOV.2021.3056668

18 Zhang, Y., Yu, Y., Meng, F., & Liu, Z. (2019). Experimental investigation of the shading and mismatch effects
on the performance of bifacial photovoltaic modules. [EEE Journal of Photovoltaics, 10(1), 296-305.
https://doi.org/10.1109/JPHOTOV.2019.2949766

19 Shahverdian, M. H., Sayyaadi, H., & Sohani, A. (2026). Integrated mathematical and hybrid optimization
framework for parametric analysis of single diode bifacial photovoltaic panels. Energy Conversion and Management. X,
101516. https://doi.org/10.1016/j.ecmx.2025.101516

20 Becchi, L., Belloni, E., Bindi, M., Intravaia, M., Lozito, G. M., & Laudani, A. (2024). Optical and electrical
model for vertical-mounted bifacial solar panels. In 2024 IEEE International Symposium on Systems Engineering (ISSE),
1-6. https://doi.org/10.1109/ISSE63315.2024.10741094

21 Nussbaumer, H., Klenk, M., Morf, M., & Keller, N. (2019). Energy yield prediction of a bifacial PV system
with a miniaturized test array. Solar Energy, 179, 316-325. https://doi.org/10.1016/j.solener.2018.12.042

22 Bouchakour, S., Valencia-Caballero, D., Luna, A., Roman, E., Boudjelthia, E. A. K., & Rodriguez, P. (2021).
Modelling and simulation of bifacial PV production using monofacial electrical models. Energies, 14(14), 4224.
https://doi.org/10.3390/en14144224

23 Dosymbetova, G., Mekhilef, S., Saymbetov, A., Nurgaliyev, M., Kapparova, A., Manakov, S., & Koshkarbay,
N. (2022). Modeling and simulation of silicon solar cells under low concentration conditions. Energies, 15(24), 9404.
https://doi.org/10.3390/en15249404

24 Salilih, E. M., Leon-Salas, W. D., Gonzalez, L. G. R., Larico, P. F., Cornejo, M. V., Postigo-Malaga, M., &
Gonzales, J. M. J. (2025). Energy output assessment and tilt angle optimization of north/south configured bifacial PV
module using single diode model in mountainous region. Energy Conversion and Management: X, 101302.
https://doi.org/10.1016/j.ecmx.2025.101302

25 Ghafiri, S., Darnon, M., Davigny, A., Trovao, J.P.F., & Abbes, D. (2024). A comprehensive performance
evaluation of bifacial photovoltaic modules: insights from a year-long experimental study conducted in the Canadian
climate. EPJ Photovoltaics, 15, 28. https://doi.org/10.1051/epjpv/2024025

AUTHORS’ INFORMATION

Rustemov, Almas - PhD student, Department of Physics and Technology, Al-Farabi Kazakh National University, Aimaty, Kazakhstan;
https://orcid.org/0009-0009-6970-0746 rustemov_almas3@kaznu.edu.kz

Ibraimov, Margulan - PhD, Acting Professor, Department of Physics and Technology, Al-Farabi Kazakh National University, Aimaty,
Kazakhstan; Scopus ID: 57189617696, https://orcid.org/0000-0002-8049-3911, Margulan.lbraimov@kaznu.edu.kz

Almen, Dinara - PhD, Department of Physics and Technology, Al-Farabi Kazakh National University, Aimaty, Kazakhstan; Scopus
ID: 58837948600, https://orcid.org/0009-0000-8527-4921; dinara.almen@gmail.com

Svanbayev, Yeldos - Candidate of Physical and Mathematical Sciences, Associate professor, Department of Physics and
Technology, Al-Farabi Kazakh National University, Aimaty, Kazakhstan; Scopus ID: 54906220800, https://orcid.org/0000-0002-0093-
7958, yeldos.svanbayev@kaznu.edu.kz




66 Eurasian Physical Technical Journal, 2026, 23, 2(56) Engineering

Saymbetov, Ahmet — PhD, Professor, Department of Physics and Technology, Al-Farabi Kazakh National University, Almaty,
Kazakhstan; Scopus 1D:58529450500, https://orcid.org/0000-0003-3442-8550, Ahmet.Saymbetov@kaznu.edu.kz

Nurgaliyev, Madiyar — PhD, Associate Professor, Department of Physics and Technology, Al-Farabi Kazakh National University,
Almaty, Kazakhstan; Scopus ID: 57202335235, https://orcid.org/0000-0002-6795-5384, Madiyar.Nurgaliyev@kaznu.edu.kz
Kapparova, Ainur - PhD student, Department of Physics and Technology, Al-Farabi Kazakh National University, Almaty, Kazakhstan;
Scopus ID: 58028607300, https://orcid.org/0009-0008-8348-902X, Ainur.Kapparova@kaznu.edu.kz

Orynbassar, Sayat — PhD student, Department of Physics and Technology, Al-Farabi Kazakh National University, Almaty,
Kazakhstan; Scopus ID: 58028274600, https://orcid.org/0009-0001-9124-2560, Sayat.Orynbassar@kaznu.edu.kz




Eurasian Physical Technical Journal, 2026, Vol.23, No.2(56) Engineering 67

RAGAA;
BUKETOV ™\

Y

s~ EURASIAN PHYSICAL TECHNICAL JOURNAL

L7
AN

2026, Volume 23, No. 2(56)

https://doi.org/10.31489/2026N2/67-77

Received: 04/11/2025 Revised: 29/01/2026 Accepted: 26/06/2026 Published online: 30/06/2026
Research Article a Open Access under the CC BY -NC-ND 4.0 license

UDC 539.5; 62-144; 62-762.63

INVESTIGATION OF THE DURABILITY PARAMETERS AND
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THE VALVE ASSEMBLY OF THE ROD DEPTH PUMP
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Abstract. The scientific article is devoted to the study of the criterion parameters of the durability of the rod
depth pump and the determination of the dependencies of the effective operation of the valve on the structural and
material characteristics of the ball-saddle pair. The purpose of the study is to substantiate the possibility of using
modern structural materials, new structures with elastic-damping properties of the valve while increasing its
tightness. To solve the problems of valve wear and increase the maintenance period, the choice of a synthetic
polymer for the outer surface of the locking device from the group of organic synthetic polymers (7B-14MA TS 3§-
105-1082-86) with a ceramic filler made of zirconium dioxide (ZrO:) is justified. This development will provide
damping and an increase in the width of the contact belt of the conditional meridian of the ball for effective
redistribution of the shock load. The proposed ceramic filler made of zirconium dioxide will reduce the wear on the
surface of the locking device. Mathematical simulation and bench tests have confirmed the validity of the choice of
method and materials for the developed combined ball design, which consists of a steel core gummed with a rubber
compound with a zirconium dioxide filler. The use of a combined rubberized ball with filler increases the fatigue
strength of the valve seat by more than 30%.

Keywords: rod depth pump, valve pair, wear, resource durability, combined materials.
1. Introduction

The oil and gas industry plays an important role in the development of the economy of any dynamically
developing country. According to experts, the stock of wells at a late stage of development (with a flow rate
of less than 40 m*/day) currently accounts for more than 50% of the total number of operating wells. This is
due to a decrease in light oil reserves due to its intensive production and depletion of existing fields [1-2].

As oil fields are developed, the operating conditions of pumping complexes deteriorate, and accordingly,
the requirements for their reliability and durability become stricter. Consequently, companies face the
challenge of developing and applying modern energy-efficient extractive pumping systems with increased
durability. Today, approximately 70% of existing oil wells in the world are operated by downhole rod pumps
(DRP). Despite the high failure rate of rod installations, the massive scale of their operation and extensive
functionality confirm the relevance of research and development work on the development of new structural
and technological solutions in order to increase the service life of rod depth pumps [3-5].

The scientific and technical problem lies in the fact that the pumping unit is put into operation at the set
factory (ideal) parameters. Since the beginning of operation of oil-producing pumps, their technical
characteristics change and over time do not correspond to the nominal values of the manufacturer. The wear
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of the main pump parts, as a result of the aggressive action of the medium and dynamic loads, generally reduces
the service life of mining plants. Preliminary studies have allowed us to form a group of parts operating with
a high degree of loading (plunger-cylinder) and increased intensity of cyclic operation (valve assembly). As a
result, there is a need to develop fundamentally new design and technological solutions to improve
performance and resource durability. To solve the tasks set, a systematic research approach and digital methods
(CAD/CAM/CAE) should be used to substantiate the optimal pump characteristics with a high confidence
probability.

2. Materials and Methods

The analysis of the factors and causes of the failure of rod depth pumps for 2017-2024 under various
operating conditions allowed us to form the main types of defects of the RDP (Figure 1) [6-12]. It can be seen
from the diagram (Figure 1) that the main factors reducing the durability and reliability of RDP are the presence
of mechanical impurities, asphalt-resin-paraffin deposits (ARPD) and corrosive environments in the extracted
petroleum products. These figures are 27, 24 and 19%, respectively.

= Mechanical impurities ARPD
Aggressiveness of the environment = Salt deposition
= The gas factor = Erosive aggression

= Other factors

Fig.1. Factors determining the causes of wear of elements of rod depth pumps

It has been established that the main components of the RDP, which are subject to intense wear, include
a fixed cylinder, a plunger, a rod, a valve assembly (suction and discharge) and a locking support (for plug-in
pumps). The increased intensity (Figure 1) of abrasive-mechanical and corrosive wear of the coupled pump
elements leads to a change in the design geometry, a decrease in the physical and mechanical properties of the
working surface and a deviation from the design trajectory of the axis of movement of the rod and plunger of
the pump. The combination of these parameters leads to an increase in the cyclically changing dynamic shock
load, which causes failures (stopping and jamming) of the extraction pumps. The dynamics of the distribution
of failures across the structural elements of the RDP is shown in the diagram (Figure 2) [5, 12-14].

Other types of failures -

Jamming of the plunger
Lapel of the barbell column

Failure of tubing —

Valve pair wear

Breakage of the column of rods

0% 5% 10% 15% 20% 25% 30% 35%
Fig.2. Distribution of the failure rate by the structural elements of the RDP

Valve sticking and ulcerative corrosion of the ball due to the presence of carbon dioxide in the extracted
liquid significantly reduce the tightness and performance of the pump. In addition, the wear of the saddle in
the ball-saddle pair (about 25%) is also a critical factor, since even minor damage leads to leaks and inefficient
operation of the equipment. To solve the scientific and practical problem of determining the dependencies of
RDP failures on changes in its dynamometric cyclogram during the wear of highly loaded couplings, an in-
depth study of the nodes using 3D modeling is required. It is possible to increase the durability of the valve
pair by using new manufacturing technologies and a multicomponent material with damping properties. To
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date, insufficient attention has been paid to the technical and operational significance of the valve mechanism.
Operating under large alternating loads and fluid pressure, the valve mechanism (Figure 3) generates the
volume of the intake oil column, and the condition and performance characteristics of the valve affect the
volume of leaks between the coupled elements.

The valve assembly is being investigated as a single ball-seat system. Due to the extreme operating
conditions of the ball-saddle system, strict requirements are placed on its reliability and durability. Quartz sand
is known to be the main component of mechanical impurities. On the Mohs scale, the hardness of quartz sand
particles corresponds to 7 degrees out of 10, which on the Rockwell scale is 60+70 HRC [15]. Mechanical
impurities during the operation of pumping equipment enter the contact zone of the ball and the valve seat,
which leads to premature wear and destruction of the hardened surface of the structural elements. The presence
of ARPD in the extracted liquid contributes to the build-up, pressing and coking of deposits, reducing the
nominal diameter of the bore and the technological gap J. The effect of alternating loads, cyclically repeated
impacts of the ball on the seat contributes to the formation of microcracks and depressurization of the ball seat.
Also, complicated operating conditions lead to additional sliding resistance forces of the mating surfaces,
giving a singularity to the wear process. All of the above factors lead to rapid wear of the valve assembly, and
as a result, to a decrease in the maintenance period and, subsequently, to the failure of the RDP [4]. Based on
the research results of domestic and foreign scientists, an understanding of the process of ball deformation and
seat discoloration due to friction and internal stresses during shock loads of the ball and seat has been formed.

Due to the configuration of the working surfaces of the ball and the seat, when examining wear, the
mating surfaces should include a part of the edge (small area) of the seat with the conditional meridian of the
contacting surface of the ball. A sphere inscribed in a cone forms a conditional meridian along the tangent line
(Figure 4). With linear sealing, any discrepancy with the projected geometric shapes increases the size of the
gap between the contacting elements, which leads to increased leaks of the pumped reservoir fluid [5, 15, 16].
Thus, the distribution of the current cyclic loads is concentrated on a small unit of contact area per unit time.

/
4
Fig.3. 3D modeling of the valve assembly: Fig.4. The contact field of the ball-seat valve pair
1 —ball, 2 — valve seat elements

Dolov T.R., Ivanovsky V.N. and other researchers based on a mathematical model and bench tests proved
that the ratio of hardness of the ball and the valve seat should be in the range of 1.01+1.05 [5]. Thus, researchers
prioritize the hardness of the ball-seat surfaces, which does not fully describe the effectiveness of the valve
opening and closing process. According to GOST 31835-2012, the ball-seat valve pair of the pump is
manufactured in two versions (Figure 5). The optimal value of the ratio of the diameter of the seat hole d to
the diameter of the ball d}, is 0.865. This ratio plays an important role in optimizing the operation of the valve
assembly, ensuring effective interaction between the seat and the ball, minimal hydraulic resistance of the fluid
and increasing its operability [5, 17].

I

:] (\ Iy
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a) b)

Fig.5. Ball-seat valve pair: 1 — ball; 2 — seat; a — valve with a collar (VC); b —valve with a cylindrical seat (V)
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The main materials used to make the valve pair are: for the ball — 95Cr18 steel (high carbon stainless
steel with a hardness of 65 HRC) and for the seat — 30Cr13 and 95Cr18 (stainless steel with a hardness of 45
HRC). A selection of hard alloys such as tungsten carbide, titanium carbide and cobalt alloys provides high
wear resistance. The use of stellites — alloys of cobalt, nickel and chromium, ceramets improve the performance
and reliability of valves. These innovations help to reduce leaks and extend the service life of pumps [17, 18].
The problems of improving the efficiency of RDP were solved by domestic and foreign scientists. The
main disadvantages of the known designs are an increase in the cost of the pumping unit due to the inclusion
of additional elements in the design, for example, spring mechanisms, and a decrease in the reliability of
equipment due to an increase in the number of parts, especially small ones.
It is proposed to increase the efficiency and service life of the RDP by increasing the wear resistance of
the contacting elements of the parts, without changing the integrity of its structure. The operability of the valve
assembly design, based on standard requirements, depends on maintaining the criteria parameters [5, 15, 18]:
— the mass of the ball should be less than the mass of the saddle (reducing the weight of the ball by reducing
the diameter or replacing the material);

— the strength characteristics of the saddle must exceed the parameters of the ball to prevent the saddle from
crumpling from the action of cyclic impacts of the ball;

— the hardness of the ball must be higher than the hardness of the saddle in order for the ball to retain its
original shape and condition.

Therefore, the main focus of reducing operating costs is the introduction of innovative ways to reduce
wear on the valve assembly. Since the operability of the valve assembly during operation is affected not only
by the physico-mechanical properties of the mating surfaces, but also by the kinematic features (moment,
forces, mass and velocity, gap overlap) of the locking element, it is theoretically assumed that in order to
ensure high durability of the valve mechanism, it is necessary to ensure uniform redistribution in conditions
of small contact areas a cyclically varying shock load at the moment the valve is closed.

The scientific and technical problem is proposed to be solved by creating an elastic valve closure effect
through the use of materials with damping properties. To reduce valve wear and increase the maintenance
period, it is proposed to use a coating of a material from a group of organic synthetic polymers with a ceramic
filler made of zirconium dioxide (ZrO:) for the outer surface of the locking device [19-21]. A reasonable choice
of synthetic material applied to the valve ball will solve the problem of damping and increasing the width of
the contact belt of the conditional meridian of the ball to effectively redistribute the shock load, and the use of
a ceramic filler made of zirconium dioxide will increase the wear of the surface of the locking device.

The analysis of defective certificates and repair works of Mangystaumunaigas JSC (Kazakhstan) shows
that the main wear is observed on the valve seat, where a harder ball creates an annular spot, which gradually
increases due to deepening. The valve seat is made of 40Cr steel (GOST 4543-71) with normalization up to
45+53 HRC. The locking ball is made of high-strength specialized steel type BCr15 (bearing structural steel)
(GOST 801-2022) with a hardness of 60+65 HRC. Therefore, it is necessary to conduct a theoretical study to
substantiate the optimal kinematic parameters of a valve with different materials of the shut-off ball.

To evaluate the stress-strain state (SSS) of the valve pair elements during the seating of the closure
member and to predict its operational durability, numerical modeling was performed using the Finite Element
Method (FEM). The calculations were carried out in the COMPASS 3D computer-aided design environment
using the integrated structural and fatigue analysis module APM FEM (Research and Development Center
"APM"). The problem was solved in a three-dimensional quasi-static formulation (linear static analysis), where
dynamic factors were converted into equivalent static loads. The structural configuration and boundary
conditions of the numerical model were defined as follows:

— Seat Constraints: The lower and external cylindrical faces of the valve seat were rigidly fixed in all
directions (full displacement constraint: Ux = Uy = U, = 0), simulating its press-fit installation into the pump
housing.

— Ball Degrees of Freedom: To ensure numerical stability of the contact interface and eliminate any
unconstrained rigid-body motion (loss of stability), the ball was restricted from moving along the horizontal
axes X and Y (Ux = Uy). Displacement along the vertical working axis Z (the valve's axis of symmetry) was
left free to absorb operational loads.

— Contact Interaction: A non-linear, one-way "Sliding" interaction type was specified at the mating
surfaces between the ball sphere and the seat cone. This contact condition allows mutual sliding and micro-
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displacements of the surfaces without structural penetration of the bodies, thereby capturing the true
distribution of contact pressure.

A combination of external forces simulating the final phase of valve closure was simultaneously applied
to the numerical model:

1 Resultant differential pressure (AP = 7.6 MPa): Applied normally to the upper geometric segment of
the ball bounded by the actual circular seating contact line located below the equator. This consolidated
parameter accounts for the combination of downhole and operational factors acting at the moment of valve
closure: the wellhead discharge pressure, the hydrostatic pressure of the fluid column at the pump setting depth,
the hydrodynamic water hammer pressure generated by the instantaneous stoppage of the flow upon valve
closure, and the static reservoir pressure. Simultaneously, the structural elements of the valve seat were
subjected to their respective downhole pressures: the upper face of the seat was exposed to the combined
downward pressure of 20.78 MPa, while the inner cylindrical surface of the orifice (d,=35 mm) experienced
the outward radial reservoir pressure of 14.04 MPa.

2 Total equivalent vertical force (Fi): Applied as a body force to the center of mass of the closure
member, directed vertically downward along the valve axis of symmetry. This parameter combines the dead
weight of the component and the dynamic inertial force generated during its seating deceleration. Depending
on the design variant and material density, the total force is set to 6.03 N for the solid steel ball and 3.55 N for
the rubberized ball with filler.

To assess the operational reliability of the ball-seat pair under cyclic loading, a fatigue life calculation
was conducted within the APM FEM module:

— Loading Regime: An asymmetric loading cycle was defined to match the pulsating nature of the oil
pump's operation (stress ratio R=0, where the lower limit of the cycle corresponds to the open valve state and
the upper limit corresponds to the moment of hard seating under pressure).

— Fatigue Base: The calculation was performed for a standard base number of loading cycles N =2.5 -
10¢, which defines the limit of finite life for heavily loaded components operating under contact and crushing
stresses.

— Fatigue Strength Parameters: The physical and mechanical parameters of the fatigue curves (including
the endurance limits under symmetrical bending ¢-1 and torsion z-1) for the investigated steel grades (Steel
BCr15, Steel 40Cr and Steel 20) were retrieved automatically from the integrated standard reference database
of the APM FEM software. This eliminated subjective interpolation errors associated with experimental
Wahler curves.

The physical and mechanical properties of the materials used are shown in Table 1.

Table 1. Physical and Mechanical Properties of Materials

Structural Material / . . Ultimate
Elastic . , . Yield .
Element Regulatory Document Poisson's | Density Tensile
Modulus E, . 5 | Strength,
Ratio, v | p, kg/m Strength,
MPa Oy, MPa
outs, MPa
Seat Steel 40Cr / 5
GOST 4543-71 2.0-10 0.30 7820 ~800 ~1000
Metal ball Steel BCrl15/ 5 1100 —
GOST 801-2022 2.1-10 0.30 7812 1200 1400
Core Steel 20 / 5
GOST 1050-2013 2.1-10 0.29 7860 250 410
Coating 1 Combined material: rubber
compound  7B-14MA  and L oens _ 3 ek
PCRK-3 (20%) / TS 38-105- 30350 045 1621 1015
1082-86 and GOST 21907-76
Coating 2 Combined material:
polyurethane brands Adiprene
L167 and PCRK-3 (10%) / TS |500 = 2000* 0.45 ~1368 ~10-40 ~15—55%
38.103-137-78 and GOST
21907-76

* Note to Table 1: Values for the rubber compound are specified conditionally within a linear-elastic framework. The actual
values of the elastic modulus E and ultimate tensile strength outs are subject to verification against the physical testing certificate of
the specific rubber batch.
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The geometry was discretized using an adaptive method with a mesh composed of four-node rigid
tetrahedral elements:

— the baseline mesh size for both the ball and the seat bodies was set to 2.0 mm:;

— local mesh refinement (densification) was implemented in the immediate area of mechanical contact
(on the conical chamfer of the seat and the mating zone of the sphere). The finite element size in the contact
zone was reduced to 1.0 mm to ensure accurate approximation of the Hertzian contact stress gradient.

When interpreting the results of the numerical experiment, the fundamental limitations of the built-in
APM FEM solver were taken into account:

— Linear Elasticity of Media: Material behavior is described by Hooke's generalized law. The module
does not account for physical non-linearity (plastic deformation of metals during local crushing) or the
hyperelastic behavior of elastomers (models of Mooney-Rivlin, Ogden and others). Stresses exceeding the
yield strength oy are treated as potential initiation zones for plastic deformation.

— Quasi-Static Load Application: Transient dynamic wave processes occurring in the metal during the
microsecond duration of the impact were not modeled. The load was applied instantaneously as a steady-state
static system of forces.

— Absence of Lubrication Film: The calculation assumes dry contact conditions between the surfaces.
The damping and hydrodynamic effects of the fluid film (crude oil) directly within the contact gap were
omitted, which provides a safety margin for structural strength.

3. Results and discussion

To maintain the lowest possible level of liquid leakage through the valve pair, it is necessary to ensure
that the shut-off element fits on the valve seat in a timely manner. In the works of Pirverdyan A.M. and Greifer
V.L, the dependence of the landing speed of the locking element on the valve seat was established. At the same
time, the landing speed of the locking element must be at least 0.1 m/s. This dependency has the following
form [15, 22]:
_ V;.e.'g'(p/,e._pl)’ )

67 -1r-u

where v — the landing speed of the locking element on the valve seat, m/s; V. — volume of the locking element,
m?®; g — acceleration of free fall, g=9.81 m/s?; p;. — material density of the locking element, kg/m*; p;— the
density of the pumped liquid, kg/m?; r — radius of the locking element, m; u — dynamic viscosity of the liquid,
mPa-s.

Substituting the expression for the volume of the ball into formula (1), we obtain:

v= 2r’g- (Pre.—P1)

u

We accept oil with a density of 904 kg/m? and a dynamic viscosity of 39.4 mPa-s as a working medium
(Kalamkas field, RK). The landing speed of the locking element in the form of a metal ball (Steel BCr15 GOST
801-2022, density 7812 kg/m?®) will be v, = 0.24 m/s. When replacing the ball material, in order to ensure the
optimal landing speed, it is necessary to change the mass of the locking element as little as possible (m, =
0.511 kg). To achieve this goal, a multicomponent structure was developed, which is a spherical steel core,
gummed with a combined shell. Taking into account the imposed restriction on the landing speed of the locking
element, a dependence is obtained for calculating the minimum radius of the core 7. (3):

v

2

0,9
2]/72‘“_'_;)[ _psh
r>rl L8 , 3)
pc _psh

where p. — core density (steel), kg/m?; py;, — shell density (rubber compound, polyurethane), kg/m?.

Taking Steel 20 GOST 1050-2013 with a density of p.=7860 kg/m® as the material for the ball core, for
a shell made of a rubber compound, p .»=1370 kg/m? and for a shell made of polyurethane, pg ,o=1259 kg/m?,
we obtain the minimum radius of a core gummed with a rubber compound 7,.+,=0.0180 m and polyurethane
Ts1poi=0.0182 m. To approximate the mass of a gummed ball to the mass of a solid ball, we take the core
diameter to be 38 mm. Then, for a rubberized ball, the average density will be py.x=4219 kg/m? (m5..6=0.276
kg), and for a ball with a polyurethane shell py,,=4157 kg/m* (ms:p0=0.272 kg), and, accordingly, the landing
velocity of the locking element will be vy;.»=0.115 m/s and vs:,,0=0.113 m/s. The obtained values of the landing
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velocity of rubberized and polyurethane balls with a metal core are slightly higher than the critical value (v>0.1
m/s). There are two possible solutions to increase the mass of the locking element. The first is to reduce the
thickness of the gummed shell, which will lead to a decrease in the resource life of the coating. The second
option is the introduction of strengthening additives into the elastomeric matrix, which will lead to an increase
in density and an improvement in the strength characteristics of the shell.

A reasonable choice of a gumming compound consisting of a base (rubber compound or polyurethane)
and a synthetic material with a zirconium dioxide filler applied to the metal core of the valve ball provides
damping and an increase in the width of the contact belt of the conditional meridian of the ball for effective
redistribution of shock load. The experiment used a rubber compound grade 7B-14MA according to Technical
Specification TS 38-105-1082-86. To achieve maximum mechanical strength, aging resistance, and heat
resistance, the maximum allowable mass fraction of the zirconium dioxide filler should not exceed 25 phr
(parts per hundred rubber), i.e., no more than 20% (pz0,=6080 kg/m?). Exceeding this threshold often leads to
particle agglomeration (the filler clumping together) and deterioration of the physical and mechanical
properties of the product. For polyurethane, this value should not exceed 10-15%.

Then the parameters of the studied samples of the locking elements will be as follows:

— for a rubberized ball with filler: the maximum permissible mass fraction of the filler with zirconium
dioxide is 20%; the average density of py s s=4355 kg/m?, the mass of the ball is 71w #=0.285 kg;

— for a polyurethane ball with filler: the maximum permissible mass fraction of a filler with zirconium
dioxide is 10%; the average density of psporn=4218 kg/m?, the mass of the ball n0.:7=0.276 kg.

The average density of the shell of the ball for different variants is calculated according to the following
dependence (4):

1

P sh P, base P, ZrO,

where p, — the density of the shell with filler, kg/m?; psuse — the density of the base material, kg/m?; pzo:
— the density of zirconium dioxide, kg/m?; @pase — mass fraction of the base material in the shell; @z0,— the
mass fraction of zirconium dioxide in the shell material.

The total density of the ball and its mass are determined by well-known mathematical relationships.

The landing speeds of the locking elements will be vy us,#=0.135 m/s and Vs pors=0.123 m/s, respectively.
The obtained value of the landing velocity of the locking element made of a combined rubberized ball with
filler more fully satisfies the condition v>0.1 m/s.

To calculate the hydraulic losses in the valve assembly connections, it is necessary to determine the

pressure loss in the valve assembly during suction (Ap, Pa) [22]:

2
Vmax ) p Id

2 ’ é:vzal ’
where V. — the maximum speed of product movement in the valve seat opening, m/s; p;s — the density of the
degassed liquid, kg/m?; &, — the valve flow rate, determined by special graphs (Figure 6) depending on the

Reynolds number in the valve (in the seat opening).
Maximum speed of product movement in the valve:

4.
Vo =2 ©)

val

— a)base + a)ZrOE

; “

Ap = (%)

where ¢,.— product consumption through the valve, m*/s; d,. — valve seat hole diameter, m.
The Reynolds number in the valve seat opening is determined by the following relationship:
Reval: V‘m‘x—d"al > (7)
Vi
where v,— kinematic viscosity of a liquid, m?/s.

To perform the calculations, we take the following initial data: valve seat hole diameter d;,=35 mm;
maximum pump pressure pexic =6.3 MPa; volumetric pump flow ¢.«=20.9 m?*/day, ¢,.=2.42:10* m?/s;
kinematic viscosity of oil v=4.36-10" m%/s; oil density p=904 kg/m>.

The maximum velocity of the working fluid in the pump is calculated by formula (6) — Vimax=0.79 m/s.
We determine the Reynolds number by the formula (7) — Re,.;=634.17. The resulting value of the Reynolds
number is less than the critical value (Re.,~ 2100+2300). The value of the Reynolds number depends on the
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specific type of flow through the cross-section of the passage channel when the ball is flowing. Small values
of the Reynolds number correspond to a situation where the viscosity forces (v=4.36-10° m?/s) dampen
turbulence, making the flow laminar. The flow coefficient of the valve &, with a value of the Reynolds number
in the range 600<Re< 3-10* will be equal to &.=0.4 (Figure 6, curve 1) [22].

Using formula (5), we calculate the pressure loss in the valve Ap=0.002 MPa during suction, taking into
account that the density of the degassed liquid piw=990.4 kg/m®. Then the maximum pressure in the pump
cylinder will be: p = p, ., + Ap. Then p=6.302 MPa.

The coefficient of hydraulic resistance A along the length of the flow, which takes into account the
hydraulic conditions of the fluid flow, the viscosity of the fluid and the relative roughness A/d of the walls (A
is the absolute roughness) is a function of these parameters, that is, A=f(Re, A/d).

€an

0.8

o

4 6810° 2 34 6810° 2 34 6810 2 34 6 810° Re,,

Fig.6. Dependence of the valve flow rate on the Reynolds number: 1 — with one ball and with windows: 1' — d,,~14
mm; 1" — d,,=5 mm; 1" — d,,;=30 mm; 2 — with one ball and a stack; 3 — with two balls

For the studied operating conditions of the valve pair in laminar operation (Re=634.17), the hydraulic
resistance coefficient 4 along the flow length is a function of the Reynolds number — A=f (Re) and, according
to the method of T.M. Bashta, it is proposed to determine the dependence (8):

75
A=—. 8
Re 5)
Then, at Re < 2320, the coefficient of hydraulic resistance will be equal to 4=0.118.
Provided that the initial velocity of the shut-off element is vy=0 m/s and the movement is considered to

be equidistant, the opening time of the valve ¢ (s) will determine the dependence (9):

AR NS, ©)
“ Ap-F,

where mp — weight of the locking element with attached parts, kg; /. — maximum stroke of the closing
element, m; Fj,, — cross-sectional area of the valve passage, m?.

From the valve design, the maximum stroke of the closing element is 23 mm. For a steel ball, the opening
time #,; and acceleration ay of the valve movement is £,=0.12 s and a,=2 m/s’. Accordingly, for a rubberized
ball with filler, the opening time and acceleration of the valve movement are £y .4=0.09 s and d@s.upm =1.5
m/s>. According to a theoretical study, it is advisable to replace the steel shut-off element of the valve with a
new ball design, which is a metal ball gummed with a composite rubber compound with a zirconium dioxide
filler. The effectiveness of the combined valve must be checked by simulation. The simulation problem was
solved using the numerical method in the APM FEM software module. This software module is an APM
Studio module adapted for COMPASS 3D from APM WinMachine. The geometric 3D model was created in
the COMPASS-3D environment, where materials and their properties were also specified (Figure 7a). The
finite element model is based on 10-node tetrahedra and contains 86077 nodes and 50112 finite elements. To
simulate the stress-strain state of the valve pair and perform calculations, a computational model was built
(Figure 7b).
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Partitioning results

Finite elements 50112

Nodes 86077

= Element type: 10-node tetrahedra
. Partitioning Parameters: Step =2; Ke=1.2;

Viewing depth

Set the cutting plane

a) b)
Fig.7. Valve pair: a) a model of a pump valve pair made in the Compass 3D software environment;
b) calculated CAM of the valve assembly in the APM FEM environment

The APM FEM software module performs calculations for strength and fatigue at 2.5-10° loading cycles.
The simulation was carried out for two cases: the first, the interaction of the valve seat with a steel ball, and
the second, the interaction of the seat and a combined rubberized locking element with a zirconium dioxide
filler. The parameter to be determined in the study of the strength characteristics of the working elements of
the pump structure is equivalent stresses (oc), determined by the fourth theory of strength in dynamic
calculation. Based on the simulation results, maps of the equivalent stress distribution according to Mises
(Figure 8), yield strength reserve coefficients (Figure 9) and fatigue strength reserve coefficients (Figure 10)
were obtained.

a)
Fig.8. Distribution of equivalent Mises stresses in the valve seat: a — when interacting with a steel ball (omax=272 MPa);
b — when interacting with a rubberized ball with filler (omax=185 MPa)

a) b)
Fig.9. Distribution of the reserve coefficient according to the yield strength of the valve seat: a — when interacting with
a steel ball (n,,:,=1.55); b — when interacting with a rubberized ball with filler (n,,:»=3.41)

The calculations were performed for a shut-off element lined with a combined rubber compound
containing a ceramic filler of zirconium dioxide (the mass fraction of the filler is 20%).

An analysis of the results obtained from a study of the design of a ball gummed with a combined rubber
compound with a ceramic filler made of zirconium dioxide shows a 30% reduction in stresses in the valve seat
and an increase in the coefficient of reserve for the fatigue strength of the valve seat surface in the most stressed
areas from 7,,;,=1.43 to nuin—=1.9.
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a) b)
Fig.10. Distribution of the reserve coefficient for the fatigue strength of the valve seat: a — when interacting with a steel
ball (nmis=1.43); b — when interacting with a rubberized ball with filler (#,,=1.9)

4. Conclusion

Reducing the rate of change in the regulatory clearance value and reducing the leakage rate during pump
operation is achieved by using an effective method to increase the wear resistance of the contacting surfaces
of the ball-seat valve pair, which ensures uniform redistribution of the cyclically varying shock load per unit
time of valve closure. To meet the speed requirement (v>0.1 m/s) for the landing of the locking element, a
composite ball structure consisting of a steel core and a combined rubber shell on the outside has been
developed. A ceramic material based on zirconium dioxide (ZrO,) was chosen as the filler for the rubber
compound. The elastic effect of closing the valve is also created through the use of materials (combined rubber
compound) with damping properties. The additive material was determined — PCRK-3 powder with a content
of 2.5-5% ZrO, (72 HRC) —15Cr17Ni12V3F35ZrO;.

The validity of the choice of the valve assembly improvement method is confirmed by the method of 3D
simulation modeling. The use of a combined ball with a filler based on a rubber compound and zirconium
dioxide increases the fatigue strength of the valve seat by more than 20%, which leads to an increase in the
life of the valve assembly with the same number of loading cycles.
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Abstract. This study examines the dynamic characteristics and improvement of control methods for impulse
hydraulic shock mechanisms used in high-performance hydraulic systems. The work focuses on eliminating the
common discrepancy between theoretical and actual output parameters caused by inefficient processing of control
signals. A mathematical model has been developed that describes the displacement, velocity, and acceleration of
the actuator, taking into account nonlinear fluid dynamics and changes in external load. Based on this model,
improved control methods are proposed, aimed at increasing system stability, reducing response errors, and
improving the energy efficiency of the impact action. Numerical simulation has shown that adaptive input signal
shaping significantly improves the system’s performance. Under identical modeling conditions, the proposed logic-
based control method reduced the normalized force deviation by approximately 15-20% compared with the
conventional control scheme. A logical structure for generating the input signal X(t) has been developed, ensuring
more precise synchronization of dynamic processes. The results obtained contribute to the development of control
methods for hydraulic shock mechanisms and propose improved algorithms applicable in engineering systems
where high accuracy and reliability are required. Future plans include experimental verification of the proposed
solutions on physical prototypes, as well as refinement of the mathematical models to account for the compressibility
of the working fluid and real-time load changes.

Keywords: Impulse hydraulic shock mechanisms; mining machinery; control systems; actuator dynamics;
mathematical modeling; input signal generation; logic circuits; numerical simulation; energy efficiency

1. Introduction

Hydraulic impact systems are used in mining equipment where short-time high-energy pulses are required
for breaking, excavation, and related technological operations. Although such systems are well known in
engineering practice, their actual operating parameters do not always coincide with the values predicted at the
design stage. One of the reasons for this mismatch is the limited accuracy of control actions during different
phases of the operating cycle, especially when the motion of the striker changes under load [1-3]. The
performance of an impulse hydraulic mechanism depends not only on the hydraulic circuit itself, but also on
how accurately the control signal is coordinated with the current kinematic state of the main actuating element.
In cyclic operation, even small errors in signal formation may affect the displacement law, the stability of the
return and working stroke phases, and the resulting impact characteristics. For this reason, the improvement
of control methods remains an important task in the development of hydraulic shock systems [5-7].
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A promising way to solve this problem is to construct the control action on the basis of motion parameters
of the actuator. In this study, particular attention is paid to displacement, velocity, acceleration, and the third
derivative of displacement as informative variables for control. Such an approach makes it possible to describe
the dynamic state of the system more fully and to relate the generated signal to the actual motion of the striker
during the full working cycle.

Based on the principles of control theory and mathematical logic, this paper develops logic schemes for
signal formation in the return and working stroke phases of an impulse hydraulic shock mechanism. The
proposed approach uses converters, integrators, and summing elements to decompose and transform the
kinematic signals into the corresponding control action. The obtained schemes are intended to improve
synchronization of dynamic processes and to reduce the discrepancy between calculated and actual operating
parameters under practical conditions [7,8]. The purpose of the study is to improve the dynamic performance
of impulse hydraulic shock mechanisms by developing control methods based on the kinematic parameters of
the main actuating element. Special attention is given to the formation of logic-based control signals and to
the use of acceleration and the third derivative of displacement as governing parameters for more accurate
motion control.

The novelty of this study lies in the development of logic-based control methods for impulse hydraulic
shock mechanisms in which the control action is formed from the kinematic parameters of the main actuating
element, including displacement, velocity, acceleration, and the third derivative of displacement. Unlike our
previous work, which focused on dynamic modeling and surface integrity optimization of low-frequency
hydraulic impulse systems, the present study is aimed at improving the coordination of control signals.

2 Literature review and problem statement

Hydraulic shock and impulse systems have been studied for many years in connection with mining
machines, hydraulic drives, and impact devices operating under cyclic loading. Earlier works mainly described
the general theory of hydraulic impulse systems, the design principles of impact machines, and the motion
laws of the main actuating element under different operating conditions. These studies created the theoretical
basis for analyzing pressure changes, striker motion, and impact energy generation in hydraulic systems [9,10].
At the same time, practical operation of such systems shows that their efficiency depends not only on the
hydraulic layout, but also on the quality of control during the full operating cycle. In real machines, deviations
between calculated and actual output parameters often appear because the control signal is not sufficiently
coordinated with the instantaneous dynamic state of the striker. This reduces motion accuracy, affects the
stability of the return and working stroke phases, and may lead to a decrease in impact efficiency [11].

A number of researchers have considered continuous control methods for hydraulic systems, where the
state of the main actuating element is monitored throughout the entire cycle. This approach is especially
relevant for hydraulic machines operating at relatively low frequencies and under considerable force loading.
Previous studies have also shown that the use of displacement, velocity, and acceleration as control-related
variables can improve the precision of actuator motion. However, the use of the third derivative of
displacement as a basis for forming the control action remains insufficiently developed for impulse hydraulic
shock mechanisms. In oscillation theory, the third derivative of the motion law is known as sharpness and
characterizes the rate of change of acceleration in time. From the viewpoint of control, this parameter is
important because it reflects the dynamic intensity of the driving action and may provide a more sensitive basis
for synchronizing the control signal with the actual motion of the striker. Although this concept has been
mentioned in the literature on optimal hydraulic drive control, its application to logic-based signal formation
in hydraulic shock systems has not yet been fully formalized.

Therefore, the main problem considered in this paper is the insufficient coordination between the control
action and the actual motion of the main actuating element during the return and working stroke phases,
particularly under resistance conditions. Conventional control approaches do not always ensure the required
synchronization of dynamic processes, which leads to force deviation, reduced stability of the operating cycle,
and lower agreement between design and real operating parameters [11,12]. The present study addresses this
problem by developing logic-based methods for forming control signals from the kinematic parameters of the
main actuating element, including displacement, velocity, acceleration, and the third derivative of
displacement. In contrast to studies focused on surface integrity, machining effects, or digital monitoring, this
work concentrates on improving the dynamic coordination of control actions during the full operating cycle of
an impulse hydraulic shock mechanism [13].
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3 Methodology

The methodological basis of this study combines elements of control theory, hydraulic drive analysis,
and logic-based signal synthesis for cyclic impact systems. The research is aimed at improving the control of
an impulse hydraulic shock mechanism by coordinating the generated control action with the kinematic state
of the main actuating element during the full working cycle. Particular attention is given to the return and
working stroke phases, since the dynamic behavior of the system in these intervals determines the accuracy of
motion, the stability of the cycle, and the efficiency of impact energy transfer. At the first stage, the operating
features of hydraulic shock systems used in mining machines were analyzed. These systems function under
significant force loading and relatively low operating frequency, which makes continuous control methods
more suitable than discrete approaches. Continuous control allows the state of the striker to be tracked
throughout the whole cycle and makes it possible to influence the law of motion at any moment of time. On
this basis, the study adopts the assumption that the change in control action can be described most completely
through the higher-order kinematic characteristics of motion, including acceleration and the third derivative of
displacement.

The next stage involved the construction of a mathematical description of the main actuating element
motion. The model is based on the classical relation between the resultant force and acceleration and considers
the motion of the striker along its axis. From this basis, analytical relations were used to describe the
displacement, velocity, acceleration, and the variation of the control action in time. For simplification of the
obtained expressions, dimensionless or reduced coefficients were introduced to reflect the connection between
the input parameters of the hydraulic shock system and its output characteristics under given technical and
operating conditions.

A separate part of the methodology concerns the formation of control signals for different motion phases.
The return phase and the working stroke phase were considered separately, since the structure of the kinematic
relations and the role of the control action differ in these two parts of the cycle. Based on the derived
expressions, logic schemes were developed to generate the input signal and the corresponding control action.
These schemes were built using converters, integrators, phase-shifting elements, multipliers, and summing
units. Such a structure makes it possible to decompose the kinematic signal into components, transform them
using the required coefficients, and combine them into the final control function. Special attention was paid
to the use of acceleration and the third derivative of displacement as governing parameters. In the adopted
approach, the third derivative characterizes the rate of change of acceleration and is treated as an informative
quantity for continuous control of the striker motion. This makes it possible to form a control signal that is
more sensitive to transient changes in the operating state of the mechanism and to improve synchronization
between the hydraulic and mechanical processes during the cycle.

The methodology also includes analysis of system behavior under constant resistance. In this case, the
control action was formed with allowance for the drag-related terms affecting the striker motion. The
comparison of signal structures under resistance and no-resistance conditions was used to reveal how the
amplitudes and durations of control impulses change depending on the operating environment. This
comparison provides the basis for evaluating the adaptability of the proposed control schemes and their
suitability for practical hydraulic shock systems working under load. At the final stage, the developed logic
schemes and analytical relations were used for numerical analysis of the control process. The purpose of this
stage was to assess the qualitative behavior of the generated control actions, to compare conventional and
improved signal formation principles, and to identify the control variables that provide the most accurate
coordination of dynamic processes. The methodology therefore combines analytical derivation, phase-based
signal synthesis, and comparative dynamic analysis, which together form the basis for improving the control
of impulse hydraulic shock mechanisms.

4 Formation of control signals

The formation of control actions in the impulse hydraulic shock mechanism is based on the kinematic
parameters of the main actuating element during the full operating cycle. In the adopted approach,
displacement, velocity, acceleration, and the third derivative of displacement are treated as informative
variables that reflect the current dynamic state of the striker. The purpose of the control scheme is to transform
these variables into a coordinated control action that ensures stable motion in both the return phase and the
working stroke phase.
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From the control standpoint, the return phase and the working stroke phase must be considered separately.
Although both phases belong to the same cycle, the structure of motion and the role of the control action are
different in each of them. For this reason, the signal formation process was developed not as a single universal
transformation, but as a phase-dependent logic procedure that takes into account the specific form of the
kinematic relations in each interval.

At the analytical level, the control action is related to the law of motion of the main actuating element
and to its derivatives. The starting point of the signal synthesis is the set of kinematic expressions describing
the striker motion. In order to simplify their practical use, coefficients were introduced to connect the motion
parameters with the operating and design conditions of the hydraulic shock system. These coefficients make
it possible to adapt the control signal to a particular machine configuration and to the expected resistance
conditions.

In the present study, the mathematical model is used to describe the phase-dependent motion of the main
actuating element and to determine the corresponding control action. The return phase and the working stroke
phase are considered separately because the direction of motion, the influence of resistance, and the required
control signal differ in these two parts of the operating cycle. Therefore, the analytical expressions are written
in a reduced form using coefficients that combine the design and operating parameters of the hydraulic shock
system.

As a working hypothesis, the assumption that the third time derivative of its law of motion characterizes
the change of the control action on the main actuating element in time to the fullest extent is used. Indeed, if
we have in mind the classical expression

ma=F
where m — reduced mass of the main actuating element; F - the resultant of all forces acting on it; @ = X -
acceleration; x(¢) - law of motion, then after some transformations we obtain:

b

x@:%ﬁ.

If we take into account that the motion of the main actuating element is carried out along its axis, then

k=" F: ¥ =102 Ly,
m mdt m

where U(z) — change in control action.

It should also be noted that the classical literature devoted to the theory of oscillations [8] uses the third
time derivative of the law of motion, which is called sharpness. In physical terms, it is the intensity of change
of acceleration in time. Practical realization of sharpness in control theory has found application in the study
of the speed-optimal hydraulic drive, in particular, in [9]. Here it is convincingly proved, this approach allows
“to provide the movement of the actuator actuator with minimum deviations from the required”. Thus,
sharpness is accepted as a setting influence for continuous methods of forming the control action [8]. The
adopted method of forming the control action determines the stages of creating the automatic control body of
the hydraulic shock system, different from the previously mentioned. The difference lies in the fact that before
the structural synthesis of the control body, the establishment of the law of motion of the main actuating
element of the system is made on the basis of operational requirements and limitations imposed on the system
as a whole, as well as assumptions adopted in the study of the motion of the main actuating element. The found
law of motion is a starting point for establishing the law of change of the control action in analytical form
using the third time derivative.

The construction of the control action for this case is based on the laws of motion of the main actuating
element obtained in Section 2.3. To simplify the equations defining the kinematic parameters of the main
actuating element, we introduce coefficients expressing the relationship between the parameters and output
parameters of the hydraulic shock system:

A<c>:ll9[1—(kp—kc)8]. go _lperd( G, ) (e -1+ )UE+1)-1]
(e-1) ’ (e-1) 1+C, A+CH1+e-2k)]
oo Nk, —kDex1] b b=k
1+C)e-1)" (-1
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If necessary, these coefficients can be expressed through the input design and operating parameters of
the hydraulic shock system.

Taking into account the introduced coefficients, the kinematic indices of the main actuating element of
the system have dependencies:

in the reverse phase:

X = A cosk,t+ B sink,t +(C” + D¢, (4.1)
X =-A“%k, sink,t + Bk, cosk,t + D©; (4.2)
X =—A“%kZ cosk,t — Bk} sink,t; (4.3)
X = A%} sink,t — Bk cosk,t; (4.4)
in the travel phase:
X, = E“(1-cosk,t); (4.5)
X, = E%k,sink,t; (4.6)
X, = E9k? cosk.t; 4.7)
1 3 3
X, =—E“k sink,t. (4.8)

In Equations (4.1)—(4.8), the motion of the main actuating element is described through displacement,
velocity, acceleration, and the third derivative of displacement. The displacement characterizes the position of
the striker along its working axis, the velocity describes the rate of this displacement, and the acceleration
reflects the intensity of force interaction during the return and working stroke phases. The third derivative of
displacement, referred to in this study as sharpness, characterizes the rate of change of acceleration over time
and is used as an informative parameter for forming the control action.

The reduced coefficients used in these equations are introduced to simplify the analytical representation
of the motion law. They combine the influence of the reduced mass of the actuating element, the parameters
of the hydraulic drive, the phase of motion, and the resistance conditions. These coefficients are not
independent empirical variables; they are used to present the return and working stroke equations in a compact
form and to relate the mathematical model to the physical operating conditions of the hydraulic shock
mechanism.

In terms of construction, the obtained expressions are similar to the dependences obtained in the study of
the mode without resistance. As a consequence, the order of formation of signals determining the kinematic
parameters of the main actuating element remains similar to that considered earlier [14,15].

The logic diagrams in Figures 1-6 show the sequence of signal-conditioning operations used to obtain
the control action. In these diagrams, the input kinematic functions are decomposed into separate components.
Each component is then transformed by multiplication with the corresponding coefficient, and the transformed
components are combined in summing units. Multipliers represent coefficient-based scaling operations, while
summing blocks represent the formation of the final control signal from several transformed components.
Phase-shifting elements are used when the control signal requires temporal or phase correction during the

working stroke.
(a) Reverse phase (b) Working stroke phase

Cc©+ DO

Feedback

a and b - in reverse and working stroke phases, respectively
Fig. 1. Logical diagram of X(t) signal formation
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The signal formation procedure is illustrated by the circuit shown in Figure 1. During the return phase,
the input kinematic functions are generated and then multiplied by the corresponding coefficients. The
transformed components are combined with the constant term to form the required signal for this phase.

During the working stroke phase, the generated signal component is multiplied by the corresponding
coefficient to obtain the control signal for the forward motion. This procedure provides a phase-dependent
transformation of the input signal and makes it possible to adapt the control action to the operating conditions
of the hydraulic shock mechanism [14].

(a) Reverse phase (b) Working stroke phase
B(C)k7 DO
- Ek,
v v ¢
Feedback | J Y ;
T coskt [ X [ + > K0) Rk OO P L

a and b - in reverse and working stroke phases, respectively
Fig. 2. Sequence of signal conditioning operations

In the backward phase (Figure 2a), the generated functions f; and f; are simultaneously multiplied by the
corresponding coefficients k; and k. The resulting transformed signals are then summed together. In the
working stroke phase (Figure 2b), the function generated in this mode must be multiplied by the coefficient
ks. This is the easiest way to generate a signal X (¢). Comparison of expressions determining the change of
kinematic parameters of motion of the main actuating element during the working cycle makes it possible to
construct a control action U(?).

(a) Reverse phase

—>| cos kot X }——i
A

4

+ X

Feedback ®

H
—»\ sin k1t }—»{ *

(b) Working stroke phase
FCCdbaCkgb{ cos kst }—P{ X ’—» /.\;(t)

a and b - in reverse and working stroke phases, respectively
Fig. 3. Logic circuit of signal formation

The logic scheme for forming the control action using the displacement signal X (t)is shown in Figure 3.
During the return phase, the displacement signal is decomposed into several components. The required
components are multiplied by the corresponding coefficients and then summed to obtain the control action
U(t). The remaining component obtained after signal decomposition does not contribute to the resulting
control function in this phase. During the working stroke phase, the corresponding signal component is
transformed by phase correction and coefficient scaling. This makes it possible to obtain a control function
that corresponds to the required motion phase [15-17].
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(a) Reverse phase = (b) Working stroke phase
X(0) » DV —

¢ } XI (1) EO

BOk, coskyt ~AOk, sink,t

U(r)

a and b - in reverse and working stroke phases, respectively
Fig. 4. Logic scheme of control action formation U(t) Displacement

Constructing the control action using the velocity v(t) and functions f i is performed in accordance with
the logic diagram shown in Figure 4. In the reverse phase (Figure 4a), the signal v(t) is decomposed into the
components f 1, f 2, and f 3. The last two components are simultaneously multiplied by the corresponding
coefficients, after which the transformed signals are summed. The remaining component obtained after
decomposition does not contribute to the formation of the resulting control function.

In the working stroke phase (Figure 4b), the component that fully defines the control signal is multiplied
by its corresponding coefficient.

(a) Reverse phase X0 £ (b) Working stroke phase
| [ Ld _'}

X,(0)

n =
S — -E cosk,t K !
: EOk, sinkyt

U b

a and b - in reverse and working stroke phases, respectively
Fig. 5. Logic scheme of control action formation using the acceleration signal

The control action based on the acceleration signal is formed according to the logic scheme shown in
Figure 5. During the return phase, the acceleration-related signal is decomposed into two components. These
components are multiplied by the corresponding coefficients and then summed to form the resulting control
action for this phase.

During the working stroke phase, the corresponding signal component is transformed by applying the
required phase shift and coefficient scaling. This operation allows the control action to be synchronized with
the dynamic state of the main actuating element.

Thus, under constant resistance conditions, the general logic of control signal formation remains similar
to the no-resistance case. The main difference is quantitative: the coefficients applied to the signal components
change because the control action must compensate for external resistance.

The variation of the control action for the considered case is determined by the expressions describing
the motion of the main actuating element during the operating cycle. After transformation of these expressions
in accordance with the developed logic schemes, the resulting control-action diagram for motion under
constant resistance takes the form shown in Fig. 7. Its characteristic points are o, a', b', ¢', d', and ¢'. The values
of the control action at the beginning and at the end of the cycle phases are defined by the corresponding
segments of the diagram.
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y l
) k

l —A© [y cosk,t I —B© k3 sink,t

P

zZ© l_] + F©O

(a) Reverse phase

U(r)

(b) Working stroke phase

3 .
E*k:&’ > E(“kgcosk_;l

a and b - in reverse and working stroke phases, respectively
Fig. 6. Logic scheme of control action formation U(t) using acceleration

+U(1) A 3
tp
4 2 e=—— >
a 2
5
1
B, B" D

0 -

1y

=U@) y

1- A% sink,t; 2-— B'“k; cosk,t; 3-U(t);4-U(t)
1 — kinematic parameter curve; 2 — auxiliary dynamic curve; 3 — U(t); 4 — Ui(t)
Fig. 7. Dynamic diagram of motion parameters and control actions of the hydro-impact system

In comparison with the no-resistance case, these segments become larger due to the influence of the drag
force coefficient K. and the related changes in the governing coefficients. Thus, the obtained diagram reflects
the effect of resistance on the amplitude and duration of the control action during the operating cycle.

The coefficient K. is used as a normalized resistance coefficient. It characterizes the influence of external
resistance on the motion of the main actuating element. The case K, = Ocorresponds to motion without
resistance, whereas K. > Ocorresponds to motion under resistance conditions. An increase in K, changes the
required control action and leads to longer and more intensive control impulses during the working stroke.

When K, approaches to zero, the control-action diagram approaches the no-resistance case. This confirms
that resistance mainly affects the amplitude and duration of the control action, while the general structure of
the signal formation process remains unchanged.
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Reverse stroke

X, (1) » xK; \
e 8 »  U(t)
Xl » xK, /
Working stroke

Fig. 8. Logical scheme of the signal formation process

The signal X(t) is generated by multiplying input functions Xi(t) and Xz(t) by constants Ki and Kz, and
summing the results to form the control action U(t).

Figures 8 and 9 summarize the auxiliary signal formation process. The input signals are scaled by the
corresponding coefficients and then combined with the constant term to obtain the auxiliary control signal.
This structure allows the control action to be adapted to the resistance conditions and to the selected phase of
the operating cycle.

Reverse stroke

X;5(t) > X K; \
+
»  U(t
/ R A
X, (1) » XK,
Working stroke

Fig. 9. Logic structure for generating the auxiliary control signal U1(t)

Input signals X3(t) and X,(t) are scaled by coefficients K3 and Ka, then added with a constant C to
generate the output control signal Ui(t).

2.00 4 = U(t) - Control action
—=- Phase transition

Control signal, U(t)
© ©o o B B B M
N 9] ~ (=] N w ~
w o w o S, o wn

a
=]
5]

0 1 2 3 4 5 6
Time, t

Fig. 10. Control action diagram under resistance conditions

The signal becomes more intense and prolonged during the working stroke to compensate for external
resistance. This ensures accurate actuator motion and minimizes energy losses.

For each phase, the control signal U(t) is formed through a logic scheme consisting of:

— Signal decomposition: Splitting the motion law into components (e.g., Xi(t), Xz(t))
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— Coefficient adjustment: Each component is multiplied by a system-specific constant based on design
parameters and operating conditions

— Summation: Resulting signals are combined into a unified control function

To validate the proposed control strategy based on displacement, velocity, acceleration, and sharpness, a
mathematical simulation of the actuator’s motion was carried out. The actuator's displacement is modeled as
a sinusoidal function over time.

Mathematical Model

Displacement function:

X(t) = A-sin(wt), where A = 0.1m, w = 2nf,and f = 2Hz

First derivative (velocity):

V(t) = Aw - cos(wt)

Second derivative (acceleration):

A(t) = —Aw? - sin(wt)

Third derivative (sharpness):

S(t) = —Aw?® - cos(wt)

In this simulation, the sinusoidal displacement law was used as a simplified test function for evaluating
the behavior of the control variables. The purpose of this model is not to reproduce all nonlinear hydraulic
effects experimentally, but to compare how different kinematic quantities change over time and how they can
be used for control signal formation. Velocity, acceleration, and sharpness were obtained by differentiating the
displacement function with respect to time.

Simulation Results

The figure below illustrates the time-dependent behavior of four key motion parameters: displacement
X(t), velocity V (t), acceleration A(t), and sharpness S(t).

Displacement, Velocity, Acceleration and Sharpness over Time
Hydraulic shock actuator motion parameters

Displacement, X(t)
— - N(EY

£
= 0.0
=
-0.1 L, T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Time, s
Velocity, V(t)
1
©w
E
-~ 0
=
—1 — V(v
0.0 0.2 0.4 0.6 0.8 1.0
Time, s
Acceleration, Al(t)
— At
. 107
£ o
=z
~104
0.0 0.2 0.4 0.6 0.8 1.0
Time, s
Sharpness, S(t)
200 — 5(t)
il
E &
&

—200+ : :
0.0 0.2 0.4 0.6 0.8 1.0
Time, s

Fig. 11. The time-dependent behavior of four key motion parameters

The displacement follows a smooth sinusoidal profile. Velocity peaks at zero-crossings of displacement,
while acceleration reaches maximum values at displacement extremes. Sharpness, being the third derivative,
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shows the most rapid oscillations and highlights the responsiveness of the actuator’s dynamics. This confirms
the suitability of using sharpness as a control input in hydraulic impact systems.

When resistance is present, additional terms are introduced to offset the drag force coefficient K. This
leads to stronger and longer control impulses during the working phase. The influence of resistance is
visualized in comparative signal diagrams, where segments of the control function are visibly altered.

5 Results and Discussion

The proposed control strategies for hydraulic impact mechanisms were evaluated by means of
mathematical modeling and numerical simulation. The analysis was performed using the main kinematic
parameters of the actuating element, including displacement, velocity, acceleration, and sharpness, in order to
assess the efficiency and accuracy of the developed control schemes. The obtained results showed that control
based on acceleration and the third derivative of displacement provides more accurate tracking of the
prescribed motion law than conventional approaches. In particular, the striker motion follows the required
trajectory more closely during transitions between the return and working stroke phases, while overshoot and
delay are reduced.

The improved synchronization between the generated control impulses and the mechanical response of
the system also leads to better energy utilization. Under resistance conditions, the sharpness-based control
method adjusts the control action more precisely in accordance with the current dynamic state of the actuating
element. As a result, unnecessary energy expenditure is reduced and the operating cycle becomes more stable.
The developed logic schemes also demonstrate adaptability to changing operating conditions, including
variations in resistance force and the dynamic characteristics of the working element. Owing to the modular
structure of the control diagrams, the coefficients of the governing relations can be adjusted according to the
required operating mode.

A comparison of conventional and proposed control methods is presented in Table 1. The results indicate
that the logic-based control scheme provides improved phase coordination, lower force deviation, and higher
stability under load.

The reported 15-20% reduction in force deviation should be interpreted as a simulation-based
comparative estimate. It was obtained by comparing the normalized deviation amplitudes of the conventional
and proposed control schemes under identical modeling conditions. The relative reduction was calculated as

— AFcony—AFprop x 100%
AFCOTI.‘U !

where AF,pyis the normalized force deviation for the conventional control scheme and AFE,.,p,is the
normalized force deviation for the proposed logic-based control scheme. This value is not presented as a full-
scale experimental result. Experimental validation of the proposed control scheme is considered as the next
stage of the research.

Table 1. Comparative assessment of conventional and proposed control methods

Performance criterion

Conventional control
scheme

Proposed logic-based
control scheme

Improvement achieved

Phase coordination

Incomplete
synchronization between
return and working stroke
phases

Improved synchronization
based on kinematic signal
formation

Better coordination of
operating phases

Force deviation

Baseline normalized
deviation, AF,,,,,,

Reduced normalized
deviation, AR,

Approximately 15-20%
reduction based on
numerical simulation

Stability of operating cycle

Sensitive to resistance
effects

More stable under
resistance conditions

Increased cycle stability
under load

Motion tracking accuracy

Moderate correspondence
with the prescribed motion
law

Improved correspondence
with the prescribed motion
law

Higher tracking accuracy

Adaptation to resistance
effects

Limited compensation of
resistance

Resistance coefficient K,
included in signal
formation

Better compensation of
external resistance

Energy utilization

Higher control losses

Reduced unnecessary
control action under load

Improved energy
utilization
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The most direct quantitative improvement is related to the normalized force deviation. Under the same
simulation conditions, the proposed logic-based control scheme reduced the normalized deviation amplitude
by approximately 15-20% compared with the conventional scheme. The remaining criteria in Table 1 are
presented as comparative engineering indicators because the present work is based on numerical modeling and
logic-based signal synthesis. These criteria describe the observed improvement in phase coordination,
resistance adaptation, and motion tracking behavior during the simulated operating cycle.

As shown in Table 1, the proposed logic-based control scheme demonstrates clear advantages over the
conventional approach. The improved method provides more accurate phase coordination, lower force
deviation, and greater stability under resistance conditions. In addition, the use of acceleration and the third
derivative of displacement as governing parameters improves motion tracking accuracy and enhances the
overall energy efficiency of the hydraulic shock mechanism.

6 Conclusions

This study examined the dynamic behavior of impulse hydraulic shock mechanisms and proposed
improved control methods based on the kinematic parameters of the main actuating element. Particular
attention was given to the formation of control signals from displacement, velocity, acceleration, and the third
derivative of displacement in order to improve coordination between the generated control action and the actual
motion of the striker during the operating cycle.

The developed logic-based approach makes it possible to form phase-dependent control signals for the
return and working stroke phases and to adapt the control action to resistance conditions. The numerical
simulation results indicate that the proposed method can reduce the normalized force deviation by
approximately 15-20% compared with the conventional control scheme under the same modeling conditions.

The study also demonstrated that acceleration and sharpness can be used as informative governing
parameters for hydraulic shock control, since they reflect transient changes in the dynamic state of the actuating
element more sensitively than displacement alone. This provides a more accurate basis for signal generation
and improves the correspondence between calculated and actual operating parameters.

Thus, the proposed control methods and logic schemes can be considered as a useful basis for improving
the accuracy, reliability, and energy efficiency of impulse hydraulic shock mechanisms used in engineering
applications. Further research will be aimed at experimental validation of the proposed solutions and
refinement of the mathematical model with allowance for fluid compressibility, valve dynamics, and variable
real-time loading conditions.
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SOME METHODS FOR DIAGNOSTICS OF WAKE-INDUCED
LAMINAR-TURBULENT TRANSITION

Suprun T.T.

Institute of Engineering Thermophysics, National Academy of Sciences of Ukraine, Kyiv, Ukraine,
*Corresponding author suprun@secbiomass.com

Abstract. To create a reliable engineering method for calculating local heat transfer of turbine blades,
information about the flow regime on the blade surface is necessary. The presence of a wake-induced laminar-
turbulent transition on the surface of the blade requires the development of methods for its diagnostics. The object
of the study is blade surface under the influence of unsteady periodic wakes from upstream blade rows. The research
method is physical modeling of a wake-induced transition initiated by steady wakes behind a still and periodic
unsteady wake behind an oscillating cylinder. The article considers some methods for determining the coordinates
and extent of a wake-induced transition region. Reliable diagnostics of such a transition is possible only with the
help of a combination of developed methods. The presented experimental data allow us to predict the location of a
wake-induced transition and the intensification of heat transfer in the preceding pseudolaminar boundary layer,
that is, to control the process of such a transition.

Keywords: wake-induced laminar-turbulent transition, diagnostics of transition coordinates, still and oscillating
cylinders.

1. Introduction

The main streamlined surface of thermal power equipment considered in this paper is the turbine blade.
Laminar, transitional, and turbulent boundary layers (BLs), as well as separation zones, can coexist on the
surface of a turbine blade. One of the primary tasks in turbomachine design is the development of a reliable
engineering method for calculating local heat transfer of turbine blades. This method includes both the
development of flow regime diagnostic methods and the consideration of the fact that the working fluid in the
flow path of turbomachines is highly turbulent. The overall degree of flow turbulence in the gas turbine flow
path is determined by both the initial turbulence as it passes through the compressor and combustion chamber,
and the flow conditions through the blade cascades of the preceding stages. Such type of flow is formed due
to the appearance of stationary and moving wakes behind the trailing edges of the previous rows of blades.
These wakes have a significant impact on the development of BL on the blade surface and must be taken into
account when calculating the thermal and aerodynamic state of the rotor and stator elements.

Under the influence of unsteady periodic wakes of the upstream blade rows, a transition occurs on the
surface of the blades, which is called wake-induced laminar-turbulent transition. In the wake-induced
transition, the first stages of the natural transition process are bypassed and the forming turbulent spots
immediately merge into turbulent streaks, which then grow and spread downstream. Between these turbulent
streaks another type of transition (natural or bypass) may occur. Thus, the transition in gas turbines can occur
as multiple transition modes at different distances on the same surface at the same time [1].
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The development of improved methods for calculating the intensity of transport processes occurring in
the presence of a wake-induced transition requires information about the coordinates and length of this region.
The current situation stimulated the continuation of the research started at the IET NASU on the development
of new and modification of existing diagnostic methods for the laminar-turbulent transition (LTT). As the
results of this work have shown, the methods of diagnosing a bypass transition occurring under conditions of
increased turbulence of the external flow can also be successfully used for a wake-induced transition.

2. Analysis of recent research and publications

In recent years, many works devoted to the study of wake-induced transitions have appeared. These works
considered various cases of the development of a transition initiated by wakes behind both stationary and
moving obstacles; however, the problems of diagnosing such a transition were practically not studied in these
works. In particular, review [2] examines models for calculating various types of transitions typical for turbine
blade surfaces, including the wake-induced transition. The authors of paper [3] presented the results of
calculations using the LES method for the flow around a low-pressure turbine rotor blade with periodically
occurring flow wakes. An experimental study of the wake-induced transition using boundary layer flow
visualization over a 30P30N multi-element airfoil allows us to detect the formation and subsequent
development of A-vortices [4]. Paper [5] presents the results of experimental and numerical studies of a low-
pressure turbine blade cascade, conducted to analyze wake interaction effects on boundary layer transition.
The authors noted that under steady-state conditions, a substantial separated flow occurred on the suction side.
Under the influence of the wake generator, this separated flow was reduced, decreasing profile pressure losses
by 50%. The influence of the frequency of passage of vortex wakes on the development of transient processes
in the boundary layer was considered in [6]. A squirrel cage was used as a wake generator. In experiments, a
clear relationship was established: the longitudinal position of the point where the boundary layer becomes
fully turbulent shifts upstream with increasing wake vortex frequency. Several papers have been devoted to
the experimental study of the transition caused by the wake of a circular cylinder located near the wall using
flow visualization techniques [7, 8]. In [9], the flow around a cylinder near a flat wall is numerically
investigated for small gap values. Because of the wake-induced transition study, three dynamic vortex motion
processes associated with different hairpin vortex generation mechanisms were discovered [9]. These results
are consistent with previous data presented in papers [10, 11]. In all the studies cited, methods for diagnosing
wake-induced transitions were not considered.

Several methods for diagnosing a wake-induced transition are discussed in the article [12]. The purpose
of this paper is to conduct a more detailed study of methods for diagnosing a wake-induced transition initiated
by steady wakes behind a still and periodic unsteady wake behind oscillating cylinders.

3. Materials and research methods

The electro calorimetric method was used to study heat transfer. DISA-55M hot-wire system was used to
measure the parameters of the internal structure of the dynamic and thermal boundary layers and external flow.
Experimental investigations of a flat plate heat and momentum transfer processes in the presence of unsteady
flows were carried out in the T-5 wind tunnel of the IET NASU using various wake generators (a still and
oscillating cylinders).

The experimental setup diagram of a still and
oscillating cylinder (1) with a frequency of 4.4 Hz, as well
as a limiting plate (2) in the working section (3) of the T-5
wind tunnel is shown in Fig. 1. In contrast to the case
described in paper [12], this study examined the diagnostics
of a wake-induced transition in two cases of a still cylinder
and an oscillating cylinder. The still cylinder was installed
at distances equal to both the amplitude (y,=20 mm) and
the mid-span of the oscillation (y,=10 mm). The study of
heat and momentum transfer processes on a flat plate in the
presence of a wake-induced transition was carried out at an

external flow velocity U = 9 m/s. Fig.1. Experimental setup diagram
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A total of 4 series of experiments were conducted: in the absence of a cylinder (natural LTT at Tu =0.2—
0.4%) (series 1), with two installations of a still cylinder (y,=20 and 10 mm) (series 2 and 3), and with an
oscillating cylinder (series 4).

4. Results and discussion

We will consider the main methods for diagnosing a wake-induced transition using the example of
determining the coordinates of transition for the cases of a still and an oscillating cylinder. This study was
based on an analysis of distributions of local heat transfer and friction coefficients and the characteristics of
dynamic and thermal boundary layers, which are developing along the length of the plate.

1. The traditional method of determining the start and end of the transition by the minimum and
maximum points in the distributions of heat transfer and friction coefficients along the length of the plate is
unsuitable in case of an oscillating cylinder due to their smoothed nature (Fig. 2a, 2b, symbol 6).

-2 -2

10 T 10 r T T ———T—T—T

a) b)
Fig.2. Distributions of local heat transfer (a) and friction coefficients (b):
1Sty = 0.55 Re; % (a); Crp = 0.664 - Re; %> (b); 2 — Sty = 0.036 - Re; °? (a); Cpo = 0.0595 - Re; %2 (b); 3 —
in the absence of a cylinder; 4 - y, =20 mm; 5 - y, =10 mm; 6 — an oscillating cylinder

In the absence of a cylinder (series 1, symbol 3 in Fig. 2), the start and end of the LTT region,
corresponding to the minimum and maximum of these distributions, are Re, ,=2-10° and Re,,, ,=4.5-10°. The
length of the natural transition region was Re, . /Re,  =2.25 (where Rey  and Re,, , are the coordinates of
the start and end of the LTT, respectively). In series 4 (Fig. 2a, symbol 6), under the influence of an oscillating
cylinder, the distribution of local heat transfer coefficients was non-monotonic, and the experimental points
were located between series 2 (y,=20 mm) and 3 (y, = 10 mm). The intensification of heat transfer in the pre-
transitional pseudolaminar BL in series 4 reached ~40% at Re,.= 6-10*. The distribution of friction coefficients
in series 4 (Fig. 2b, symbol 6) also has a smoothed character and is located between series 2 and 3. The
intensification of friction in the pre-transitional BL changes from 1.09 in the first measuring section to 1.5 at
Re, =6-10%. Thus, the intensification of heat transfer at Re, = const in the pre-transitional BL exceeds the
increase in friction for both a still (y,= 20 mm) and an oscillating cylinder. The reasons for the increase in heat
transfer, which outpaces friction, are associated with changes in the internal structure of the pre-transitional
BL (primarily with a high degree of correlation between velocity and temperature fluctuations).

As shown by the results of experimental studies of the external flow turbulence when installing a still (y,
=20 mm, series 2) and an oscillating cylinder (series 4), given in [12], added by additional experiments at y.=
10 mm (series 3), the degree of turbulence of the external flow gradually increased in series 2, 4, and in series
3 was maximum. Thus, the analysis of the obtained distributions of local heat transfer coefficients along the
plate length shows that with increasing turbulence of the external flow caused by the cylinder location (series
1, 2, 4 and 3, respectively), an increase in the heat transfer coefficients in the pre-transition pseudolaminar BL
is observed. In the third series, with the cylinder positioned at y, = 10 mm (symbol 5 in Fig. 2a), the effect of
the wake led to a monotonic change in the heat transfer coefficients along the plate length, resulting in a
«upper» approach to the turbulent BL characteristics. Such variations of St don’t permit to predict the «upper»
transition origin and to diagnose the location of its start and end. It should be noted that the distribution of heat
transfer coefficients in Fig. 2a of this article coincides with the corresponding distributions in Fig. 2 in the
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work [12] for the cases of without cylinder, for installations of a still cylinder y,=20 mm and an oscillating
cylinder.

2. A common method for diagnosing LTT is to determine the start and end of the transition as minimum
and maximum points in the dynamic pressure distribution. To implement this method, the total pressure nozzle
is moved in the direction of flow at a fixed distance close to the plate surface, which is usually chosen to
correspond to the displacement thickness of the laminar BL at the start of the transition region.

3. Less commonly used is the hot-wire anemometer method for determining the transition region. In this
method, the hot-wire anemometer probe is also moved along the flow at a fixed distance from the surface. The
coordinates of the start and end of the transition can be determined by changes in voltage proportional to the
time-averaged velocity or temperature, as well as its longitudinal fluctuations over a wide or fixed frequency
band. This method, compared to the previous one, has a number of advantages: the ability to visually observe
the nature of disturbances at a given point with low inertia of the measuring system.

4. Diagnostics of the wake-induced transition can be carried out using the temperature distribution on the
plate surface or changes in temperature difference: At = A-x™. Figure 3 clearly shows a break in the
temperature difference distribution at xg; =~ 140 mm, indicating the start of a wake-induced transition. In the
pre-transition region, n = 0.28, and in the transition region, n=0.13. Diagnosing the end of a wake-induced
transition based on this temperature difference distribution is difficult.

2 3 4 5 678300 2 3 4 5 678f000
X, mm

Fig. 3. Distribution of temperature difference along the length of the plate with an oscillating cylinder

5. Determination of the start and end of a wake-induced transition based on the deformation of the
velocity profiles in wall law coordinates (Fig.4a).

2 -u+=25In(y+)+5,1

2 - u+ =2,5In(y+)+5,1 0 e L
T 1 10 y+ 100 1000
1 10 y+ 100 1000
a) b)

Fig.4. Velocity profiles with an oscillating cylinder (a) and y, =10 mm (b)
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In the first measurement section, at x = 57 mm, the velocity profile for an oscillating cylinder practically
coincided with the Blasius profile (dashed line in Fig. 4a). In following sections, at x = 92—137 mm, the
velocity distribution in the near-wall region, although different from the Blasius profile, retains its shape. The
start of a wake-induced transition is determined by appearance of a flattened portion (an analog of the future
region of log-law validity) (Fig.4a, x =237 mm). The end of the transition corresponds to a section in which
a velocity profile with a clearly defined region of the logarithmic law is observed (Fig.4a, x =437 mm). This
deformation of the velocity profile is characteristic of a bypass transition. The analysis of Fig. 4b shows that
when the cylinder is installed at y,=10 mm, a transitional flow regime is already observed in the section at x
=50 mm, which is transformed into a turbulent one, and at x=600 mm the logarithmic law of the velocity
distribution occupies the region of y* =30-120. This distribution of velocity profiles proves the presence of an
«uppen» transition in the initial sections of the plate.

6. Diagnostics of a wake-induced transition can be carried out using distributions 6/x = f(Re,) and
6™ /x = f(Rey), where §** is momentum thickness (Fig.5a, 5b). If we draw two straight lines in these
distributions through points lying in the pre-transitional BL and in a wake-induced transition, then their
intersection will indicate the coordinate of the start of transition region. The end of the transition cannot be
clearly determined using these distributions.

-2
0

1000

Re**

Sk [x |

100

L ]
10 4 5 0 10000 100000

Rex

a) b) ¢)

Fig. 5. Distribution of the thickness of the BL (a) and the momentum thickness (b) along the length of the plate: 1 —
8/x = 5/Re;%> (a), 6" /x = 0.664 - Re;%° (b); 2—6/x = 0.37 - Re; %% (a); 6" /x = 0.036 - Re;%? (b) 3 -y, =20
mm; 4 - y, =10 mm; 5 — an oscillating cylinder
¢) Distribution Re** = f(Re,) 1 - Re** = 0.664 - Re%5; 2 - Re** = 0.036 - Re2®

7. A variation of the previous method is the use of a distribution Re** = f(Re,) constructed in a
logarithmic coordinate system (Fig.5c¢).

8. The end of a wake-induced transition can be clearly determined from the distribution of the shape
parameter along the length of the plate H = f(Re™) as the coordinate of the beginning of its linear changes
in the region of the turbulent BL (Fig. 6). It should be noted that this distribution is often used to determine the
start of LTT. Typically, the start of LTT is defined as the point at which the shape parameter begins to deviate
from 2.6, characteristic of laminar BL. This method is unsuitable for diagnosing the start of a wake-induced
transition due to the decrease in the shape parameter in the pre-transitional BL (Fig. 6).

9. Diagnostics of a wake-induced transition is possible based on the analysis of velocity and temperature
fluctuations. During the transition process, the shape of the longitudinal velocity fluctuations profile is
transformed from smooth with a rounded top, characteristic of a pseudolaminar BL, into a pointed shape,
typical of a turbulent BL (the first wall peak for an oscillating cylinder in Fig. 7). A characteristic feature of
these distributions, which distinguishes them from the fluctuation profiles for still cylinders, is the appearance
of a second maximum due to the interaction of wakes. The behavior of the first wall maximum for an oscillating
cylinder is characterized by: as it approaches to the transition region, it increases, reaching a value u,," /U,
=14-15%, and then decreases and approaches the wall in the turbulent BL. The second maximum occurs closer
to the outer edge of the BL and in the initial sections is larger in amplitude than the wall peak. Thus, in
particular, in the section x=50 mm the wall peak with a maximum u,," /U,=12% is located at y/& =0.2, and
the second maximum u,," /U,=17.8% - at y/§=0.6. In following sections of the plate, the amplitude of the
second maximum decreases, at the start of the transition it becomes comparable in amplitude to the wall
maximum (x =137 mm) and then gradually disappears (x =607 mm).
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of the plate: 1 - y, =20 mm; 2 - y. =10 mm;

3 — an oscillating cylinder Fig.7. Longitudinal velocity fluctuations profiles

with an oscillating cylinder

10. Indicators of the type of BL developing on the surface are the location and amplitude of the
longitudinal velocity fluctuations maxima. During the development of the transition, the amplitude of the
maximum increases for y,=20 mm and for an oscillating cylinder (wall peak), reaching a value of u,," /U,
=14-15%, decreasing slightly in the turbulent BL (Fig. 8). The maximum values u,," /U, = f(Re™) in the
distribution for an oscillating cylinder are achieved at values Re™ smaller than for y,=20 mm, which confirms
the shift of the transition zone upstream in the first case. In addition, which was noted earlier, a distinctive
feature of the wake-induced transition, as well as the bypass transition, is the increase in the values of the
longitudinal velocity fluctuations maxima in the pre-transition BL with an increase in the external flow
turbulence created by the wakes behind the cylinders. The position of the still cylinder at y, =10 mm turbulizes
the external flow so much that the values u,," /U, are already maximum in the first measurement section and
decrease along the length of the plate during a wake-induced transition process. The amplitude of the second
maximum for an oscillating cylinder change is similarly. The observed features of velocity fluctuation profiles
are in good agreement with results of investigation presented in [12].

A comparison of all the considered diagnostic methods is presented in the table 1.

u‘m /Ug,%

20 ° -
15 |-

10

2
10 Re** 10

Fig.8. Distributions of the longitudinal velocity fluctuations maxima: 1 - y,=20 mm; 2 - y,=10 mm;
3 — wall peak for an oscillating cylinder; 4 — second maximum for an oscillating cylinder
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Table 1. Methods for diagnostics of wake-induced transition

Methods Advantages Limitations
Distributions of heat transfer and friction | Suitable for still cylinder (y,=20 | Unsuitable for still cylinder y, = 10
coefficients mm) mm and an oscillating cylinder
Distributions of dynamic pressure near | Simplicity and accessibility of the | Selecting a fixed distance near the
the plate surface method plate surface corresponding to the

displacement thickness of the laminar
boundary layer
Changing the signal of a hot-wire | The ability to visually observe the | Selecting a fixed distance near the

anemometer near the plate surface nature of disturbances at a given | plate surface corresponding to the
point with low inertia of the | displacement thickness of the laminar
measuring system boundary layer

Temperature distribution on the plate | Simplicity of the method. Suitable | Diagnosing the end of a wake-

surface for diagnosing the start of a wake- | induced transition is difficult

induced transition
Deformation of the velocity profiles in | Suitable for still cylinder (y.=20 | Diagnosing the region of a wake-

wall law coordinates mm) and an oscillating cylinder induced transition in the presence of
an «upper» transition (y, = 10 mm) is
difficult
Distributions 6 /x = f(Re,) , Suitable for diagnosing the start of | The end of the transition cannot be
6 /x = f(Re,), Re™ = f(Re,) a wake-induced transition clearly determined
Distribution of the shape parameter Suitable for diagnosing the end of | Unsuitable for diagnosing the start of
a wake-induced transition a wake-induced transition

Analysis of velocity fluctuations | Suitable for diagnosing the start | Diagnosing the region of a wake-
distributions including location and | and end of a wake-induced | induced transition in the presence of
amplitude of the longitudinal velocity | transition an «upper» transition (y, = 10 mm) is
fluctuations maxima difficult

As the presented methods for diagnosing a wake-induced transition have demonstrated, there is no single,
reliable way to determine the start and end of the transition region. Some proposed methods reliably determine
the start of the transition, while others only determine the end. This may explain the existing discrepancies in
the interpretation of the results of various authors on diagnosing a wake-induced transition. Only a combination
of the methods described above allows for the diagnosis of such a transition.

5. Conclusion

The presented results were focused on development of new and modification of existing diagnostic
methods for a wake-induced transition initiated by wakes behind a still and oscillating cylinders. The special
attention was paid to finding the start and end of its region. It is necessary to use a combination of presented
methods to reliably determine the coordinates of a wake-induced transition.

Using a combination of developed diagnostic methods, the coordinates of a wake-induced transition were
determined for 4 series of experiments:

— with an oscillating cylinder (series 4): Rexst=8.5~104, Rey,, d=2.4-105, respectively xg =140 mm,
Xena ~400 mm;

— still cylinder (y,=20 mm) (series 2): Rey ,=9- 10* and Rey, ,/Reyx =2.94;

— still cylinder (y.= 10 mm) (series 3): Re, =8.2- 104, Rey, ,/Rey =2.82.

Increasing the turbulence of the external flow by installing fixed and moving cylinders leads to the fact
that a wake-induced transition region shifts upstream in series 2, 4 and 3. These experimentally established
facts make it possible to predict the location of the wake-induced transition and the intensification of heat
transfer in the pseudolaminar BL, i.e., to control the process of such type transition using wakes behind the
still and oscillating cylinders in the range of these experiments parameters. The experimentally discovered fact
that with increasing vortex frequency the start of a wake-induced transition region shifts upstream coincides
with the conclusions of the previously cited article [6].

Based on the data obtained in the range of parameters in the present experiments, the possibilities of
controlling a wake-induced transition are confirmed:

— its location - from x5 =115 to 155 mm at y,=10 and 20 mm respectively;
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— length - from (xzpg — X5¢) ~230 to 300 mm at y,=10 and 20 mm respectively;

— intensification of transfer in the preceding pseudolaminar BL - from ~20% (y, =20 mm) to ~90%
(¥.=10 mm) at Re,= 6-10*.

The need to coordinate the efforts of researchers to unify experimental procedures for determining the
coordinates of a wake-induced transition region was emphasized.
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Abstract. In the context of intensive growth in the volume of transmitted information and the complexity of
telecommunication network architecture, improving reliability of fiber-optic communication lines at the operational
stage is becoming particularly relevant. This paper proposes an approach to intelligent diagnostics of fiber-optic
information transmission system elements based on the parameters of digital monitoring of optical modules. The
feasibility of using diagnostic data on the power of the optical signal, temperature, power voltage, and laser current
to assess the current state of the line and identify signs of degradation is analyzed. A structural diagram of a
hardware-software device is proposed, providing continuous data collection, their adaptive processing, and the
formation of real-time prognostic estimates. For processing diagnostic parameters, a machine learning model
adapted for the built-in microcontroller platform and focused on failure risk classification and intelligent
diagnostics of line elements. The results of experimental studies based on real operational data confirm the
possibility of early detection of potential failures and increasing the reliability of fiber-optic communication lines.

Keywords: fiber-optic communication lines; digital monitoring; failure forecasting; degradation of optical
components; intelligent data processing; technical condition diagnostics; reliability of telecommunication networks.

1. Introduction

The development of digital technologies, the constant growth of the volume of transmitted information,
and the increasing demands on communication quality require higher reliability of telecommunication systems.
Under these conditions, fiber-optic information transmission systems (FOITS) occupy a special place in
modern communication infrastructure, providing high-speed data exchange over long distances [1]. The
number of internet users has doubled between 2014 and 2024, which is equivalent to an average annual growth
of approximately 7.23% [2]. The constant increase in data transmission speed, the complication of network
architecture, and the increased load on communication channels lead to increased failure probability, parameter
degradation, and increased requirements for the stable operation of these systems. Fiber optic information
transmission systems are placing increasingly high demands on reliability and fault tolerance. To ensure the
timely detection of malfunctions and prediction of failures, intelligent diagnostic tools are necessary that can
not only record current changes but also make predictions based on accumulated data. Predicting malfunctions
is crucial during operation, as it allows for early detection of failures and minimizes downtime. Failure
forecasting methods based on the analysis of historical data and intelligent monitoring systems, particularly
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machine learning, can analyze failure data volumes, predict possible failures, adapt to changing operating
conditions, and eliminate them before they occur [3,4]. This, in turn, allows for early maintenance, automatic
parameter correction, and fault-tolerant control of fiber-optic communication systems.

Although the failure forecasting method allows for the detection of possible failures, it is necessary to
develop a diagnostic tool that allows for continuous monitoring with adaptive data processing to continuously
monitor the state of elements. Of particular interest is the use of DDM (Digital Diagnostic Monitoring)
functionality integrated into SFP (Small Form-factor Pluggable) modules, as well as the prospects for their
integration with microcontrollers and intelligent algorithms.

A number of works consider various approaches to the diagnosis and monitoring of fiber-optic
communication lines and optical modules. The system presented in the work [5] provides power monitoring,
channel switching in case of failure, and reflected signal detection, however, the architecture does not support
intelligent analysis. An analysis of the reliability of SFP modules was conducted based on long-term
monitoring of digital diagnostic monitoring parameters, within which the possibility of using DDM data to
assess degradation processes was shown; however, hardware platform diagnostics and failure forecasting have
not been implemented and are limited to assessing correlational relationships [6]. A model of a fiber-optic
communication line diagnostics device based on the analysis of attenuations and disruptions in the line has
been proposed, however, the device does not support digital monitoring functions and does not provide for the
application of intelligent data processing algorithms [7]. Modern approaches to free-spatial optical
communication and mirror-based optical structures are considered, where the potential of digital monitoring
as a tool for monitoring the state of optical systems is noted and the need to supplement it with intelligent
analysis tools is emphasized [8]. The architecture and basic capabilities of implementing digital diagnostic
monitoring functions in SFP modules are described, while issues of degradation analysis and failure
forecasting are not addressed [9]. An optical module for digital diagnostics with real-time measurement of
temperature, voltage, current, and optical power is presented, however, parameter processing the module
analyzes the data according to a fixed algorithm without implementing prognostic functions [10]. A mechanism
for automatic correction of optical power during signal level decrease based on digital diagnostic monitoring
data, oriented towards control actions and not providing for the assessment of residual resource and failure
probability of communication line elements [11], has been implemented.

Analysis of existing devices and diagnostic methods has shown the need to develop a device designed to
diagnose failures in the elements of the SFP module based on diagnostic data obtained from SFP modules with
DDM technology for analysis and processing, including predicting the level of fiber degradation, residual
service life, and failure probability of elements using machine learning algorithms, and with the possibility of
subsequent transmission of forecasting results through the communication module to the user's external
devices.

2. Materials and methods of research

The device is designed to collect, analyze, and predict parametric and functional failures of fiber-optic
communication line elements based on diagnostic data (Fig. 1). Unlike known solutions, the device allows
forecasting the state of network components in real time using a pre-trained machine learning model integrated
into the microcontroller system [12].

The operating principle of the device consists of several stages. In the first stage after power supply, the
device is activated. The SFP module (1) with the DDM digital monitoring system, is connected to the fiber-
optic communication line, transmits and receives the optical signal. The microcontroller (2) acquires diagnostic
parameters from the DDM interface of the SFP module system for the Pr.(f) transmitter and Pr«(f) receiver
power values, module temperature 7(f), power voltage U(¢), and bias current /(¢) through a standard digital
interface (Fig.1). As a microcontroller (2), ESP32 is used, which has an embedded wireless communication
module and necessary interfaces for questioning the DDM system, interaction with external modules and data
transmission.

The obtained data is structured and transmitted to the adaptive information processing unit (3), where
their analysis is carried out using a pre-loaded trained machine learning model obtained from the external
learning system (12). The ESP32-S3 microcontroller, which is manufactured by Espressif Systems [13,14],
serves as an adaptive information processing module. This product was chosen for its combination of high
computing power, energy efficiency, built-in external interfaces, and neural network support (including
TensorFlow Lite Micro).
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Fig. 1. Structural diagram of the fiber-optic communication line element diagnostics device. 1-SFP Module, 2-
microcontroller, 3- adaptive information processing unit, 4- display, 5- control unit, 6- communication module, 7-
database, 8- power supply control system, 9- power supply from source, 10- battery, 11- EEPROM (Electrically
Erasable Programmable Read-Only Memory), 12-external learning system

The adaptive information processing module, built on the basis of ESP32-S3, represents an intelligent
platform for predictive diagnostics of FOITS, capable of analyzing the parameters of optical elements and
predicting failures. The forecasting results are displayed on the display (4), and also transmitted through the
communication module (6) via a wireless interface to the user’s external devices. Simultaneously, the
microcontroller stores current diagnostic parameters and forecasting results in EEPROM (Electrically Erasable
Programmable Read-Only Memory) (11) and database (7). The user can access the database remotely through
a computer or server, view saved data, generate reports, and monitor the line’s status. During operation, the
control unit (5) coordinates the device’s operation, and the power supply control system (8) controls the power
supply from source (9) and battery (10), ensuring the device’s autonomous operation.

The adaptive information processing module, in which the machine learning model is implemented, is
given special attention. The main goal of model training is to form a training model of a machine learning
algorithm capable of using diagnostic parameters obtained from the SFP module through the DDM interface
(Fig.2). At the initial stage of task formation, the model type is based on the set task. The goal is to determine
the failure risk level: low/medium/high and the degradation value, as well as the residual service life. The
proposed device architecture supports classification and regression tasks. In this study, only a classification
model was implemented and experimentally tested to determine the level of failure risk.

The data should be prepared in a convenient and standardized format for model training. For this, the
characteristics are normalized (reduced to a single scale):

X = X H (1)

O.

1

where x'”"- normalized value; X, - parameter value for the i-th measurement; /4, - the average value of this

i

characteristic for all data; o, - standard deviation of a trait for all data.

i

Class or predicted value tags are created, for classification:

0;0(¢)<0,3
y=+1;0,3<0(¢)<0,7 2)
2;0(t)>0,7
for regression:
V=i — 1 3)

Threshold values are selected based on equipment technical passports and preliminary degradation
analysis results. The values can be adapted to specific operating conditions.

When choosing a model for implementing predictive diagnostics, it is necessary to consider several
important factors, especially those related to the limitations of embedded systems:
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- low dimensional size and permissible computational load for the ESP32-S3 microcontroller;
- support for real-time forecasting;
Interpretation of results, necessary for assessing, forecasting, and explaining the causes of identified risks.

(1) Defining goals.

Classification: risk levels (low, medium, high).
Regression: target values (degree of degradation, dead time)

v
(2) Formation of a training dataset
Time series collection: PTx(t), PRx(t), T(t), U(t), I(t)
True label collection: failure flag (0 -working, 1-failed), failure
time for each recording

N|
v

(3) Data preprocessing

data purification, calculation of average value y, standard
deviation 6, normalization: X' = (x — )/ ©

Generating labels:

Risk class: conversion to low, medium, high

Regression: Numerical values of degradation and service life

(4) Model training
Data splitting: 70% - for model training, 15% - for validation,
15% - for testing. Training on a training sample.

|

(5) Quality assessment of the trained model: classification
metrics: classification accuracy, F1-measure; regression
metrics: MAE, MSE

(6) Does metric meet the
requirements?

(7) Model export and
implementation in microcontroller

End

Fig.2. Algorithm for training an ML model for export to a microcontroller

The principle of operation of the device in normal operating mode: after power supply, the
microcontroller automatically initiates a sequence of questioning of the DDM SFP module system with an
interval of 1 s. With each sample, the laser temperature, power voltage, laser displacement current, as well as
the emitted and received optical power are recorded. Data is transmitted to the adaptive information processing
module. Based on a pre-trained neural network model, the module forms a forecast of the failure probability
of key elements and residual fiber resource; the complete processing cycle —from the moment of sampling to
the issuance of the forecast result — does not exceed 5 s. The obtained forecasts are accompanied by a time
mark, visualized on a touchscreen in the form of trends and text messages, and simultaneously published
through a wireless channel to external user services. In parallel, diagnostic samples and corresponding
forecasts are archived in the EEPROM ring buffer and replicated into the internal database. Such an algorithm
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ensures continuous (“on-line””) observation of the line’s state without data loss even with high-frequency
parameter fluctuations. In the warning signal mode: when one of the predicted degradation threshold metrics
reaches 70% of the critical level by default, the microcontroller generates an alarm event. On the display, a
“red” dialog box automatically opens, indicating the reason and the recommended action (for example, “The
probability of fiber breaking after ~72 hours - check the area between points A-B”). Simultaneously, a
notification is sent through the communication module via the Web-Push or MQTT-push protocol to the
operator's registered devices, indicating the date, time, module identifier, and current statistics. Therefore, the
operator receives a warning long before the actual failure and can plan prevention without stopping traffic.

In emergency mode and battery power: in case of sudden loss of external network power or critical
hardware error, the power control unit instantly switches the load to the built-in battery. At this point, the
device switches to standalone mode: the display lighting and data transmission are switched off, but the
collection of diagnostic parameters, forecasting, and logging continue as before. All events recorded during
battery operation are marked with a special “backup power” flag. After restoring the main power supply and
network connection, the microcontroller automatically discharges the latest archive data, including the time of
failure, to the external database, which gives the operator a complete picture of the emergency situation. If
necessary, the log file can be manually exported through the user interface.

Such a sequence of modes guarantees the continuity of monitoring, allows for timely warning of
impending failures, and ensures data preservation even in emergency situations, thereby increasing the overall
reliability of fiber-optic communication lines.

To implement the device failure forecasting function, a trained machine learning model is used, formed
based on real diagnostic logs obtained during nine months of operation of twelve fiber-optic communication
line main nodes. The dataset consisted of 1,000 labeled samples, each represented by five DDM-based
diagnostic features. The data were randomly divided into 70% training and 30% testing subsets. For the MLP
classifier, 20% of the training data were internally allocated for validation during the learning process. After
training, the network is quantized to 8-bit TensorFlow Lite format, the final file, approximately 180 Kbytes, is
signed with the SHA-256 control sum and placed in the protected HTTPS repository of the external training
system. The ESP32-S3 microcontroller, when initialized, executes a request to this repository, automatically
compares the control sum of the local and available models, and upon the appearance of a new version, uploads
the file to the second section of the internal Flash memory; switching to the updated model occurs after re-
launching without user intervention. During operation, the input vector for the network is a sliding window
from the last fifty samples of diagnostic data (about 50 seconds of observations), supplemented by a sine-
cosine representation of the time of day; the hardware neural processing unit of the ESP32-S3 nucleus performs
an interference in 4-5 seconds at a clock frequency of 240 MHz, after which the microcontroller compares the
obtained probability value with a threshold of 0.8, duplicates the result in the EEPROM and the database,
displays it on a touch screen, and publishes it through the wireless channel. Such a software and hardware
solution guarantees the reproducibility of the method, provides local forecast calculation without involving
external computing resources, and allows for regular improvement of model accuracy through automatic
updating from the training system.

Database (7) is an embedded SQLite table placed in the flash memory of microcontroller 3: it does not
require a separate hardware unit, but is logically highlighted because it stores a long-term archive of diagnostic
samples and forecasts. The MCU (Microprogrammed Control Unit) writes new lines there, and the
communication module 6 unloads them to external systems upon request.

The technical result of the developed device is an increase in the reliability of fiber-optic communication
lines due to the implementation of diagnostics and forecasting of parametric and functional failures of fiber-
optic communication line elements based on the analysis of diagnostic data obtained from SFP modules with
the support of DDM technology. The possibility of measuring the transmitter power, receiver power, power
voltage, module temperature, laser displacement current is provided, thereby predicting the level of fiber
degradation, residual service life, and the probability of element failures. The combination of these effects
necessitates a significant increase in the reliability and fault tolerance of fiber-optic communication lines,
reduces maintenance costs, and improves the quality of telecommunications services provided.

The diagnostic device for fiber-optic communication line elements with adaptive information processing
differs from existing solutions [7-12] in that it additionally contains an adaptive information processing module
(3), a display, a communication module, a network power source, a power control unit (Table 1).
Microcontroller (2) is capable of transmitting diagnostic parameters from the DDM system to an adaptive
information processing module, which is designed to predict parametric and functional failures of fiber-optic
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communication line elements using a pre-trained machine learning model. There is also an opportunity to
transmit results via a communication module via a wireless channel to the user's external devices in real-time,
and diagnostic parameters and forecasting results are stored in energy-independent memory and a database.

Table 1. Devices and methods for diagnosing failures elements in fiber-optic communication lines

Method / System Method Description Main Limitations / Advantages |Reference
Integrated semi-active | Provides optical power monitoring, | The architecture is limited to CWDM
CWDM system with a|channel switching in case of failure, | systems, does not include intelligent [7]
circulator and reflected signal detection. data analysis.

Reliability assessment of | Long-term reliability analysis of SFP|DDM is used only for correlation
optical transceivers based on | modules using Digital Diagnostic | analysis without performing predictive [8]
SFP parameter monitoring | Monitoring (DDM) parameters. diagnostics.
. . . | Analysis of attenuation and|Does not support DDM and lacks
Optical cable diagnostic|,. . P . : . o
device dlsturban.ces. ~in fiber-optic 1nte111g§gt diagnostic or predictive [9]
communication lines. capabilities.

Monitoring  system  for
optical SFP transceiver
modules

System architecture based on DDM | DDM functionality is implemented

integrated into SFP modules. only for parameter monitoring. [10]

DDM-enabled  optical  module|Does not include intelligent data
Optical module with digital | providing monitoring of temperature, | processing, employs a fixed diagnostic
diagnostic method supply voltage, laser bias current, and | model, and does not support failure
optical power. prediction.

DDM is used only for operational
Automatic adjustment of optical |control; historical data  storage,
power using the DDM database. intelligent analysis, and predictive
capabilities are not provided.

[11]

Optical power adjustment
method based on the optical
module and terminal

[12]

3. Results and discussion

Modeling and model training were conducted in the MATLAB environment using neural network
modeling tools. The application of the MATLAB software environment made it possible to implement a
complete cycle of model construction and verification, i.e., data preparation and architecture selection,
visualization of learning convergence, and analysis of quality metrics. comparative experiments were
conducted with machine learning models - MLP (Multilayered perceptron), Decision Tree and Random Forest
(Table 1). The performance of the evaluated models was assessed using Accuracy, Precision, Recall, F1-score,
and ROC-AUC (Table 2), since the dataset was highly imbalanced, with approximately 98.3% of the samples
corresponding to the normal operating state and only 1.7% representing fault conditions. Decision Tree and
Random Forest models achieved the best overall performance, whereas the MLP classifier demonstrated lower
Recall despite its high Accuracy and Precision. Among the evaluated models, the Random Forest classifier
achieved the highest ROC-AUC value (0.9986) while maintaining an Accuracy of 99.67%, a Recall of 100%,
and an Fl-score of 0.9091. Therefore, the Random Forest model was selected for implementation in the
proposed intelligent diagnostic device due to its superior predictive performance and robustness.

Table 2. Performance comparison of the evaluated machine learning models

Model Accuracy Fl-score Precision Recall ROC-AUC

MLP 0.9900 0.5714 1.0000 0.4000 0.9925
Decision Tree 0.9967 0.9091 0.8333 1.0000 0.9983
Random Forest 0.9967 0.9091 0.8333 1.0000 0.9986

The dynamics of training the MLP neural network for loss function is presented in Table 3. As shown in
the figure, the training was completed at the 18th epoch as a result of fulfilling the early stop criterion when
achieving minimal error in the validation set. The value of the loss function decreased from 0.161 to 0.0115.
The gradient decreased from 0.383 to 0.0044, indicating the convergence of the model. The Scaled Conjugate
Gradient optimization method was used. This graph confirms the stability of learning and the absence of signs
of overtraining.
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Table 3. MLP neural network learning dynamics

Parameter Initial Value Final Value Target Value
Epoch 0 18 1000

Elapsed Time - 00:00:08 —
Performance 0.1610 0.0115 0

Gradient 0.3830 0.0044 1x10°
Validation Checks 0 6 6

The confusion matrices for the MLP, decision tree, and random forest classifiers shown in Figure 3
provide an analysis of the classification results. The MLP classifier correctly identified most normal samples
but failed to detect three fault samples. In contrast, the Decision Tree and Random Forest classifiers correctly
identified all fault samples while producing only one false positive.

True Class
True Class
True Class

0 _ 1 0 1 0 1
Predicted Class Predicted Class Predictad Class

a) b) ¢)
Fig.3. Confusion matrices: (a) MLP, (b) Decision Tree, and (c) Random Forest

The architecture of a trained MLP neural network used for binary classification of the module’s state is
shown in Fig.4. A vector consisting of five diagnostic characteristics is fed into the input: transmission power
(P1x), reception power (Prx), temperature (T), voltage (U), and current (I). The hidden layer contains 10 neurons
and utilizes a fully connected structure using the activation function. The result of the hidden layer is
transmitted to the output layer, where another linear transformation is performed with the addition of
displacements. The output layer consists of two neurons and forms a probability vector of the input data
belonging to one of the two classes (correct/failure) using the Softmax activation function.

The conducted experiments showed that this configuration has sufficient generalizability while
maintaining low computational load, making it suitable for embedding in the ESP32-S3 microcontroller.
Subsequently, the model was trained on labeled diagnostic data and exported to the TensorFlow Lite Micro
format, which ensured correct integration into the adaptive information processing module implemented on
the target hardware platform. The graph of the change in the loss function during the learning process of the
MLP model is shown in Fig. 5. The curves on the graph show a decrease in error in training, validation, and
test samples. The minimum error value in the validation sample was achieved in the 12th period (0.029975),
marked by the intersection of the green line with the horizontal line "Best." After this point, an increase in
validation error is observed, indicating the beginning of retraining. The early stop mechanism automatically
completed the training in the 18th era to prevent the degradation of the model’s generalizability.

The discrepancy between the validation and testing curves after the 12th era further demonstrates how
sensitive the model is to retraining, given the limited training data set. This suggests adding regulation methods
and possibly increasing the training set. However, the generalizability obtained from the model may be
sufficient for the purposes of developing diagnostic tasks using built-in tools, which is confirmed by the stable
behavior of the loss function in the test set until the end of training.
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4. Conclusion

Analysis of existing devices and methods for diagnosing fiber-optic information transmission systems
showed that most of the applied solutions are focused on monitoring current parameters and local adjustment
of operating modes, and do not provide failure forecasting and estimation of the residual resource of
communication line elements. In this regard, a model of a diagnostic device based on the collection and
processing of digital monitoring parameters of optical modules with the support of DDM technology and the
integration of intelligent analysis algorithms has been proposed. The developed device architecture includes
an adaptive information processing module that implements the assessment of the current technical condition
of fiber-optic communication line elements, forecasting the probability of failures through machine-learning-
based classification of the technical condition. The proposed device architecture is extensible and can be
complemented in future work with regression models for quantitative degradation assessment and remaining
useful life prediction. The device operates in real time and provides automatic transmission of diagnostic
results to the user, which expands the possibilities of managing the reliability of fiber-optic information
transmission systems.
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Abstract. Mixing processes in binary and multicomponent gas systems are characterized by a significant
variety of observed regimes. The main objective of the study is to determine the boundary between diffusion and
convective regimes, as well as to identify the parameters that control the convective regime. The change in modes
from "isothermal diffusion” to "gravitational concentration convection" was studied using the ANSYS Fluent
software package, which allows investigating the evolution of convective flows at the initial stage of mixing and
determining the limits of mechanical equilibrium stability of the system. The observed correspondence between
computational and experimental results verifies the proposed method for determining the boundary between
diffusion and convective transport in gas mixtures. The novelty lies in reconstructing the spatiotemporal evolution
of the isoconcentration fields for binary mixtures at different pressures and relating the convective flow structures
to the observed mode transitions. The approach provides a verified method for locating the diffusion—convection
boundary and for refining diffusion and thermal-diffusion coefficient measurements.

Keywords: diffusion, convection, mechanical equilibrium, binary gas mixture.
1. Introduction

The fundamental cause of natural convection in liquids and gases is a disturbance in mechanical
equilibrium caused by inhomogeneities in the distribution of density, temperature, and concentration of
components [ 1]. The phenomenon of natural convection underlies many natural processes, such as atmospheric
circulation and the transport of water masses in the oceans [2, 3]. The occurrence and development of
convection in viscous media is due to the combined action of a number of physical mechanisms. The loss of
mechanical equilibrium stability can be explained by various amplifications of hydrodynamic disturbances
caused by density fluctuations [1]. Diffusion is a critically important control parameter in a class of problems
describing the change in kinetic regimes under the action of simultaneously applied temperature and
concentration gradients. Analysis of the stability parameters of the system is necessary not only to determine
the boundaries of the growth of hydrodynamic perturbations, but also to predict the areas of their attenuation,
since it is in these areas that it is possible to accurately measure the diffusion and thermal diffusion coefficients,
which are of great practical importance [4, 5]. This determines the relevance of research in this area, which is
valuable both for a fundamental understanding of the physical nature of the effects under study and for solving
applied problems. Modeling natural convection requires consideration of a wide range of parameters
determined by boundary conditions and system geometry. Models are significantly complicated by the need
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to integrate factors such as coupled heat and mass transfer, chemical transformations, internal heat sources,
and the presence of phase boundaries [5].

The transition between kinetic mixing modes is determined by the disruption of the mechanical
equilibrium of the system. A mode change can be caused by the emergence of density gradients [6], which are
formed under the influence of heat flows, composition heterogeneity, or applied external fields. When
considering binary mixtures in a system, conjugate temperature and concentration gradients arise [7]. Their
interaction causes the development of complex, often unstable, convective modes. The loss of mechanical
equilibrium stability in binary gas mixtures is determined by a complex of factors, including spatial
temperature gradients, differential compression, and external force fields. When the threshold values of the
control parameters are reached, modes are formed in the system that are associated with a change in the
dominant transport mechanism from molecular diffusion to convective motion. Under conditions of
gravitational stratification, convective flows [8], driven by the difference in the densities of the components,
evolve into complex macroscopic structures. Experimental studies [9, 10] have confirmed the validity of
approaches [7, 8] for describing regions of non-isothermal diffusion and thermal concentration convection.

It should be noted that studies [5-7,11] considered convection arising from non-isothermal mass transfer
and thermal diffusion under the action of a temperature gradient. As shown in [12], during isothermal mixing
of multicomponent systems, the difference in diffusion coefficients causes an inversion of the mixture density,
which leads to effects that require additional study compared to those presented in works on non-isothermal
mixing. In [13], a large number of studies were summarized that were conducted for isothermal cases of
multicomponent mixing at the boundary between diffusion and gravitational convection modes under various
thermophysical factors.

Numerical studies of the evolution of convective mixing in isothermal mixtures have revealed a variety
of transition regimes from diffusion to convection and have determined the characteristic mixing times inherent
in diffusion and combined mixing types [14-17]. At the same time, it should be noted that the convective
mixing effects recorded in [13-15] are derived from the simultaneous action of several concentration gradients.
Therefore, it seems important to study the change in kinetic regimes in the presence of a minimum number of
concentration gradients that correspond to binary systems when the condition of increasing mixture density
with height is realized. In [9,10,18], the features of convective mixing in isothermal binary mixtures with
unstable mixture density stratification were investigated. Within the framework of stability theory [1,7],
relations were obtained that register the transition from diffusion to the Rayleigh—Taylor convection analogue
[19]. At the same time, studies related to the dynamics of isoconcentration fields at given compositions and
pressures have not yet sufficiently established the relationship between the structures of convective flows and
the evolution of their development.

Unlike the authors' previous, mainly experimental and stability-theory studies [9, 10, 18], this work uses
3D CFD modelling to reconstruct the spatiotemporal evolution of the isoconcentration fields and to link the
structure of the convective flows directly to the mode transitions. The novelty lies in establishing, for
isothermal binary mixtures at different pressures, the connection between the spatial organization of convective
flows and the "diffusion—convection" and "convection—convection" transitions, including identification of the
critical pressure of mechanical-equilibrium instability.

This work proposes to numerically investigate, using the ANSYS Fluent software package [20], the initial
stage of the spatial-temporal evolution of concentration fields arising from the instability of the mechanical
equilibrium of a gas system at different pressures for isothermal binary mixtures. It is planned to compare the
numerical results with experimental data. It is expected that the presented comparison will provide a better
understanding of the mechanisms of transition from a diffusion state to a convective state, which will allow
recommendations to be developed for a more detailed description of mixing processes in binary systems.

2. Problem formulation and numerical methods

The experimental studies obtained in [9-10] in the pressure range of 0.338-2.5 MPa at a temperature of
298 K using an experimental setup implementing the two-flask method, the diagram of which is shown in Fig.
1, were taken as the objects of study. The diffusion apparatus consisted of two flasks of equal volume V,, = V;
= 55.6 cm?®, which were connected by a diffusion channel with a diameter of d = 0.4 ¢cm and a length of L =
6.4 cm. The duration of the experiments was 17 min, except for the experiments at a pressure of 0.29 MPa,
for which the duration was increased to 60 min. The ANSYS Fluent software package provides the ability to
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perform three-dimensional modeling of diffusion channels of arbitrary geometry [19], as well as visual
visualization of physical processes described by the selected system of equations.

A combined approach to mesh generation was used to discretize the computational domain when
modeling a binary gas mixture. The cylindrical elements of the system were approximated by an unstructured
mesh based on triangular finite elements, while the diffusion channel was described by a structured mesh of
square elements. This mesh generation strategy allows the geometric features of different parts of the
installation to be adequately taken into account. The choice of a characteristic mesh cell size of 2 mm ensures
correct reproduction of the model geometry and stable convergence of the numerical solution [20]. A mesh
sensitivity analysis carried out for a representative case (p = 1.49 MPa) on co-arser and finer grids showed that
the predicted nitrogen concentration in the lower flask varied by less than about 1.5% upon refinement,
confirming that the results are essentially grid-independent. The mesh of about 385 000 elements was therefore
adopted as an optimal compromise between accuracy and computational cost.

Fig. 1. Three-dimensional model of a diffusion cell and the calculated simulation area

The use of a hybrid mesh combining triangular and square elements provides an optimal balance between
modeling accuracy and computational efficiency. The use of triangular cells in cylindrical regions allows for
the correct approximation of curved surfaces, while the structured mesh in the diffusion channel significantly
reduces computational costs. The proposed approach is consistent with modern practices for constructing
computational meshes for numerical modeling of processes in binary gas mixtures, where the choice of element
types and sizes is determined by the balance between the geometric complexity of the domain and the accuracy
requirements of the calculations.

Mass transfer modeling in the N>-He system was performed under initial conditions, when nitrogen is
located in the upper flask and helium in the lower one [10]. This configuration, determined by the difference
in molecular weights of the gases, creates a pronounced gravitational stratification of the mixture density,
allowing the processes of mechanical equilibrium disruption to be investigated. Within the framework of
mathematical modeling, the assumption was made that the physicochemical characteristics of the gas
environment are constant. The numerical values of the corresponding parameters were obtained from the built-
in database of substances in the ANSYS Fluent software package. Since the process is isothermal at 298 K,
the temperature-dependent transport properties remain practically constant within a single run, while the
pressure dependence is retained through the binary diffusion coefficient D12 (Eq. 6) and the mixture density is
computed from the state model as a function of composition; the assumption loses accuracy only under strongly
non-isothermal or near-critical conditions.

Since the apparatus is modeled as a closed system, impermeability conditions are set at all its boundaries.
This type of boundary condition mathematically excludes the possibility of any mass transfer through the
control surface, thereby ensuring the isolation of the system from the external environment in terms of material
components. To ensure the isothermal nature of the mixing process, appropriate thermal boundary conditions
were used, and the enclosure structure of the apparatus was modeled as a solid wall made of structural stainless
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steel whose thermodynamic and strength characteristics were also taken from the standard ANSYS Fluent
materials library [18].

Convective flows caused by mechanical equilibrium instability demonstrate complex evolutionary
dynamics at the initial stage. The evolution of convective flows includes a sequence of stages: linear growth
of small convective perturbations, nonlinear interaction of instability modes, transition to a turbulent regime
with the formation of multiscale vortex structures, and other specific features determined by the parameters of
the system [21]. To analyze partial flows in media with convective flows of variable intensity, it is advisable
to use the k- turbulence model [22,23], which allows adequate description of mass transfer processes over a
wide range. The initial and boundary conditions were set as follows: at the initial moment of time, the upper
and lower chambers of the diffusion apparatus contained different binary gas mixtures. The molar fractions of
the components were determined using the patch method for the corresponding grid zones.

In ANSYS Fluent, binary gas mixtures are modeled using component transport equations (mass fractions
Y; and Y>) and equations of motion. Mass transfer is described by convective-diffusive equations that take into
account molecular and turbulent diffusion, and the density of the mixture is calculated according to the selected
state model. The formulas include the transport equation for mass fraction [22-23]:

a(pY- N
—(gtl) +V(puY,) = V(pDessVY1) + Sy

(M
a(pY; —
SE+ V(pUYy) = V(pDery VH) + 5,

where D, is the effective diffusion coefficient, S; and S: are generalized source terms that account for possible
mass sources or sinks of components. In the context of the problem under consideration, there are no additional
mass sources.

The standard k—w model is based on a system of semi-empirical transport equations, including equations
for turbulent kinetic energy & and its specific dissipation rate w, where w is interpreted as the ratio of turbulent
energy dissipation rate ¢ to k [23]. The standard k—® model was chosen because, unlike the k—¢ family, it
integrates directly to the wall without wall functions and retains accuracy at low turbulent Reynolds numbers,
so it correctly reproduces transitional and near-laminar regimes and naturally reduces to molecular transport
in regions where turbulence production vanishes. This makes it suitable for the present problem, in which the
flow evolves from a purely diffusive state through a transitional convective stage to locally developed
convection.

a [é] — a dk
E(pk)+a—m(puk)=a—”(rka—%)+ak—yk+sk+ak
(2)
2 S N W
5(pw)+a—xi(pua))—ax (F‘*’ax,-)+Gw Y, + S, + Gy

J

Gy — describes the generation of kinetic energy of turbulence caused by average velocity gradients; p is
the density of the medium; u” = (uy, uy, u,) — velocity vector; G,, — characterizes the generation of the specific
dissipation rate . In the presented system of equations, /' and I, characterize the effective turbulent diffusion
for k and w, respectively; Y; and Yw are dissipation terms; S; and S, are user source terms, which are assumed
to be zero in this work [24]. The indices 7 /imply summation over coordinates (i,j = 1, 2, 3).

The effective diffusion coefficients for the k~~w model are given by the formulas:

= He
F"_“+ak

3)
L,=u+t
w—H o0

Prandtl turbulence numbers o; and o, determine the efficiency of diffusion transfer of turbulent kinetic
energy and the rate of its dissipation. Within the framework of the model used, constant values or = 0., = 2 are
assumed. Molecular viscosity u is supplemented by turbulent viscosity p, which is a function of £ and w:
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« Pk
pe=a*= 4)

w
where o * is a coefficient that dampens turbulent viscosity and has a constant value of a*=1 [23]. Diffusion

flows ]T andE for substances 1 and 2, respectively, are calculated using the formulas:

Ji=-— (PD12 + Su_ctt) 24
(5)
J» = = (pDio + ) W1,

In the presented model: g is the turbulent viscosity; Sc; is the Schmidt number, defined as Sc¢; = w/(pD));
the standard value of Sc; is taken to be 0.7. D; is the binary diffusion coefficient; 7 is the temperature. It should
be noted that in developed turbulent flows, the contribution of turbulent diffusion usually exceeds molecular
diffusion. However, in the problem under consideration, corresponding to the initial and transitional stages of
mixing, molecular diffusion processes continue to play a significant role.

Binary diffusion coefficient D, is determined within the framework of Chapman-Enskog kinetic theory
[25] using the formula:

1

D;, =0.00186 wi

2
PabsOi2{2p

(6)

where M,, - molar mass (g/mol), T - temperature (K), pus - absolute pressure (atm), £p - dimensionless
diffusion collision integral, quantitatively characterizing the intensity of molecular interactions in the system.

An approach based on the pressure method was used for all calculation models. For spatial discretization
of computational fluid dynamics equations, the schemes listed in Table 1 were used, which were tested and
validated in [23, 26].

The parameters listed characterize the configuration of the numerical solution in the ANSYS Fluent
environment, detailing the methods used to discretize the basic equations, approximation schemes, and
computational algorithms involved in the modeling process. The PRESTO! (PREssure STaggering Option)
scheme computes pressure on staggered face control volumes, avoiding the interpolation errors of standard
schemes, and is therefore recommended for flows with strong body forces and steep density gradients, such as
the buoyancy-driven concentration convection considered here. The selected and tested combination of
discretization schemes guarantees an optimal balance between the accuracy of the numerical solution and
computational efficiency, which is particularly critical for problems with the combined influence of convective
and diffusion processes, and makes it the preferred choice for this class of problems [24].

Table 1. Solution methods

Quantity Discretization
Gradient Least Square Cell Based
Pressure PRESTO!
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Specific Dissipation Rate Second Order Upwind
Pseudo Time Method Off
Transient Formulation Second Order Implicit

3. Results of numerical studies and comparison with experimental data

Numerical simulation of the dynamics of binary gas mixtures was performed in the ANSYS Fluent 2025
R2 software environment using a Lenovo LOQ 15IAX9 computing complex equipped with an Intel Core i5-
12450HX processor, 16 GB of RAM, and an NVIDIA GeForce RTX 3050 graphics accelerator. Depending
on the complexity of the calculation scenario and the characteristics of iterative convergence, the duration of
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a single computational experiment ranged from 20 to 72 minutes. To assess the reproducibility of the results
obtained, each series of calculations was performed three times.

In order to validate the numerical approach adopted to describe the kinetic transition "diffusion—
convection" and "convection—convection" over a wide range of pressures, the simulation results were
compared with the experimental data presented in [9, 10] and summarized in Table 2. The computational mesh
and discretization schemes are described in Section 2.

The experimental data [9,10] presented in Figure 2 illustrate the effect of pressure on the behavior of the
Nr-He binary gas mixture. At low pressures, there is good agreement between the concentrations calculated
under the assumption of diffusion and the experimental concentrations, which indicates the predominance of
the diffusion mechanism of mass transfer. In this pressure range, the binary diffusion coefficient has relatively
high values, and density stratification remains stable, as a result of which any local disturbances are effectively
suppressed by molecular diffusion. With an increase in pressure starting from a certain critical value (0.518
MPa), the concentration of components increases, which indicates a loss of mechanical equilibrium stability
of the system and the emergence of convective currents, i.e., a boundary transition "diffusion-convection" is
recorded. This transition is caused by a decrease in the mutual diffusion coefficient with a simultaneous
increase in density gradients, as a result of which the characteristic diffusion equilibration time becomes
comparable to the growth time of gravity-induced perturbations. At this point, the system reaches a limiting
state in which small density and concentration perturbations cease to decay. Further pressure increase leads to
an increase in the concentration of components, which corresponds to the convective type of mixing. In the
specified pressure range, mass transfer is determined by the development of concentration-driven gravitational
convection, leading to intensification of component transfer. However, starting at a pressure of 1.1 MPa, the
intensity of convective mixing begins to decrease, and at a pressure of 1.8 MPa, the intensity of mixing
decreases, which is typical for diffusion rather than gravitational convection. This behavior may be associated
with the restructuring and enlargement of convective structures, as well as with an increase in viscous and
stabilizing effects at high pressures, which leads to a decrease in the efficiency of convective mass transfer.

N
= 4 i .
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g 9t : i Y
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£ : | T
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A= [ :
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. o / : |
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Fig. 2. Pressure dependence of nitogen transfer from upper flask to the lower flask in the N,-He system: until p, =
0.518 MPa — diffusion mode; from p, to p,, = 1.1 MPa — the occurrence and development of convection; from p,, to
Psex = 1.8 MPa — transition from one type of convective mixing to another; from p,., — decrease in convection
intensity. ® — experimental points [9,10], A — Points calculated using Ansys Fluent, solid curve — polynomial
approximation, dotted curve — calculation based on Stefan-Maxwell theory

The change of mixing regimes with pressure reflects the competition between the buoyancy forces that
drive convection and the diffusive and viscous mechanisms that dissipate it. As the pressure increases, the
binary diffusion coefficient decreases (Eq. 6), which weakens the diffusive smoothing of concentration
gradients and sharpens the density stratification. Once the solutal Rayleigh number exceeds its critical value,
the mechanical equilibrium loses stability and concentration-driven convection sets in. In the range from
p=0.52 to 1.1 MPa the driving density gradients dominate over dissipation, and fine-scale plume-like structures
analogous to Rayleigh—Taylor fingers develop, providing a large interfacial area and intense convective
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transport. At higher pressures, the further reduction of D12 is accompanied by an increase in density and in
momentum dissipation, so that the characteristic scale of the convective structures grows: the plumes merge
into larger and slower circulation cells with a smaller specific interfacial area. As a result, although convection
persists, its efficiency decreases and the integral mass-transfer rate approaches values typical of the diffusion
regime — this restructuring, rather than a complete suppression of convection, is the physical mechanism
behind the "convection—convection" transition.

The table 2 shows experimental and calculated values of concentrations both in the diffusion
approximation (according to Stefan-Maxwell equations) and taking into account convective perturbations
according to the k- turbulence model. Analysis of experimental and numerical data shows good convergence
and demonstrates that when critical pressure values are reached in the system, a transition from diffusion mode
to concentration convection is observed. The formation of convective flows at certain time intervals is a key
indicator of a disturbance in the mechanical equilibrium of the system. The observed process is consistent with
the theoretical provisions of convective stability theory. Based on the analysis of the time dependencies of the
average molar fractions and isoconcentration isoline maps, two types of transitions were identified: the
"diffusion — convection" transition is recorded at the moment of isoline curvature and the appearance of local
circulation flows; the "convection — convection" transition corresponds to the restructuring of the flow
structure, including due to the action of convective mechanisms. With a further increase in pressure, convection
persists, but its nature changes, which manifests itself in the restructuring of the spatial structure of the flows
and the stabilization of average concentrations.

Table 2. Concentrations of diffused nitrogen from the upper flask to the lower flask for the N>-He system at various
ressures and 7=298 K, 7 = 17 minutes

P s MPa Cexperimem Ctheary CAnsyx
0,338 0,065 0,064 0,069
0,437 0,051 0,051 0,055
0,518 0,043 0,046 0,040
0,798 0,161 0,030 0,165
1,030 0,244 0,024 0,226
1,490 0,273 0,016 0,239
2210 0,184 0,022 0,181
2,655 0,173 0,028 0,170

The agreement between the calculated and experimental concentrations was quantified by the relative
deviation. The mean absolute relative error over the whole pressure range is about 5.8%, with a maximum of
about 12.5% near p = 1.49 MPa, where convective mixing is most intense, this confirms quantitatively the
satisfactory predictive accuracy of the model.

The comparison of experimental data with calculated concentration profiles confirms that the initial stage
of the diffusion process occurs within a time range that is significant for the overall mixing process. The
numerical results obtained demonstrate satisfactory agreement with experimental observations. Figure 3 shows
the instantaneous distribution of the concentration field of a binary gas mixture N>—He at a fixed time =510 s
at different pressure values. This method of data presentation allows us to reveal the influence of pressure on
the spatial organization of mass transfer without resorting to integral mixing characteristics.

Analysis of the concentration distributions shown in Fig. 3 shows that when the pressure changes, the
structure of the concentration field undergoes a sequential rearrangement—from a quasi-one-dimensional
distribution to spatially inhomogeneous configurations. At low pressures, the concentration field is
characterized by an ordered structure with a dominant direction of transport along the diffusion channel axis
and the absence of pronounced transverse gradients, which corresponds to the distribution shown in Fig. 3a.

As the pressure in the system increases, spatial disturbances intensify, manifesting themselves in the
curvature of isoconcentration lines and the formation of local inhomogeneities in the distribution of
components (Fig. 3b). These changes indicate a complication of the spatial structure of mass transfer and an
increase in the role of transverse concentration redistributions. With a further increase in pressure, the
concentration field becomes significantly heterogeneous (Fig. 3c), reflecting the intense spatial redistribution
of components within the system and the formation of stable concentration configurations. The further
temporal evolution and spatial organization of these structures are shown in Figure 4.
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Fig. 3. Mixing dynamics for the N,-He system at time 7= 510 s depending on mixing modes:
a) p=0.437 MPa; b) p=0.798 MPa; c) p=1.49 MPa

n‘]

Fig. 4. Convective flows formed in the diffusion channel for the N>-He system at p=1.49 MPa, 7=298 K
as a function of time: a) t=1s;b)7=25s;¢c)7=7s
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The sequence of instantaneous distributions allows us to trace the characteristic stages of the evolution
of concentration-driven convection after the system loses its mechanical equilibrium stability.

At the initial stage of mixing, the concentration field remains generally ordered, but small distortions of
isoconcentration lines occur near the contact region of the components (Fig. 4a). These disturbances reflect
the emergence of concentration fluctuations caused by the instability of density stratification and indicate a
violation of the pure diffusion transport mechanism. As the process develops, the spatial disturbances intensify,
covering the entire cross-section of the channel and leading to a pronounced deformation of the
isoconcentration surfaces (Fig. 4b). At this point, diffusion transport is no longer able to compensate for the
emerging density inhomogeneities, which leads to a sustained growth of convective motions.

As the process continues, the concentration field acquires a stable spatially heterogeneous structure,
reflecting the formation of a developed convective mass transfer regime (Fig. 4c). Convective flows ensure
intensive redistribution of components throughout the diffusion channel, and the subsequent evolution of the
system is accompanied by complex circulation and maintenance of the quasi-stationary nature of the
concentration field.

4. Conclusions

This paper presents a numerical study of mass transfer in a binary gas system N,—He under conditions of
isothermal mixing at varying pressure. It is shown that pressure is one of the key parameters determining the
stability of mechanical equilibrium and the spatial organization of the concentration field of the gas mixture.
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A critical pressure value of p~0.52 MPa has been established, at which the diffusion mode of mass
transfer loses stability and concentration-driven convection is initiated in the system. In the region of elevated
pressures, a developed convective regime is formed, accompanied by an intense spatial redistribution of
components and the formation of stable convective structures.

Numerical results obtained using component transport equations and the k—o turbulence model show
good agreement with experimental data and correctly reproduce both the transition from diffusion mode to
convection and the subsequent evolution of convective flows. Analysis of the spatiotemporal dynamics of the
concentration field revealed the characteristic stages of the process—from the emergence of small
concentration perturbations to the formation of stable spatial structures.

The results obtained clarify the physical mechanisms of mechanical equilibrium instability in gas
mixtures and can be used in modeling diffusion-convection processes in systems with controlled density
stratification.
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Abstract. In the context of the intensifying greenhouse effect, the search for effective approaches to the
capture and retention of greenhouse gases such as CO, CO:, and CHs has become increasingly relevant. The aim
of the present work is to experimentally investigate the absorption capacity of water cryocrystals with respect to
CO, CO:, and CH+ molecules under low-temperature and vacuum conditions, as well as to analyze the effect of
phase transitions of water ice on the kinetics of gas impurity release from the standpoint of the prospective
application of these systems in decarbonization technologies. This work presents experimental results on the
investigation of the absorption properties of water cryocrystals with respect to CO, CO:, and CH+« molecules under
deep vacuum and ultra-low temperature conditions (13—200 K). Using temperature-programmed desorption (TPD),
mass spectrometry (MS), and laser interferometry, the ability of water ice in various phase states (amorphous,
cubic, and hexagonal) to efficiently retain and stepwise release gas impurities has been demonstrated. A correlation
between the phase transitions of ice (ASW — Ic — Ih) and the desorption behavior of the molecules has been
established. The obtained results confirm the potential of water cryostructures for use as passive or controllable
sorbents within prospective decarbonization technologies, environmental monitoring, and gas storage applications.

Keywords: low temperature, temperature-programmed desorption, mass spectrometry, cryogenic conditions,
carbon dioxide, carbon monoxide, methane.

1. Introduction

Global climate change is driven by the increase in anthropogenic emissions of greenhouse gases,
primarily carbon monoxide (CO), carbon dioxide (CO:), and methane (CHi), whose atmospheric
concentrations have reached record levels over the entire period of instrumental observations [1]. CO and CO:
account for the major share of radiative forcing, whereas CHa exhibits a significantly higher global warming
potential per unit mass, making both gases key targets of climate policy and scientific research [2,3].

According to estimates by the Intergovernmental Panel on Climate Change (IPCC), without additional
emission reduction measures, global temperature increases by the end of the 21st century could exceed 3 °C,
posing serious risks to sustainable development [4]. According to the International Energy Agency (IEA),
global carbon dioxide emissions from the energy sector have exhibited a steady upward trend during the period
2020-2024. After decreasing to 34.2 Gt in 2020 due to reduced economic activity during the COVID-19
pandemic, emissions sharply increased to 36.3 Gt in 2021. In the subsequent years (2022-2024), the growth
rate slowed; however, the total emissions reached 37.6 Gt, representing a 9.7 % increase compared to 2020, as
shown in Figure 1. This increase is primarily associated with the growth in energy consumption in industry
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and transportation, despite the active deployment of renewable energy sources. At the same time, according to
IEA estimates, the development of low-carbon technologies has prevented an additional approximately 2.5 Gt
of CO: emissions per year [5, 6].

CO, emissions, Gt
W (7 w (2]
(0] =) 2 =}

w
S

33

2020 2021 2022 2023 2024
Year

Fig. 1. Analysis of global CO: emissions dynamics based on IEA data (2020-2024) [5, 6]

The increase in greenhouse gas emissions observed in recent years indicates that existing measures are
insufficient to achieve climate targets, making decarbonization policy particularly relevant. Under current
conditions, decarbonization is not only an environmental measure but also a strategic necessity in the context
of the escalating climate crisis, requiring active participation of industrial enterprises in reducing their carbon
footprint through improved energy efficiency, modernization of technological processes, and implementation
of innovative solutions [7]. As noted in [8], an important component of this strategy is the capture, storage,
and utilization of COz, including its use for biofuel production, which contributes to sustainable development.
In this context, alongside the transition to renewable energy sources, carbon capture, storage, and utilization
technologies (CCS/CCU) are gaining increasing significance, being considered a necessary and
complementary approach within the framework of energy and industrial decarbonization [9, 10].

Traditional methods for capturing CO, CO:, and CH4, including chemical and physical absorption,
adsorption on porous materials, and membrane technologies, face several limitations related to high energy
consumption, material degradation, and significant operational costs [11-13]. This motivates the search for
alternative approaches capable of providing high purification efficiency while reducing both energy and
economic expenditures [14].

Promising directions include cryogenic methods for gas capture and separation, which are based on
phase transitions at low temperatures. Recent studies indicate that cryogenic technologies can be effective
when working with gas mixtures containing high concentrations of CO, CO., and CHa, as well as when
integrated with gas liquefaction and storage processes [10, 14, 15]. At the same time, the further development
and optimization of such technologies are impossible without a detailed understanding of the molecular
mechanisms governing gas—condensed phase interactions, as well as an analysis of their phase and structural
behavior under cryogenic conditions, which necessitates the use of highly sensitive experimental techniques.

Infrared (IR) spectroscopy methods play a key role in advancing experimental research in low-
temperature physics and gas-phase chemistry, as they enable the investigation of the molecular state of
substances and their interactions with the condensed phase at cryogenic temperatures. In particular, a low-
temperature measurement cell for IR spectroscopy of hydrocarbon materials has been developed and
experimentally validated, operating in the temperature range of 77-300 K at atmospheric pressure. This
approach makes it possible to obtain new fundamental data on molecular behavior under cryogenic conditions.
Such experimental methodologies are also of considerable interest for studying cryovacuum condensates and
cryogenic gas capture processes, as they provide precise control over temperature effects, phase transitions,
and the spectral characteristics of molecules confined within low-temperature water-based structures [16].
Within this approach, particular interest is drawn to water cryostructures, including cryovacuum condensates
and gas hydrates, in which gas molecules are encapsulated within the crystalline lattice of water [17, 18].

Gas hydrate and clathrate systems are actively investigated both for CO- capture and storage and for the
replacement of methane in natural hydrate deposits, offering opportunities for simultaneously addressing
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climate and energy challenges [12, 13, 17]. However, the practical application of these technologies requires
a thorough understanding of the processes of gas sorption and temperature-dependent desorption, the phase
behavior of water ice, and the kinetics of structural transitions under cryogenic conditions [15, 18].

Recent studies have demonstrated that amorphous solid water (ASW) possesses a highly porous
structure capable of effectively trapping volatile molecules within an interconnected network of nanopores.
The porosity and gas-retention capacity of ASW are strongly dependent on deposition conditions and thermal
history. Upon annealing, ASW undergoes progressive pore collapse, structural densification, and
crystallization, all of which significantly influence the release kinetics of trapped gases. Experimental studies
have shown that heating ASW results in pore closure, confinement of gases within isolated cavities, and
subsequent desorption associated with structural relaxation and crystallization of the ice matrix. These
processes are of considerable importance for cryogenic gas storage, the evolution of astrophysical ices, and
low-temperature adsorption phenomena. Recent neutron-scattering investigations have provided direct
evidence of pore restructuring and densification in ASW during heating, further confirming the strong
relationship between ice morphology and the retention of volatile species. Therefore, the study of gas trapping
and release in amorphous solid water remains an important research area for understanding the mechanisms of
molecular transport and storage in cryogenic water-based systems [19 - 22].

2. Methodology and Experimental Setup

2.1 Experimental Apparatus

In this study, a universal vacuum spectrophotometer was used to perform experiments on cryocondensed
films. The working chamber of the setup was evacuated using a rotary vane pump and a turbomolecular pump.
A pressure of approximately P ~ 10~ Torr was achieved during preliminary evacuation, while pressures of
~107® Torr were attained in the high-vacuum measurement mode. A detailed description of the experimental
setup used is provided in [23]. The schematic diagram of the experimental setup used in this work is shown in
Figure 2. Gradual annealing of the samples was carried out using a DT-670 semiconductor temperature sensor,
whose operation was controlled by an LS325 temperature controller (Lake Shore, USA). Experimental data
were analyzed using the temperature-programmed desorption (TPD) method. The samples were heated at a
constant rate of dT/dt = 0.166 K/s while maintaining high vacuum conditions of approximately ~107® Torr.

Fig. 2. Schematic diagram of the cryovacuum spectrophotometer setup: 1 — cryostat; 2 — vacuum chamber; 3
— rotary vane pump; 4 — turbomolecular pump; 5 — Fourier-IR spectrometer; 6 — dual-beam laser interferometer; 7 —
substrate; 8 — mass spectrometer; 9 — dosing valves; 10 — manometers and pressure sensors [23]

Temperature control was achieved with an accuracy of £0.1 K over the range of 13—-310 K. A copper plate
coated with a thin layer of high-purity gold (99.99%) was used as the substrate and cooled to cryogenic
temperatures, providing efficient condensation of the gas-phase components. A combination of TPD-MS
methods was employed to analyze the desorption of components from cryocondensed films. During
programmed heating, the mass spectra of desorbing components as well as the overall pressure change in the
working chamber were recorded. This approach allowed us to determine which molecules were released from
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the substrate surface and at which temperatures their desorption occurred. The resulting TPD curves reflected
the intensity of gas release from the substrate surface as a function of temperature.

2.2 Material

Samples of condensed mixtures of the H2O—gas system (CO, CO2, CH4) were prepared by physical vapor
deposition (PVD) at a substrate temperature of T = 13 K and a chamber pressure of approximately P ~
10~ Torr. The gas mixture was prepared by simultaneously introducing saturated water vapor and the gaseous
impurity into the working volume of the chamber through dosing valves. The component ratio in the mixture
was 95:5 (H20:gas). Distilled water with a residual impurity content of less than 0.005% was used as one of
the main components, along with CO: of 99.999% purity (ISKHAN TEKHNO-GAZ LLC, Almaty,
Kazakhstan), as well as CO and CH4 with a purity of 99.95%.

2.3 Measurement methodology
The film thickness dwas determined from the interference pattern recorded by a dual-beam laser
interferometer, according to the relation:

mAi

d=— )

" 2ncosd

where: m — the number of interference fringes, A= 405 nm — the laser wavelength, n — the refractive index
of ice,  — the angle of incidence of the laser beam.

A dual-beam laser interferometer was used to evaluate the thickness, density, and optical properties of
the condensed films. Laser sources with a wavelength of A = 405 nm were oriented at angles of au = 1° and o2
= 45° relative to the substrate surface. The geometry of the dual-beam laser interferometer and the arrangement
of the laser beam relative to the substrate are shown in Figure 3. Mass spectra were recorded with a time step
of 4 s over the mass-to-charge range of m/z = 1-100.

Fig. 3. Three-dimensional model of the experimental setup showing the direction of laser beams [19]

The experimental data were analyzed using the specialized software package EASY, developed for this
work. The software enabled signal filtering, automatic peak detection, construction of mass—temperature
profiles, and export of processed data for subsequent analysis and visualization. This approach facilitated
efficient processing of large datasets and the determination of the quantitative characteristics presented below.

3. Results and Discussion

3.1 Absorption Capacity of Water Cryocrystals for CO, CO,, and CH, Molecules

In this study, the absorption capacity of water cryocrystals with respect to CO, COz, and CH4 molecules
was investigated based on the analysis of the temperature-programmed desorption (TPD) of impurities from
water ice films during controlled annealing. Two complementary approaches were employed to study the
processes of gas molecule retention within the crystalline lattice: a manometric method (recording the total
pressure) and a mass spectrometric method (identification of individual components). In parallel with the
desorption measurements, optical monitoring of structural changes in the ice matrix was performed, allowing
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the correlation between the absorption capacity of ice and its crystalline structure to be established. Each
process of impurity molecule retention was considered separately.

Table 1. Comparison of the present results with previously experimental studies on amorphous solid water (ASW)

Ne | Reference | Ice system Gas / Experimental Main Main findings
Sample method desorption /
structural
transition
temperature
X)
Three desorption stages
ASW  + | mLo- associated with ASW - Ic - Ih
1 . TPD, MS, Laser structural transformations.
This work | CO, CO., | gas . 13-200
. interferometry Excellent agreement between
CH4 mixture .
pressure, mass spectrometric and
optical measurements.
P Amao et | Porous | 10 | GO 15160 | densification during - annealing
al. 2025) | ASW ASW yhami & &
simulation [26].
Identified three  gas-release
Vapor- mechanisms: desorption from
3 :"lal(e;(v)eirg)et deposited ég %124’ gpelz’tromet Mass 95-185 cracks (>100 K), pore collapse
’ ASW > p Y (~125 K), and gas release during
crystallization (~155 K) [20].
4 | Yuan, .
Smith & | 25V H:0 TPD, RAIRS 150-160 ffrg‘;?léngéite[‘; " top-down
Kay (2016) Y :
CHa diffusion depends on ASW
5 Mate et al. | Porous FTIR, (QCM), momhology; porous
CH«+/H:O | Monte Carlo 42-60 interconnected structures
(2020) ASW . .
simulation enhance low-temperature gas
trapping [25].

Table 1 demonstrates that the results obtained in the present study are consistent with previously
reported experimental and computational investigations of amorphous solid water (ASW). Earlier studies
have shown that heating ASW leads to progressive pore collapse, structural densification, glass transition,
and subsequent crystallization. These structural transformations strongly affect the retention and release of
molecules trapped within the ice matrix.

In agreement with these studies, our temperature-programmed desorption experiments reveal that the
release of CO, CO., and CH4 occurs in several stages associated with the structural evolution of water ice.
The observed desorption behavior confirms that the transformation of ASW into crystalline phases governs
the mobility and escape of trapped gas molecules.

Unlike previous investigations, which mainly focused on the structural evolution of pure ASW, the
present work examines a multicomponent H.O—CO-CO-—CH4 cryocondensate. This extends the
understanding of the relationship between ice phase transitions and gas-release kinetics, providing useful
information for cryogenic gas storage, decarbonization technologies, and astrophysical ice analogues.

Figure 4 shows the temperature dependence of the gas pressure recorded during the heating of a thin ice
film TPD containing impurity molecules. The curve represents the total desorption signal of all system
components and exhibits three clearly defined gas release regions, each corresponding to different desorption
processes.

Figure 5 presents the TPD results obtained using cyclic mass spectrometric scanning. Unlike the integral
data shown in Figure 4, mass spectrometric analysis allowed the separate contribution of individual
components (CO, CO2, CHa) to be recorded and enabled precise identification of the desorbing molecules.
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Fig. 4. Temperature-programmed desorption (according to pressure gauge readings) for various mixtures
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Both applied methods—the manometric and the mass spectrometric—showed complete agreement in the
results, revealing three distinctly identifiable regions of impurity molecule desorption from the ice matrix:

- Low-temperature desorption region — I (40-140 K)

In the first temperature range, desorption of the most weakly bound molecules are observed. The process
includes the removal of physically adsorbed molecules from the ice surface and their release from the open
pores of the amorphous ice structure. This stage is recorded by both methods—via manometric measurements
(CO, CHa4) and mass spectrometric data (CO, CHa, COz).

- Medium-temperature range — II (140-160 K)

This stage corresponds to the release of more strongly bound molecules from crystalline defects and their
desorption from closed pores formed during the deposition and relaxation of amorphous ice. The process is
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equally well manifested in the curves obtained by both methods, indicating the universality of this desorption
process.

- High-temperature region — 111 (> 160 K)

This stage corresponds to the desorption of the most strongly retained molecules, associated with the
breakdown of residual supramolecular structures during the sublimation of water ice.

The good agreement between the manometric and mass spectrometric measurements confirms the
consistency of the obtained desorption data.

3.2 Release of Impurity Molecules during Structural Transformations of Water Ice (ASW(L) —
ASW(H))

Figure 6 presents optical study data demonstrating the release of impurity molecules CO, CHa, CO: during
the thermally induced densification of low-density amorphous ice. Two pronounced peaks are observed for
CO and CHa, along with a weaker peak for CO-, indicating differences in the desorption dynamics of these
gases. The differences in peak intensities reflect the varying sorption capacities of the water matrix toward
these gases. Methane and carbon monoxide exhibit pronounced release at the early stages of heating, whereas
carbon dioxide is released from the ice structure in significantly smaller amounts. The presented data clearly
demonstrate distinct behaviors of the gas impurities during thermal processing of amorphous water ice. The
primary factor determining the sequence of their release is the relationship between the thermal characteristics
of the gases themselves and the structural changes in the ice matrix.
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Fig. 6. Optical analysis of impurity molecule release during amorphous ice relaxation:
1 -CO (5%),2-CHas2(5%),3 -CO: (5 %), 4 - H:O (95 %)

CH. and CO exhibit pronounced desorption peaks in the temperature range of 40—70 K. This behavior
can be explained by the fact that their sublimation temperatures (34 K for CHs and 29K for CO) are
significantly lower than the temperature of intense pore collapse in amorphous ice (~70 K). As a result, these
gases are released both through natural sublimation and during the relaxation of the ice structure. CO2 behaves
in a fundamentally different manner, exhibiting only weak signs of desorption within this temperature range.
This behavior is due to its significantly higher sublimation temperature (80 K, Figure 7), which exceeds the
temperature of intense pore collapse. As a result, CO2 molecules remain securely trapped within the ice matrix
until higher temperatures are reached.

The minor release of CO: in the low-temperature region can be attributed to two primary processes. First,
surface desorption of molecules weakly bound to the outer layers of the ice film is possible. Second, a certain
contribution may arise from the release of molecules from a limited number of macropores that remain after
partial collapse of the porous structure. These assumptions are supported by the experimental data (Fig. 7),



Eurasian Physical Technical Journal, 2026, 23, 2(56) ISSN 1811-1165; e-ISSN 2413-2179 125

which show a sharp, almost instantaneous release of CO. upon reaching its sublimation temperature—a
behavior that is fundamentally different from the gradual desorption observed for CH4 and CO.
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Fig. 7. Comparison of temperature profiles for the desorption of CHs, CO, and CO: from amorphous ice film with
the sublimation of pure substances

The results obtained demonstrate that gas desorption is determined by the combined effect of the gas
sublimation temperature and structural transformations of the ice matrix. Gases with low sublimation
temperatures (Chs and CO) are released in the early stages of heating, while co. remains trapped until higher
temperatures are reached. During the transition from ASW to Ic, crystallization causes pore compression,
reduction of free volume, and elimination of structural defects, which leads to the release of impurity molecules
trapped in the ice matrix. It is noteworthy that the desorption kinetics in this temperature range exhibit a
complex behavior. In the initial stage of the transition (145—150 K), a gradual increase in the desorption rate
is observed, corresponding to the activation of molecular mobility within the amorphous matrix. This is
followed by a sharp jump in intensity (150—155 K), coinciding with the main phase of crystallization. During
this period, cooperative rearrangement of large ice volumes occurs, leading to the simultaneous release of a
significant number of impurities. The final stage of the process (155-160 K) is characterized by a gradual
decrease in the desorption rate as crystallization completes.

3.3 Release of Impurity Molecules during Structural Transformations of Water Ice (Ic — Ih) and
(ASW — Ih)

This section is devoted to the release of impurities during the structural transitions of water ice from the
amorphous to the crystalline phase and during the recrystallization of Ic — Ih.

3.3.1 Optical Studies of Structural Transitions in Ice Films

Figure 8 shows the temperature dependence of the intensity of the laser signal, reflecting the structural
transitions occurring in the ice film during heating.

Several key temperature intervals characterizing the structural transitions of ice are highlighted in the
graph:

- Interval I — water remains in the form of amorphous ice (ASW), with the signal intensity remaining
constant;

- Interval Il — a sharp decrease in the laser signal intensity, associated with the transition of amorphous
ice to the cubic modification (ASW — Ic);

- Interval Il — a reduction in the slope of the curve due to the gradual transition of cubic ice into
hexagonal ice (Ic — Th), resulting from the similarity of their structural parameters.
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- Interval IV — a sharp decrease in signal intensity, likely caused by the transformation of residual
amorphous regions into the hexagonal structure (ASW — Ih), as confirmed by X-ray diffraction results;

- Interval V— continued growth of hexagonal ice crystals through the reorganization of remaining cubic
regions, accompanied by a linear decrease in intensity;

- Interval VI — complete sublimation of the sample, during which the signal returns to its maximum

value.
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Fig. 8. Laser radiation intensity from the surface with a cryocondensate sample
1 —CO(5%),2-CHas2(5%),3-CO2(5 %), 4 -H0 (95 %)

3.3.2Desorption of Impurities during Heating of the Thin Film

The mass spectrometric data presented in Figure 9 show clearly defined desorption peaks of impurities
in the temperature range of 154—-163 K (Intervals I and II), which correspond precisely to the regions of
structural transitions III and IV in the temperature dependence of the laser signal intensity (Figure 8).
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Fig. 9. Mass spectrometry desorption data as a function of temperature for water and various mixtures:
1 - H2O (95 %),2 - CO (5 %), 2 - CHa (5 %), 2 - CO2 (5 %), 3 - H2O (100 %)

The observed correlation indicates a direct relationship between the release of impurity molecules and
the structural transformations in water ice during the heating of the thin film. The desorption peaks observed
in Intervals I and II are attributed to structural transformations of the ice matrix during the Ic — Th and ASW
— Ih transitions. These processes involve defect elimination and pore collapse, which promote the release of
impurity molecules trapped within the ice structure
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3.3.3 Influence of the Molecular Mass of Impurities on Structural Transformations of Water Ice

Analysis of the influence of various impurities on the structural transitions of water ice demonstrates the
key role of their molecular mass. Light molecules, such as methane (CH4), due to their high mobility, interact
actively with the crystalline lattice of water ice, efficiently transferring energy to it. This leads to localized
heating in regions containing impurities, thereby facilitating the initiation of structural transitions. In particular,
methane significantly affects the transformation of cubic (Ic) and residual amorphous (ASW) ice into the
hexagonal (Ih) phase, accelerating this process within the corresponding temperature range, as confirmed by
experimental data showing a shift in the phase transition temperature boundaries in the presence of methane.

Heavier molecules, such as CO., although less mobile, possess greater mass, allowing them to transfer
more energy per collision; this higher energy transfer compensates for their lower mobility, resulting in a
similar influence on ice structural transitions as observed for methane. CO occupies an intermediate position
in terms of mass: it is heavier than methane but lighter than carbon dioxide. Consequently, its effect on the
water ice structure is less pronounced than that of CHa and CO., as evidenced by minimal changes in the phase
transition temperature boundaries when CO is present. It should be noted that, alongside molecular mass, the
specific interactions of impurities with the hydrogen-bond network of ice may also contribute; however, within
the scope of this study, the dominant factor is the molecular mass.

3.3.4 Uncertainty Analysis and Experimental Data Reliability

The reliability of the experimental results was assessed based on the stability of the experimental
conditions and the consistency of the applied measurement techniques. Temperature control was performed
using a DT-670 semiconductor sensor operated by a Lake Shore LS325 controller with an accuracy of 0.1 K.
Throughout all experiments, the heating rate was maintained constant at 0.166 K s, minimizing thermal
fluctuations during temperature-programmed desorption measurements.

The thickness of the cryocondensed films was determined by laser interferometry. The uncertainty of the
thickness determination was mainly associated with interference fringe counting and the optical parameters of
the ice film. However, this uncertainty did not affect the determination of desorption temperatures or the
qualitative interpretation of the experimental results.

The desorption behavior of the samples was simultaneously monitored by three independent techniques:
pressure measurements, mass spectrometry, and laser interferometry. The coincidence of the characteristic
desorption temperature ranges obtained by these methods confirms the consistency and reliability of the
experimental data. Minor differences in signal intensity are attributed to the different sensitivities of the
measuring techniques and do not influence the identification of the desorption stages or the interpretation of
the structural transformations of the ice matrix.

Overall, the combination of independent measurement methods, stable experimental conditions, and
precise temperature control ensures the high reliability and reproducibility of the obtained results.

4. Conclusion

This study investigates the processes of adsorption and release of CO, CO2, and CH4 molecules in
structures of cryocondensed water ice, in line with the main objective of the article — to elucidate the physical
principles underlying the prospective cryotrapping of gases in water matrices. The use of a combination of
manometric, mass spectrometric, and optical methods ensured the reliability and consistency of the obtained
data. Gas desorption from the ice matrix occurs as a multistage process across three distinct temperature
regions, each corresponding to different impurity retention mechanisms. It was established that structural
transformations of water ice play a key role in gas release: transitions from the amorphous phase to cubic and
hexagonal forms are accompanied by the collapse of the porous structure and the elimination of crystal lattice
defects, resulting in intensive desorption of trapped molecules. The sequence and intensity of desorption are
determined by the relationship between ice structural transformation temperatures and the sublimation
temperatures of the gases: CHs and CO molecules are predominantly released at the early stages of heating,
whereas CO: remains trapped until higher temperatures.

The precise agreement of desorption temperature boundaries obtained by different measurement
techniques confirms the reproducibility of the results, the validity of the proposed desorption model, and the
universality of molecular release processes from the ice matrix. Minor quantitative differences in peak
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intensities do not affect the qualitative interpretation of the data, and the overall consistency of the experiments
provides a reliable basis for analyzing the role of structural transformations of ice in gas desorption processes.

Thus, the obtained results demonstrate the effectiveness of cryocondensed water structures for selective
gas capture and can serve as an experimental basis for the development of greenhouse gas cryotrapping
technologies within the framework of decarbonization efforts.
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Abstract. The study of young stellar objects is one of the priority areas in modern astrophysics, since these
objects serve as key indicators of the processes accompanying the formation of stars and planetary systems. In the
process of evolution, especially in the conditions of massive star clusters, they generate intense ultraviolet radiation
and stellar winds that are capable to scatter the surrounding matter and forming expanding cavities that are
infrared bubble structures in molecular clouds. The study of these structures allows us to obtain valuable
information about the mechanisms of interaction of stars with their surrounding environment at various stages of
evolutionary development. The aim of this work is to study the region of the dust bubble N22 in order to identify
and classify young stellar objects. The main observational material was data obtained by the Wide-Field Infrared
Survey Explorer space telescope in the near and mid-infrared range: W1 (3.4 um), W2 (4.6 um), W3 (12 um), and
W4 (22 um). As a result of the analysis, new candidates for young stellar objects were identified within the studied
region: 15 objects belonging to class I, 7 objects - class II, and 13 objects demonstrating the characteristics of
transition disks. For all selected candidates for young stellar objects, color diagrams were constructed displaying
their position relative to the characteristic regions of the evolutionary stages of young stars. In addition, spectral
indices were calculated and the energy distribution in the spectrum was modeled, which confirmed the
classification of objects by evolutionary stages.

Keywords: dust bubble, infrared radiation, young stellar objects.
1. Introduction

The interstellar medium is the matter and fields that fill the interstellar space within galaxies. The
interstellar medium being dynamic and constantly changing, distributed non-uniformly can have different
physical and chemical conditions. It consists of hydrogen (about 70%), helium (28%) and heavy elements
(2%). In turn, these elements can be neutral or ionized, and can also be collected into molecules. Of all the
matter in the interstellar medium, the proportion of atomic ionized matter is 23%, while the proportion of
atomic neutral matter is 60%, and the proportion of molecular matter is about 17% [1]. Despite the fact that
the interstellar medium is a low-density medium and makes up about 5% of the total mass of stars in the
Galaxy, its study is very important for understanding the evolution of the Galaxy. The interstellar medium has
everything necessary for the formation of new generations of stars and planets. Stars are formed from
interstellar gas, which in the later stages of evolution again give up some of their matter to the interstellar
medium. As a result of this exchange, the interstellar medium is enriched with heavy elements created in the
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depths of stars. Some of the matter from the interstellar medium is ejected into intergalactic space, and the hot
intergalactic gas, with its radiation and pressure, can influence the ionization of the interstellar medium and its
dynamics [2]. In our previous studies of the N22 dust bubble [3], Spitzer observations and archival data from
the 2MASS, GLIMPSE, and MIPSGAL catalogs were used. Using various classification criteria (L.E. Allen
(2004) [4], A. Gutermuth, et al. (2008) [5], and T.P. Robitaille (2008) [6]), around N22 at the early stages of
evolution 36 objects were identified that are candidates for young stellar objects (YSOs).

In this paper, in order to identify new candidates and refine the class of previously identified YSOs near
the infrared dust bubble N22, we conducted a study using WISE (Wide-Field Infrared Survey Explorer) multi-
wavelength observations in the near and mid-infrared range. This choice is due to the fact that in the WISE
observation bands, the excess radiation of the cooler circumstellar disk is more significant relative to the stellar
photosphere [7].

2. Theoretical part

Data. In our study we used the astronomical database SIMBAD [8] and data from the VizieR catalog:
large-scale infrared observation surveys: 2MASS and AIIWISE [9, 10]. In this work we used the 2MASS All-
Sky Catalog of Point Sources (2003), a catalog of point sources over the entire sky at a wavelength of two
microns. From the catalog we selected observations of the sky in the near infrared range of J (1.25 pm), H
(1.65 pm), and Ks (2.17 um), which were obtained using the 2MASS project.

The AIIWISE catalog data in the near and mid-infrared range were obtained by WISE, an infrared space
telescope of NASA, using a cryogenic five-mirror afocal telescope with a diameter of 40 cm. The telescope is
equipped with four cameras. In the near infrared range, the FWHM is 6.0”, and in the mid-infrared range, the
FWHM is 12.0". The catalog contains radiation fluxes in the W1 (3.4 pum), W2 (4.6 um), W3 (12 um), and W4
(22 pum) bands. WISE can easily be used as a tool to search for and classify young stellar objects, similar to
the work done with Spitzer.

Infrared dust bubble N22. N22 (Fig.1) is one of the northern infrared bubbles created by the expanding
HII region, an active star-forming region in our Galaxy, catalogued by Churchwell [11]. N22 is a dust bubble
centered at Right Ascension (RA; o) a2000 = 276. 325°, Declination (Dec; 8) 62000 = —13. 176° (1 =18.254°,
b=-0.305") with a radius of about 1.77 pc [12]. N22 was also known as an HII region (G18.259-0.307), and its
velocity in the hydrogen recombination line Visr is ~50.9 km/s, and for the Vco ~51.3 km/s [12]. By
comparing with the absorption data of HI G18.259—-0.307, the kinematic distance was determined to be
~4.1+£0.3 kpc. In the bubble catalog [13], N22 is designated as MWP1G018261-002967. The effective
diameter of N22 is 2.09 arcmin, Thickness is 1.88 arcmin, Eccentricity is 0.23, Position Angle is 18 deg.

o . B

a) DSS2 Red (F+R) b) IRAC color I1, 12, 14 - (GLIMPSE, SAGE,
SAGE-SMC, SINGS)

Fig.1. Image of the N22 dust bubble

Methodology for identification of young stellar objects. In this work the identification algorithm of
X.P. Koenig, et al (2014) [7] was used, which consists of several stages.
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I*" stage. In the VizieR catalog from the AIIWISE review, when specifying the center point of an object,
a search is made for sources within a circle of a certain selected radius. Here, preliminary cleaning is made for
flows that have a zero value and which are also unreliable, since they have a measurement error of more than
0.2 mag.

2" stage. The previously selected sources need to be cleared of contaminants which also emit in the
infrared range. Contamination comes from extragalactic sources such as star-forming galaxies, active galactic
nuclei of the broad line (AGN), unresolved knots of shock radiation from outflows colliding with cold cloud
material, planetary nebulae, and asymptotic giant branch (AGB) stars (both carbon-rich and oxygen-rich) [14].
To remove contaminants, the criteria described in [15,16] were chosen in this study. Then the sources found
in the first stage are tested for the corresponding photometric criteria. In this way, we obtain a list of possible
candidates for young stellar objects.

3 stage. Firstly, the identification of young stellar objects of class I is performed. Infrared radiation
sources for which all conditions are met, according to [7], are recorded as possible candidates for young stellar
objects of class I.

4™ stage. Objects that do not meet the conditions of the third stage are tested for compliance with the
criteria for young stellar objects of class Il (pre-main sequence stars with optically thick disks). Infrared
radiation sources for which all photometric criteria from [7] are met are recorded as possible candidates for
young stellar objects of class II.

5™ stage. From previously unclassified objects with a non-zero photometric error in the near infrared
range according to the 2MASS catalog, according to [7], we separate possible candidates for young stellar
objects of classes I and II from young objects of class III and the "transitional disks" class.

6" stage. Infrared emission objects that do not meet the conditions of the fifth stage are tested against
the criteria for young stellar objects of the "transition disk" class. Objects of this class have optically thick
excess emission at long wavelengths and virtually no excess at short wavelengths. The remaining objects that
do not meet the criteria are classified as class III objects.

7™ stage. At this stage, criteria using the mid-infrared flux - the W4 band (22 pm) are used. Previously
identified objects as AGN candidates are tested to extract possible protostars from them. Infrared emission
sources that meet the conditions of [7] are considered as possible protostar candidates.

8 stage. At the last stage, all possible young stellar object candidates selected at the early stages are
retested for new photometric criteria that reveal AGN. Objects for which none of the conditions are met are
identified as young stellar object candidates of a previously determined evolution class.

3. Results and discussion

The infrared sources of radiation within a radius of 5 arc minutes near the N22 dust bubble were searched
(Table 1). A total of 475 objects were detected using the AIIWISE survey.

Table 1. Parameters for object search

Region R.A. Dec. Search radius Number of objects
Range (deg) Range (deg) (arcmin) found
N22 276.325<0<276.241 -13.176<6=<-13.188 5 475

The infrared radiation sources with unreliable flux values comprised 115 objects. The criteria of polluting
factors were met by 199 objects. Thus, 161 objects were selected for further study. According to the results of
the above-described algorithm for testing objects by evolution classes, the following were identified as
candidates for young stellar objects: 16 objects of class I, 30 objects of class II, 102 objects of class Il and 13
objects of the "transitional disks" class. Figure 2 shows a "color-color" diagram, in which we see that most
objects of class I and Il lie in the corresponding area of the diagram, according to work [17], except for objects
of the "transitional disks" class - they are located on the diagram to the left of the area. Such an arrangement
may indicate that for objects of the "transitional disks" class, the photometric properties and the stage of
evolution correspond to a later period than for objects of class I and II. Class III objects are already practically
formed young stars, therefore their location corresponds to the region of evolution of stellar objects.

Further, considering that there are currently no unambiguous criteria for identifying young stellar objects,
in this work we used several methods to identify true candidates for YSOs. At the next stage of studying the
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found YSO candidates, we applied a classification based on the determination of the spectral index, according
to [18]. The spectral index is calculated using fluxes in all WISE bands [19]. The distribution of spectral index
values by evolution classes is taken in accordance with [20]. We are interested in objects at early evolutionary
stages, so further study was carried out only for candidates for I, II, and the "transition disk" class.

Figure 3 shows a diagram showing the quantitative distribution of objects by their spectral index values.
For greater clarity, the areas of division by evolutionary stages are shown according to [20].
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Fig.2. Color-color diagram. Identified candidates for young stellar objects: red squares — class I, green pluses —
class II, blue dots — objects with transition disks, black stars — class III
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Fig.3. Distribution of the number of objects by spectral index

It’s shown that for most objects, their distribution corresponds to the evolution classes that were
previously determined using the Koenig X. P algorithm [7]. Of the previously identified candidates for class I
Y SO, 12 objects have the same evolutionary stage and 3 objects have flat spectra. Of the candidates for class
II YSO, only 7 objects have the same evolutionary class, and for transition disks, 10 objects belong to class II
evolution by spectral index and 3 objects correspond to class III evolution. Taking this into account, we select
as candidates for YSO only those objects that belong to the same class in both cases of identification by
evolutionary classes. Now we leave 15 objects as candidates for class I YSO, 7 objects as class II and 13
objects as candidates for the "transition disks" class. The candidates for the YSO selected according to two
criteria are presented in Table 2.

At the next stage of the research, we searched for information in astronomical catalogues on objects that
we identified by two characteristics. Among 15 objects of the class I, 6 objects have already been assigned
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the status of young stellar objects: 4 YSO (2MASS J18252639-1312536 -- Young Stellar Object) [21],9 YSO
(SPICY 83443 -- Young Stellar Object) [22], 11_YSO (SPICY 83447 -- Young Stellar Object) [6], 12_YSO
(SSTGLMC GO018.2307-00.2427 -- Young Stellar Object) [23], 13_YSO (SPICY 83414 -- Young Stellar
Object) [22, 23], 14_YSO (2MASS J18252201-1314449 -- Young Stellar Object) [21,23].

Table 2. Candidates for the YSO

~RAJ2000 | DEJ2000 AIIWISE Wi W2 W3 W4 J H K
h:m:s d:m:s mag mag mag mag mag mag mag
Class 1
1 YSO 182512.0 | -131015.2 J182512.03-131015.1 10,72 9,69 6,46 2,49 16,69 | 1568 | 13,14
2 YSO 182508.8 | -1308 50.4 J182508.77-130850.3 8,97 7,64 4,96 1,93 17,37 | 1497 | 11,33
3 YSO 182507.4 | -130859.5 J182507.35-130859.4 10,26 8,35 4,19 0,73
4 YSO 182526.4 | -131251.9 J182526.41-131251.9 11,86 10,49 | 7,98 6,26 13,43 | 13,00 | 12,57
5 YSO 182507.0 | -130859.2 J182507.01-130859.1 10,30 8,44 4,69 1,32
6 YSO 182506.3 | -130905.6 J182506.28-130905.6 10,93 8,52 4,56 1,15 14,77 | 13,65 | 13,16
7 YSO 182509.7 | -1307 51.5 J182509.68-130751.5 10,74 9,81 5,91 5,28 16,38 | 15,65 | 13,12
8 YSO 182503.8 | -131119.3 J182503.83-131119.3 10,01 9,16 4,39 0,89 16,13 | 14,57 | 13,29
9 YSO 182504.9 | -130847.5 J182504.85-130847.5 13,97 11,81 | 8,71 2,31 14,85 | 14,05 | 14,01
10 YSO | 182505.7 | -130822.1 J182505.74-130822.1 10,34 7,55 5,52 1,53 16,73 | 1438 | 12,45
11 YSO | 1825054 | -130807.1 J182505.38-130807.1 11,92 10,22 | 5,86 2,50
12 YSO | 182501.8 | -131000.8 J182501.84-131000.8 10,25 9,05 4,73 0,16
13 YSO | 182501.0 | -130942.6 J182500.98-130942.6 10,54 9,43 5,12 1,48
14 YSO | 182522.1 -13 14 46.3 J182522.07-131446.2 11,45 10,48 | 7,53 4,94 17,99 16,52 | 13,62
15 YSO | 182506.1 | -131347.1 J182506.07-131347.1 10,80 9,69 6,22 2,08 17,36 | 16,79 | 13,47
Class 11
16 YSO | 182505.9 | -131016.4 J182505.88-131016.3 10,05 9,80 8,01 5,53 17,90 | 1490 | 11,95
17 YSO | 182524.2 | -1307 30.8 J182524.22-130730.8 8,33 8,41 6,41 3,64 17,08 | 13,23 | 10,79
18 YSO | 1825243 | -130717.1 J182524.30-130717.1 8,67 8,25 6,54 3,90 1580 | 11,80 | 9,86
19 YSO | 182522.5 | -131412.8 J182522.54-131412.8 11,27 10,34 | 7,36 6,60 16,30 | 15,17 | 12,89
20 YSO | 182529.7 | -130719.7 J182529.71-130719.6 11,13 10,72 | 8,65 6,17 17,99 | 14,78 | 12,35
21 YSO | 182501.3 | -131228.0 J182501.28-131228.0 10,13 9,39 8,32 6,01 1341 | 12,13 | 11,27
22 YSO | 182528.2 | -130625.2 J182528.20-130625.1 9,16 8,59 7,49 4,54 1524 | 12,81 | 10,61
Transition discs
23 YSO | 182515.0 | -131115.2 J182515.03-131115.2 8.542 8,37 10,08 | 2,62 13,52 | 11,13 | 9,92
24 YSO | 182511.8 | -131154.2 J182511.76-131154.2 10.707 | 10,11 | 9,28 4,69 17,34 | 14,74 | 12,45
25 YSO | 182511.3 | -131216.7 J182511.34-131216.7 9.534 9,04 8,16 4,34 17,98 | 13,28 | 10,88
26 YSO | 182531.0 | -131002,0 J182531.00-131001.9 9.461 9,31 8,27 4,64 15,94 | 12,35 | 10,59
27 YSO | 182520.3 | -13 06 58.8 J182520.33-130658.8 10.310 | 9,56 11,00 | 8,21 1548 | 14,46 | 12,03
28 YSO | 182531.1 | -130839.4 J182531.12-130839.3 8.609 8,01 9,18 6,32 18,02 | 12,79 | 10,08
29 YSO | 182529.5 | -13 08 05.8 J182529.54-130805.7 10.818 | 10,54 | 10,05 | 5,76 14,99 | 12,64 | 11,57
30 YSO | 1825285 | -130717.6 J182528.54-130717.6 8.819 8,49 8,59 6,46 16,09 | 11,96 | 9,92
31 YSO | 1825249 | -130636.5 J182524.85-130636.4 10.918 | 10,57 | 9,84 6,65 13,68 | 12,81 | 11,69
32 YSO | 182501.1 | -131137.8 J182501.14-131137.8 10.472 | 10,15 | 1042 | 4,75 15,60 | 14,28 | 11,93
33 YSO | 182531.6 | -1307 18.8 J182531.56-130718.7 10.319 | 9,89 9,84 5,64 17,60 | 13,76 | 11,48
34 YSO | 1825352 | -130817.7 J182535.24-130817.7 10.552 | 10,30 | 8,92 5,74 17,51 | 13,46 | 11,52
35 YSO | 182512.5 | -131508.5 J182512.53-131508.4 10.842 | 10,65 | 9,81 5,55 15,92 | 14,06 | 12,10

Ne

Among 7 objects-YSO candidates of the class II, 1 object has the YSO status: 21 _YSO (2MASS
J18250127-1312279 -- Young Stellar Object Candidate). This object was studied in [22]. Among 13 objects
with signs of transition disks, one object, that is 23 Y SO, which is already a formed star 2MASS J18251516-
1311139, that is confirmed in [23, 24]. This O-type star is located within the HII region of N22, and was
discovered by analyzing radio emission at a wavelength of 20 cm.

The objects in Table 2 with the previously found candidates for YSOs in our work [3]. In the previous
study, we studied objects that have infrared fluxes registered by Spitzer were compared. Identification was
carried out using the photometric criteria of R. Gutermuth [5]. A total of 36 YSO candidates were identified,
information about which is presented in Table 3 of the previous study [3]. Taking into account the fluxes in
the near-IR range registered by 2MASS, as well as the coordinates of the sources and their point locations on
the integrated maps of the Aladin database, 6 YSO candidates from Table 1 of this study were identified. These
are objects No. 15 (4_YSO), No. 24 (9_YSO), No. 29 (11_YSO), No. 32 (12_YSO), No. 33 (13_YSO), No.
35 (14_YSO). As described above, these objects have already been studied and have the status of Young Stellar
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Object. Object #2 corresponds to a candidate for a Class III YSO and is presented in astronomical databases
as 2MASS J18251320-1310579 -- Young Stellar Object.

Further 10 objects from Table 2 [3] with the initial list of found IR emission objects according to the
AIIWISE catalog were identified. Objects #6, #9, #11, #13, #21, #25, #26, #28, #31 and #36 were removed at
the initial stage of data cleaning because they corresponded to unreliable fluxes in the WISE bands under study.
The remaining 19 objects from Table 2 were not reliably identified with the objects found near the N22 bubble.

Previously unstudied objects were selected for further study: 9 objects were candidates for class [ YSO,
6 objects for class II, and 12 objects for the "transition disk" class.

Spectral energy distributions (SEDs) were constructed for each previously unstudied YSO candidate, and
experimental data for the objects under study were fitted to the model data obtained in [25]. This set of models
covers a wide range of evolutionary stages of young stellar objects (YSOs), from the youngest, deeply
embedded in the envelope of protostars, to stars before the main sequence with small disks or without them.

Figure 4 shows, as an example, the SEDs for YSO candidates 18 YSO and 17 _YSO (dots) and the models
with the smallest standard deviation from the observational data (black line). The best model for the object
18 YSO is a model without a shell with a disk mass of ~ 0.01 Mo, which is typical for a class II YSO. It is

also clear from the figure that the parameter
__dlog(AFy)
T a log(A)

where « has a value in the range from =2 to ~10 wm that is also characteristic of class Il YSOs (-1.5<0<0).
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Fig.4. Energy distribution in the spectrum of a)18_YSO and b) 17_YSO (dots — observational data, solid line —
model [25]

Figure 5 shows an example of a SED for a candidate YSO with a Transition Disk. The best fit for such
objects is with models without an envelope with disks of small mass (<< 0.01 M), which corresponds to the
generally accepted theory about these objects. Such YSOs are at the stage of transition between a full
protoplanetary disk and a scattered disk or already cleared space around a star. The values of the parameter a,
as shown above, also roughly correspond to an intermediate type between Class I and III. The results of model
fitting for other objects generally do not contradict the assumption that they belong to the YSO with a
Transition Disk type.

As for the class I YSO candidate objects, no data on fluxes at wavelengths >10 pum were found for the
2_YSO object, so we cannot make a definitive judgment about their belonging to a certain class, but fitting the
shorter-wave part of the SED classifies them as class II. The situation is similar for the 1_YSO and 15_YSO
objects, but it should be noted that class I models are also close to their SED. For the remaining objects, fitting
the models confirms their belonging to class I (Figure 6).



136 Eurasian Physical Technical Journal, 2026, 23, 2(56) Physics and Astronomy

342

10710 o . E

1071 4

AF, (ergs/cm?/s)

10-13 — v . ——
1 10

A (um)
Fig.5. Energy distribution in the spectrum of the object 30 YSO
(dots — observational data, solid line — model [25].

204 o 280

10-10

10-10

10-11 4

101 4

AF; (ergs/cm?/s)
AF; (ergs/cm?/s)

=
L

1012 4

10713 4—— - - ———————r
10713 ' r 1 10
1 10 A (im)
A (um)

a) b)
Fig.6. Energy distribution in the spectrum of a) 5 YSO and b) 10_YSO
(dots — observational data, solid line — model [25].

4. Conclusion

Using multiwavelength studies and archived catalog data, we studied objects emitting in the infrared
range around the N22 dust bubble. The technique includes cleaning the sample from contaminants, identifying
objects of classes I, II, III and transition disks. The presented approach to identifying YSOs provides a more
reliable classification of them by evolutionary stages.

As a result of the study, infrared objects were selected and classified in the vicinity of the N22 infrared
dust bubble based on photometry and spectral index criteria. From the list of 475 initial objects identified
within a radius of 5', 161 objects were selected for subsequent analysis. Based on the double identification
procedure (by color diagram and spectral index), 35 candidates for young stellar objects were identified: 15
objects of class I, 7 objects of class II and 13 objects with signs of transition disks. Comparison with catalogs
made it possible to confirm the status of 7 objects as previously known YSOs.

In addition, their SEDs were analyzed by comparing with the model curves developed in the study, which
allowed us to more accurately determine the evolutionary stages of the objects.T he results showed that fitting
observational data to theoretical models allows us to refine the evolutionary status of some objects, especially
for class II objects and those with transition disks. For a number of objects (e.g., 18 _YSO), SED confirm their
belonging to class 11, both by the shape of the spectrum and by the tilt parameter a. However, for some objects,
the classification remains uncertain due to the lack of photometric data in the far IR range or a high degree of
degeneracy of the models. In general, the obtained SED confirm the preliminary classification of most objects
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based on photometric criteria and emphasize the need for further observations with higher sensitivity and
spectral coverage, especially in the range >10 um, to confidently determine the evolutionary class of YSOs.
Thus, the conducted study showed that 27 new young stellar objects in the early stages of evolution were
identified around the infrared dust bubble N22.
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PROBING KING AND PLUMMER DARK MATTER MODELS USING
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Abstract. In this work, we study the distribution of dark matter in the halos of the spiral galaxies ESO3050090,
ES04880049, and ESO0140040 using their observed rotation curves. The analysis adopts spherically symmetric
dark matter halos described by the King and Plummer density profiles, neglecting the baryonic component to
emphasize the influence of the halo component only. As a first step, the characteristic halo parameters, the central
density and the scale radius, are determined through a nonlinear least-squares fitting procedure based on the
Levenberg—Marquardt algorithm. These best-fit values are then used as initial conditions for the Markov Chain
Monte Carlo method to estimate the parameter space and uncertainties. Subsequently, we compare the results
obtained from two specified fitting methods to assess their consistency and robustness. A statistical comparison
between the King and Plummer profiles is performed using the Bayesian Information Criterion. The results of this
work clarify how effectively the halo models under consideration reproduce the observed kinematics and highlight
the ability to distinguish alternative dark matter density profiles.

Keywords: dark matter, spiral galaxies, rotation curves, King profile, Plummer profile.

1. Introduction

Dark matter (DM) accounts for approximately 27% of the total energy density of the Universe and plays
a key role in the formation and dynamical evolution of galaxies and galaxy clusters [1-4]. Its existence is
supported by several independent observational probes, including galaxy rotation curves (RCs), strong and
weak gravitational lensing, and measurements of the cosmic microwave background. Together, these
observations consistently indicate mass distributions that significantly exceed the baryonic component alone
[5, 6]. The galactic RCs serving as one of the most direct observational signatures of DM [7] show how the
orbital velocity of stars and gas varies with distance from the galactic center. Their analysis allows not only to
confirm the presence of DM but also to quantitatively constrain its radial distribution within individual galaxies
[8, 9]. This is a fundamental problem in astrophysics, since the DM component governs the gravitational
potential and thereby controls the observed galactic dynamics.

A variety of halo density profiles has been introduced in the literature to describe the mass distributions
inferred from RC data. Among the most widely used models is the Navarro—Frenk—White (NFW) profile,
derived by Navarro et al. [10] from N-body simulations within the standard cold DM framework. In contrast,
Burkert [11] introduced a phenomenological cored profile to reproduce the observed RCs of dwarf spiral
galaxies. Jimenez et al. [12] demonstrated that a large sample of galaxy RCs can be satisfactorily fitted using



140 Eurasian Physical Technical Journal, 2026, 23, 2(56) Physics and Astronomy

the pseudo-isothermal profile. Brownstein [13] further showed that a core-modified profile with a constant
central density provides a good description of the RCs of both high- and low-surface brightness galaxies.

In Refs. [14, 15], the RC data of the low-surface-brightness (LSB) galaxies U11819, U5750, U11454,
and U11648 were investigated by some of us, assuming a spherically symmetric distribution of DM. The free
parameters of several well-known phenomenological DM density profiles were obtained by fitting the
observed RCs using least-squares techniques and the Markov Chain Monte Carlo (MCMC) method. The
Bayesian Information Criterion (BIC) was employed to identify the best-fitting models for each galaxy,
showing that different density profiles provide the optimal description for different systems.

In addition, in Ref. [16], the RC of the galaxy ESO0140040 was analyzed to investigate the imprint of
non-vanishing DM pressure on halo properties. Several phenomenological density profiles were tested using
least-squares fitting and information criteria, showing that cored profiles, such as the pseudo-isothermal and
Einasto models, provide the most suitable framework for studying the DM equation of state, while cuspy
profiles are disfavored.

In Ref. [17], the RCs of the Andromeda galaxy and the Milky Way were analyzed from the central regions
to the outer halo within a multi-component mass model. The bulge and disk were described using exponential
sphere profiles, while several phenomenological DM halo models were tested in the outer regions. A statistical
comparison based on the BIC demonstrated that the exponential sphere profile provides the most consistent
description of both galaxies, outperforming cuspy and de Vaucouleurs-type models. The analysis also showed
that the choice of the halo profile affects the inferred inner structure and global mass distribution, with the
Milky Way found to be less massive than Andromeda, in agreement with independent studies.

Finally, extending these studies to the physical properties of DM, in previous work [18], the DM
distribution in the galactic core and inner regions was described by an exponential sphere profile and compared
with the Einasto, Burkert, and isothermal halo models. In another work [19], through the statistical analysis
for several LSB galaxies, phenomenological profiles were compared to the profiles derived within the
framework of Scalar Field Dark Matter (SFDM) model.

In this work, we study the DM distribution in the halos of LSB galaxies ESO3050090, ESO4880049, and
ES0O014004 based on their observed RCs. LSB galaxies are valuable for halo studies, since their dynamical
mass is commonly inferred to be dominated by DM [20, 21]. Moreover, the three galaxies considered here
exhibit different RC morphologies and characteristic velocity scales, which allows us to test the ability of the
adopted halo models to reproduce distinct kinematic regimes within a single fitting framework.

To model the halo density distribution, we employ King and Plummer density profiles. These two models
represent cored density distributions which makes them useful for testing systems where observations indicate
finite densities in the inner regions, in contrast to cuspy profiles predicted by cold dark matter (CDM)
simulations. Unlike other cored DM profiles (for example, Burkert, pseudo-isothermal, Exponential Sphere,
Brownstein profiles), which have been extensively studied in the literature, the King and Plummer profiles
have received considerably less attention in this context. And their ability to reproduce observed RCs of LSB
galaxies remained poorly constrained.

The observational RC data used in our analysis are taken from Refs. [22, 23]. To compare the results, we
apply two complementary fitting techniques: a nonlinear least-squares method based on the Levenberg—
Marquardt algorithm and the MCMC approach. The nonlinear fit is first used to obtain preliminary parameter
estimates and to identify the minimum y? solution. These values are then adopted as initial conditions and
prior ranges for the MCMC analysis, which provides the best-fitting models and reliable uncertainties. On the
basis of the resulting density profiles, we subsequently compute the DM mass enclosed within the halos of the
galaxies.

This paper is organized as follows. In Section 2, we introduce the DM density profiles adopted in the
analysis. Section 3 is devoted to the description of fitting procedures. Section 4 presents the corresponding
numerical results and discussion. The main conclusions of the study are summarized in Section 5.

2. Dark Matter halo density profiles

In this section, we present the DM density profiles used in this work. Modeling the mass distribution of
galactic DM halos is commonly performed by specifying an analytical form for the density p(r), which serves
as the starting point for constructing the corresponding gravitational potential and predicted RC. Different
profiles correspond to different assumptions about the behavior of the DM density in the central and outer
regions of galaxies.
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RC data indicate that the DM density is not uniform and varies with radius. To examine how the choice
of the profile affects the results, we consider the DM density models introduced below.
King profile [24]:
-3/2

TZ
Pk (T) = po (1 + E) : (1)
Plummer profile [25]:

N
pp(r) = po (1 + E) ) @)

where p, is the central density of DM, and ry is the scale radius. These profiles are characterized by smooth
behavior at the origin and contain two free parameters pg and ry.

The distinction between the King and Plummer models lies in their outer density slopes. At large radii,
the King profile decreases as a power law with pg(r) ~ r~3. This relatively shallow decline implies an
extended halo structure and allows the profile to reproduce slowly varying or approximately flat RCs over a
broad radial interval. The Plummer model exhibits a sharper decline at large radii, with pp(r) ~ =5, which
leads to a more centrally concentrated halo.

3. Methods

Using the RC data of ESO3050090, ESO4880049 and ESO014004, we examined the properties of their
halos by employing two complementary fitting methods.

In the first stage, we applied the nonlinear least-squares procedure (Levenberg—Marquardt) to obtain
initial estimates for the free parameters of the selected density profiles. This step helps to identify the region
where the y? function is minimized and provides suitable starting values for the subsequent analysis.

We then performed a MCMC study. Unlike the initial fit, the MCMC method explores the parameter
space more extensively and allows us to determine statistically reliable intervals for the parameters in both
density profiles. The MCMC output refines the preliminary values obtained from the nonlinear approach and
shows how accurately each profile follows the observed RCs.

Since the central parts of ESO3050090, ESO4880049, and ESO0140040 remain poorly constrained, we
limit the analysis to the halo component and use

vtzot (T‘) = Vgrofile (T‘), (3)
where Uy, ri1e (1) is the circular velocity of the DM halo.

The circular velocity associated with a given halo mass profile M (r) is

GM
Uprofile (T) = # (4)
Mass profile is
M(r) = 4n forrzp(r)dr. (%)

Using the density profiles given in Egs. (1) and 2 and substituting them into Eq. (5), we obtain the
corresponding mass profiles for the King and Plummer models.

MKing (r)= 4‘7'[7”03)00 - \/% + arcsinh (:—0) . (6)
2478

M _ 4mper®rd .

Plummer(r) - 3(7”2_'_7”02)3/2- ( )

To identify which of the two models provides a better description of the RCs of ES0O3050090,
ES04880049 and ESO0140040, we compared their fits using the BIC. For each density profile, the value of
BIC was calculated as

The Bayesian Information Criterion (BIC) was used to compare the considered dark matter models. For
the MCMC analysis, the BIC was estimated as

BIC = x*+ kIn N, (8)
where y is the minimum chi-square value, k is the number of free parameters, and N is the number of
observational data points.

For the nonlinear fitting analysis, the BIC values were obtained directly from the built-in Mathematica
routine NonlinearModelFit, which evaluates the likelihood-based criterion

BIC = =2In Ly, + kIn N, )
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where L.« 1s the maximum likelihood. Assuming Gaussian observational errors,

~2In Ly = 2% + 2o In 2 ap), (10)
where o; denotes the uncertainty associated with the i-th observational data point. Therefore, the likelihood-
based BIC values used in the nonlinear fitting analysis are not necessarily identical to those estimated directly
from y.

The parameter estimation was performed using the Metropolis—Hastings algorithm. Uniform priors were
adopted for all free parameters within fixed physically motivated ranges. The prior intervals were chosen to
define the allowed parameter space for each model. Initial parameter estimates obtained from the nonlinear
least-squares fit were used only as starting values and for selecting reasonable parameter ranges.

For the King profile, the prior ranges were chosen as p, € [1, 250] and ry € [1, 10], while for the Plummer
profile they were pgy € [1, 349] and ry€ [1, 13]. A preliminary MCMC run was used to estimate the proposal
covariance matrix, followed by a production chain of 50,000 steps. The initial part of the chain was discarded
as burn-in before calculating the final parameter estimates and confidence intervals. Convergence was assessed
by inspecting the trace plots of the sampled parameters and the corresponding Y. values.

For practical comparison, we introduce the relative quantity

ABIC = BIC — BICpip,
where BIC,,;, is the smallest value among all competing models.

For completeness, the likelihood-based BIC values obtained from the built-in Mathematica routine
NonlinearModelFit are 74.17and 79.09for ESO0140040, 79.02and 81.30for ESO3050090, and 59.41and
67.80for ESO4880049. The reported ABICvalues were computed directly from these likelihood-based BIC
values.

For the MCMC analysis, the corresponding BIC values are 9.12 and 13.34 for ESO0140040, 6.59 and
8.87 for ESO3050090, and 7.92 and 16.31 for ESO4880049, obtained using Eq. (8).

Prior to performing the MCMC analysis, we first identified the region where the y? function reaches its
minimum by applying the nonlinear Levenberg—Marquardt method. This preliminary step yields a reasonable
starting point for the model parameters. In this procedure, the quantity being minimized is

2
N [v=voorem)
i=1 gobs ,

)

x* = (12)
vl
where v?PS are the measured rotation velocities and v(pg, 7, 7) is the model velocity computed from the

assumed halo profile.
4. Results and discussion

In the left panels of Figures 1, 2, 3, the RCs of the galaxies ESO3050090, ESO4880049 and ESO0140040
are shown together with the model curves obtained from the two halo profiles examined in this work. In all
three cases, the blue points represent the observed rotation velocities, and the vertical bars mark the
corresponding measurement errors.

70 5x10°
60 ES03050090 . ES03050090
1x10
- >0 . 5x1 08
= 40 )
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- 30 = 1x10
20 — King 5x107 — King
10 —  Plummer —  Plummer
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0 1 3 4 5 500 1000 2000 5000
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Fig.1. Left panel: Best fit velocity profile for ESO3050090 galaxy. Right panel: Logarithmic mass profiles of DM in the
halo in ESO3050090 galaxy.

The solid lines indicate the best-fit King (red) and Plummer (blue) solutions. As the figures show, both

halo models follow the general rise of the RCs for each galaxy and reproduce the data within the reported

errors over the radial range covered by the observations. This agreement confirms that considered galaxies are
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dominated by DM over the observed radial range, and the baryonic contributions are subdominant. In addition,
the graphical results show that cored profiles are quite preferable for describing LSB galaxies. Figure 4 shows
the contour plots for the parameters pg and r obtained from the MCMC analysis for the galaxies ESO3050090,

ES0O0140040 and ESO4880049.
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Fig.2. Left panel: Best fit velocity profile for ESO0140040 galaxy. Right panel: Logarithmic mass profiles of DM in the

halo in ESO0140040 galaxy.
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Fig.3. Left panel: Best fit velocity profile for ESO4880049 galaxy. Right panel: Logarithmic mass profiles of DM in the

halo in ESO4880049 galaxy.
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Fig.4. Contour plots of the best-fit parameters (black dots) and the associated 1o (dark gray) and 2c (light gray)
confidence regions obtained from the MCMC analysis. From left to right, the panels correspond to the galaxies
ES03050090, ESO0140040, and ESO4880049. Top row: King profile; bottom row: Plummer profile.

Each panel corresponds to one of the two halo models considered in this work. The black point marks the
best-fit parameter values. The shaded regions indicate the 10 (dark) and 2o (light) levels extracted from the
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MCMC chains. The shape of the contours reveals an anticorrelation between p, and 1y, so larger scale radii
correspond to lower central densities, and the combination pyr3 determining the mass scale remains nearly
constant. The mass profiles for all three galaxies: ESO3050090, ESO4880049 and ESO0140040 are shown in
the right panels of Figures 1, and 2, 3. The functions M (r) were obtained by substituting the King and Plummer
density profiles into the integral expression given in Eq. (5). The profiles are plotted on a logarithmic scale,

which makes it clear that the enclosed mass increases with radius in both models.

The results obtained from the MCMC analysis for the galaxies considered in this work are summarized
in Tables 1, 3 and 5, while the corresponding parameters derived using the nonlinear fitting procedure are
reported in Tables 2, 4, and 6. In all tables, we list the central density p,, the characteristic scale radius r,, the
virial mass M,,;,., and the virial radius r,;,, defined as the radius within which the mean density equals 200 times
the critical density of the Universe.

Table 1. The parameters of the best-fit model for galaxy ESO0140040 with MCMC.

Profiles po * 0,, 10+ 0y, Tir M,;, M+ ol M+ ab ABIC | x?
(107*Mq/pc?) (kpe) (kpe) | (10"'Mg) | (10"'Mg) | (10''Mp)
King 123.58%37 28 6.13737% | 100.9 8.93 460+ 16 | 0.62+0.35 0 |4.96
6
Plummer 94.17113%% 10.871922 | 54.26 4.77 417 +1.12 | 1.7940.70 | 422 |9.18
Table 2. Best fit model parameters for galaxy ESO0140040.
Profiles Po x 0p, Ty £ 0y Tyir M,,;, Mt oy M + o} ABIC | x?
(10~3Mg/pc) (kpc) (kpe) | (10"Mg) | (10"Mp) (10" Mg)
King 123.60 +13.62 | 6.13+0.43 | 100.96 8.93 4.60+0.89 | 0.62+40.20 0 4.96
Plummer | 94.17 4+ 10.18 | 10.87 £ 0.71 | 54.26 4.77 4204085 | 1.794+0.53 | 492 |9.18
Table 3. The parameters of the best-fit model for galaxy ESO3050090 with MCMC.
Profiles Po x 0p, 1o £ 0y, Tyir M,,;, Mt o M + o} ABIC | x?
(103Mg /pc?) (kpe) (kpe) | (10°Mg) | (10°Mp) | (10°Mg)
King 25.731 3314 2.991388 29.11 17.13 3.50+1.86 | 1.51+0.89 0 0.82
Plummer 24.5911142 4.321%38 16.26 7.51 342+1.62 | 2944+153 | 0.13 | 0.95
Table 4. Best fit model parameters for galaxy ESO3050090.
Profiles Po T 0p, 1o £ oy, Tyir M,,;, M+ of M + o} ABIC | x?
(1073Mg/pc?) (kpc) (kpe) | (10°Mg) (10°Mg) (10°M)
King 25.67 £ 1.69 299+0.18 | 29.11 17.11 3.49+0.39 1.51 0 0.82
+0.41
Plummer | 24.56 + 1.62 4334025 | 16.27 7.51 3.42 4+ 0.40 2.94 2.28 | 0.95
+0.75
Table 5. The parameters of the best-fit model for galaxy ESO4880049 with MCMC.
Profiles po 0, 1o £ oy, Tyir M, Mt oy M+ o} ABIC | x?
(103Mg/pc) (kpc) (kpe) | (10"°Mg) | (10'°Mg) (10°Mp)
King 87.374331% 2.5810¢2 37.82 4.49 1.25+0.74 | 3.284+3.74 0 |0.81
Plummer 77.94%233% 3.991583 19.16 1.95 1.20+0.64 | 7.344+6.84 | 092 | 1.73
Table 6. Best fit model parameters for galaxy ESO4880049.
Profiles po £ 0, 1o+ 0y, Tir My M+ ol M + o} ABIC | x?
(10*Mo/pc®) | (kpe) (kpe) | (10°Mg) | (10°Mgp) | (10°Mg)
King 87.43+5.14 258+ 0.11 | 37.83 4.49 1.254+0.12 | 3.28+0.61 0 0.81
Plummer | 78.10 £+ 5.85 399 +0.19 | 19.14 1.94 1.204+0.15 | 733+1.62 | 839 | 1.73

2The DM total mass is calculated using the last RC data point in the halo for r.
"The DM total mass is calculated using the scale radius r;.

In addition, namely the y? and the BIC, are reported for each halo profile. The quantities obtained from
the fits show that ESO0140040 has a more massive halo than the other two galaxies. Its virial mass exceeds
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those of ESO3050090 and ESO4880049. This difference explains why ESO0140040 achieves higher velocities
and why its RC extends to larger radii.

The statistical analysis of the RCs carried out using both the MCMC approach and the nonlinear fitting
procedure leads to conclusion: the King halo profile provides a better fit to the observed RCs than the Plummer
model. In the case of ESO0140040, the MCMC results reported in Table 1 show that, for N = 8 data points
and k = 2 free parameters, the BIC yields BIC = 9.12 for the King profile and BIC = 13.34 for the Plummer
profile. Adopting BIC,,;,, = 9.12 as the reference value, the corresponding relative criterion is ABIC = 4.22
for the Plummer model. The nonlinear fitting results reported in Table 2 are consistent with this outcome, as
the King profile yields both a lower y? and a smaller BIC than the Plummer model.

A similar behavior is observed for ESO3050090. As shown by the MCMC analysis in Table 3, the BIC
yields BIC = 6.37 for the King profile and BIC = 6.50 for the Plummer profile for N = 16, corresponding to
ABIC = 0.13 for the latter. Although the difference is small, the King halo profile is slightly favored. This
behavior is also observed in the nonlinear fitting results reported in Table 4, where the King model yields the
lowest BIC value. An analogous result is obtained for ESO4880049. The MCMC analysis summarized in
Table 5 yields BIC = 5.61 for the King profile and BIC = 6.53 for the Plummer profile for N = 11, leading
to ABIC=0.92 for the Plummer model. The nonlinear fitting analysis presented in Table 6 leads to the same
qualitative conclusion, as the King profile exhibits a substantially lower BIC value than the Plummer model.

Overall, the results presented in the tables enable a clear comparison of the ability of the different halo
profiles to reproduce the observed RCs, while the derived virial masses and radii provide a physically
meaningful description of the DM halos.

5. Conclusion

In this work we analyzed the RCs of the LSB spiral galaxies ESO3050090, ESO4880049, and
ES0O0140040 within the two cored DM halo models: the King and Plummer profiles. By combining MCMC
method with nonlinear least-squares fitting, we constrained the structural parameters (p, and ry), derived the
corresponding mass distributions, and performed a comparison of two models using the BIC.

The main result is that both profiles reproduce the observed RCs within the measurement errors over the
entire radial range covered by the data. This demonstrates that, these galaxies are dominated by a dark halo
component whose gravitational potential alone can account for the observed circular velocities under the
assumption v, = 5o ie-

Despite the general similarity of the fitting results, statistical comparison showed that the King profile is
preferred over the Plummer profile, with the strength of the preference depending on the galaxy. For
ES00140040, the difference in BIC indicates positive evidence in favor of King, while for ESO3050090 and
ES04880049 the evidence is weaker. In particular, for ESO3050090 and ESO4880049, the MCMC-based
ABIC values of 0.13 and 0.92 are below the conventional threshold of 2 and should be interpreted as negligible
to weak preference. However, the nonlinear fitting yields ABIC = 2.28 and 8.39 for these galaxies, lending
additional support to the King model. Taken together, both methods consistently favor the King profile, though
the strength of this preference varies across the sample.

These results have a following physical interpretation: the shallower outer density decline of the King
model (pgx ~ r~3) implies a more extended mass distribution that better supports the observed velocities at
larger radii. It worth noting that galaxies ESO3050090, ESO4880049 and ESO0140040 were previously
investigated within the sample of LSB galaxies in the framework of SFDM model [26], brane-world gravity
[27] and nearly Newtonian approximation [28]. Although these models imply different physical interpretation
(via specific parameters), they produce rotation curves comparable to those obtained in present work. In
addition, the derived central densities and characteristic halo radii are consistent with the values inferred here.
This agreement indicates that the observational data for given galaxies primarily constrain the overall
gravitational potential. However, the divergence between different approaches may become more pronounced
in the halos of larger galaxies.

In general, the results of a present work show that cored DM halos provide a self-consistent and adequate
description of the kinematics of considered LSB galaxies. The preference for cored profiles found in this work
is consistent with the general trend reported in the literature for LSB galaxies, but should not be interpreted as
evidence against CDM cuspy profiles. To draw statistically robust conclusions about the preference between
cored and cuspy profiles, a direct fitting comparison must be performed on a significantly larger and
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morphologically diverse galaxy sample, with high-resolution Rotation Curve data extending to large radii
where the two profile families predict the most distinct kinematic signatures.

For a more detailed analysis of different core DM profiles, it would be interesting to construct RCs for
galaxies extending to larger radii and to include the impact of their baryonic component and inner structure.
These aspects are of our further interest.
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Abstract. A novel generalized Higgs inflation scenario is studied, where inflation takes place near the
symmetric point of the “Mexican hat” potential, as opposed to the standard Higgs inflation which takes place at
large field values away from the symmetric point. When minimally coupled to gravity, inflation near the symmetric
point leads to large tensor-to-scalar ratio which is ruled out by CMB observations, while requiring super-Planckian
Higgs VEV which also acts as the axion decay constant (super-Planckian values of the decay constant are
theoretically disfavored, for example by the swampland conjectures). It is shown that both of the aforementioned
problems can be resolved by considering non-minimal coupling of the Higgs field to the scalar curvature of
spacetime. This requires sufficiently large non-minimal coupling parameter, and produces similar results for the
scalar spectral index and tensor-to-scalar ratio to the standard Higgs inflation, and the Starobinsky model. The
Higgs field under consideration can in principle be identified with the Standard Model Higgs scalar, in which case
an extremely large non-minimal coupling is required (in order to reproduce CMB-aligned predictions), which can
also be theoretically problematic. A more likely scenario is a hidden sector Higgs-like field, such as the Peccei—
Quinn field, where a smaller non-minimal coupling is acceptable. The proposed model offers an alternative to the
simplest single-field models of inflation, especially of Higgs and Peccei-Quinn type, while fitting the CMB
observations of primordial power spectra. An advantage of such models in the vast landscape of inflationary
theories is simplicity: no ad hoc scalar fields are assumed to exist purely to explain inflation, since both Higgs and
Peccei-Quinn fields are motivated by particle physics considerations.

Keywords: cosmology, inflation, Higgs field, spontaneous symmetry breaking
1. Introduction

Cosmic inflation remains the leading paradigm for explaining the observed large-scale homogeneity and
isotropy of the Universe and for generating the primordial perturbations that seed cosmic structure. In the slow-
roll framework, a scalar field evolving on a sufficiently flat potential produces an approximately scale-invariant
power spectrum with a slightly red tilt and a small tensor contribution. These generic expectations are in
impressive agreement with the latest CMB constraints, which continue to favor simple, radiatively stable
realizations of single-field inflation with suppressed tensor-to-scalar ratio [1].

A particularly attractive direction is to embed inflation into symmetry-based scalar sectors familiar from
particle physics. The idea that the Higgs field (or a Higgs-like field such as the Peccei—Quinn field) can act as
the inflaton has been explored extensively, most prominently in the Standard Model context with a non-
minimal coupling to gravity [2] (see, e.g., [3, 4] for a review). Subsequent studies investigated the impact of
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radiative corrections and running couplings on the inflationary regime, clarifying when Higgs-sector potentials
can support successful slow-roll dynamics consistent with CMB observables [5, 6]. Some questions still
remain, regarding possible violations of perturbative unitarity when the non-minimal coupling of the Higgs
field to gravity is large, as required by the standard Higgs inflation scenarios [7—16].

Motivated by these developments, we study an alternative scenario of non-minimally coupled Higgs-like
inflation, where inflation takes place around the symmetric point, in contrast to conventional Higgs inflation
which happens at large field values and away from the symmetric point of the potential. We consider a simple
Abelian symmetry breaking model, where the symmetry can be global or local, as it does not affect inflationary
dynamics. Inflation starting sufficiently close to the symmetric configuration shares conceptual features with
hilltop inflation scenarios, where slow-roll proceeds near a local maximum of the potential before the system
relaxes toward the broken vacuum [17]. If the angular mode (the Goldstone mode of the broken symmetry)
remains light during inflation, i.e. no explicit symmetry-breaking terms are generated, axion-like isocurvature
perturbations can impose strong constraints on the allowed parameter space [18]. In this respect, gauging the
U(1) symmetry provides an appealing option: the axion is absorbed by the gauge field via the Higgs
mechanism, which reduces potentially problematic isocurvature contributions.

Investigating inflationary dynamics near the symmetric point of a “Mexican hat” potential provides a
crucial alternative to standard large-field scenarios, particularly in addressing the theoretical challenges
associated with super-Planckian field excursions and the swampland conjectures [23,27]. By demonstrating
that a non-minimal coupling can simultaneously suppress the tensor-to-scalar ratio to observationally viable
limits and rescue the model from the swampland, this work establishes a robust framework for a minimal
single-field inflation. Furthermore, by utilizing particle-physics-motivated fields like the Higgs or the Peccei—
Quinn field, this approach reduces the need for ad hoc cosmological fields, offering a more constrained and
well-motivated avenue for connecting early-universe inflation with high-energy particle physics.

The paper is organized as follows. Section 2 presents the minimally coupled Abelian Higgs-like model
and discusses the inflationary regime near the symmetric point, where unacceptably large values of tensor-to-
scalar ratio, as well as large, super-Planckian VEV of the symmetry breaking field @ are found. To overcome
these drawbacks, in Sec. 3 the same scenario is studied, but in the presence of non-minimal coupling of @ to
the scalar curvature, and find that the aforementioned issues can be resolved for sufficiently large non-minimal
coupling. The results are discussed in Sec. 4 and conclusion is given in Sec. 5.

2. Minimal coupling

Consider the Lagrangian for a minimally coupled Abelian Higgs-like field @:
— 2
2 r=Lr-owoer —i(f2 200",
2 4 (1)
where A is the quartic coupling, and f is the VEV parameter of @, which is also the axion decay constant. The
complex scalar @ is parametrized as

b = % ¢ e —io , (2)
where ¢ is the radial component, and ¢ is the axion, or the Goldstone boson of a U(1) symmetry. The latter
acts on @ as @ — ®e "', where c is a constant for global U(1), and a function c(x) for local, or gauge U(1)
symmetry. The gauging procedure can be done without affecting inflationary dynamics, as in our model
inflation is driven by the radial scalar ¢.

Therefore, we focus on the ¢ -part of the Lagrangian:

-1 1 1 A
V=9 L=3R—-0¢d¢—1(f*— ¢~ 3)
For the discussion of inflation it is useful to introduce the potential slow-roll parameters,

v 14
=g W= @)

where V is the scalar potential, V' = %( f?— ¢?)?, and V 4 denotes its derivative with respect to ¢. The usual

slow-roll inflation requires €y, |ny| < 1. By using these slow-roll parameters one can estimate the inflationary
observables consisting of the amplitude of scalar perturbations Ay, their spectral tilt ng, and the ratio of tensor
to scalar perturbations 7

|4
Ag = i ®)
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ng =1+ 2ny, — 6€y, (6)

r = 16€y. (7)
Their numerical values are calculated at the field value ¢, at which the corresponding perturbation exits the
Hubble horizon, and compared to the observations of the Cosmic Microwave Background (CMB). The Planck
and BICEP-Keck data suggest the following values [19, 20],

Ag=21x107%n, = 0.9668 + 0.0037, r < 0.036. (8)

In addition, the length of inflation can be measured in the number of e-folds AN from the horizon exit
and until the end of inflation where €, =~ 1. It is estimated as

~ [Pe_dd
AN = [ 5o ©)

where ¢, is the value of the inflaton at the end of inflation, which can be found by solving €, (¢,.) = 1. For
succesful inflation, around AN = 50 — 60 is needed, starting from the horizon exit. Then Eq. (9) can be solved
for ¢, and the observables (5), (6), and (7) at this field value can be estimated.

For the model (3) one obtains

8¢? —4
ev = my == (10)

where assume ¢ < 1 is assumed, since inflation is possible only around the hilltop of the potential in this
model. Consequently, the length of inflation is calculated as

~ I 23
AN = 4(2+logf), (11)
so that
% _ e—%—4f—2AN_ (12)

By using Egs. (6), (10), and (12) it can be estimated that ng = 0.967 at AN = 55 and f = 21. Next, r is
estimated as

r=128g2 (13)
At¢ = ¢, and for f = 21 one gets = 0.036 — 0.043 for AN between 60 and 50, respectively. Our numerical
results, however, show even larger values of r (for large f, the approximations (10) and (9) become less and
less precise). For example, when f = 21 and AN = 60, one gets r = 0.057 (smaller AN leads to larger ),
which is completely excluded by observations.

In this work, the strategy for obtaining numerical inflationary solutions and the corresponding predictions
is the following. First, the equations of motion (27), (28), (29) are solved numerically (for a given field-space
metric G, which is equal to one in the minimally coupled case, and scalar potential V; and using Mathematica’s
NDSolve differential equation solver), in terms of the forward e-fold time N. After the solution for the Hubble
function H is found, one can derive the Hubble-based slow-roll parameters (shown below Eq. (29)) and finally
the predictions for ng and r, calculated via Eq. (30) at the starting time N, of observable inflation (when the
CMB perturbations are generated). In turn, N, can be found by subtracting AN (which ranges from 50 to 60)
from the time of the end of inflation N,, 4. The latter is often defined by the condition where the Hubble slow-

-H . . o . . :
roll parameter, € = L reaches unity (this is set as a condition to stop the numerical integration of the equations

of motion).

As for the quartic coupling 4, it can be fixed from (5) by using (8) and (12). One obtains A ~ 1071* for
50 — 60 e-folds, in line with the standard Higgs inflation [2].

In summary, this section is concluded by noting that the minimally coupled Higgs-like inflation is
possible around the symmetric point ¢ = 0, but (a) it leads to unacceptable values of tensor-to-scalar ratio r,
and (b) the VEV parameter (which is also the axion decay constant) is super-Planckian at f ~ O(10M;), which
can be theoretically problematic due to a difficulty of finding consistent UV completions of such a theory [21,
22] (also related to the swampland distance conjecture [23]).

In light of these results, we propose a non-minimally coupled extension of this Higgs-like model. It should

be emphasized that in our scenario, inflation takes place at small field values, % « 1 (as considered in this
section for the minimally-coupled model), as opposed to the usual Higgs inflation, where inflation happens at

large field values % > 1, or away from the symmetric point.
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3. Non-minimal coupling

With the inclusion of non-minimal coupling, the Lagrangian reads

1/—g_lL = %A((D(D*)R — 090" — % (f? — 200*)? (14)
where A(@P") is some function of the U(1)-invariant product @*.

By rescaling the metric as

Gmn = A1 GGmn, (15)
one can bring the Jordan frame Lagrangian (14) to the Einstein frame,

L lp lagadt — 2 9AdA — 2 (F2 — 2002

== R—- 0PoPD YT 0A0A Y (f*—200%)°, (16)

which extends the kinetic term of @ by adding the derivatives of A(@®*), and rescales the potential by A~2.
The simplest choice for the non-minimal coupling function 4 is linear in @P*:
A= p? +28PD* = u? + &2, 17
where u is a real parameter which can be eliminated by requiring that A = M3 at the vacuum (so that the
Einstein—Hilbert term is recovered), or in Planck units,

(Ay=p*+¢f2=1. (18)
Then u? = 1 — £f2, so that one can write
A=1-&(f2—¢?). (19)
With this, the ¢ -sector of the Lagrangian becomes
-1 1 1 A(f2-¢? 2
=g L=5R—EGO¢6¢—W, (20)

where the field-space metric of ¢, denoted G, is given by
_ 1-82+(1+68)89?

O = Tareor @D
The canonically parametrized scalar ¢ can be found by solving
2 _ VG, 2

d¢
and inverting the solution should give us ¢(¢) in order to express the Lagrangian in terms of the canonical
scalar. Analytical solutions to (22) and/or the analytical inverse ¢ (¢) does not always exist, so it can be more
convenient to work directly with the non-canonical scalar ¢.
To understand the impact of the non-minimal coupling on the scalar potential, one can analyze second

derivative of the scalar potential of Eq. (20) at ¢ = 0:

N
Voo (® = 0) = s (23)

This shows that large negative value of £f2 can flatten the potential (reduce V 44) while keeping the negative

sign of V 44 around ¢ = 0. At the same time the correct sign of the kinetic term of ¢ requires & f 2 < 1,ascan
be seen from (20) and (21).

Taking into account Eq. (22), the potential slow-roll parameters can be written in terms of the non-
canonical scalar ¢ as
Ve _ Vo _ 89*

T T vz T (- g2)2(ateEred) (24)
and
— Yoo _ Voo _GoVe
W =="="% " 26w’ (25)

where A is given by (19). For |€|f2 > 1, €}, is suppressed compared to its expression in the minimally coupled
model (10). For i, in Eq. (25) the situation is more interesting. At ¢ = 0 (and when 6|&|¢? < f2), it

reduces to ny = ;—:, which is the same value as in the minimally coupled model. Nonetheless, as ¢ moves
away from the origin, 7 can be suppressed once 6& ¢? becomes much larger than |&|f? (this can happen while
% is still small if one assumes |&| > f~2 > 1). These results imply that the non-minimal coupling can help to

reduce the value of f, and the value of tensor-to-scalar ratio r (which is proportional to €,) if the non-minimal
coupling is sufficiently large. Let us also estimate the number of e -folds between some small ¢, (start of
inflation) and ¢, = f (end of inflation):

AN = [ A = [P dp [~ (log £ = 3) + 31117 ~ tog (1 + 617 26)

2€y 2
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where ¢p; < f and § = —|&| are assumed. As can be seen, for large values of |&|f? the number of e-folds is
roughly proportional to |€]f?2, so that f does not need to be large, unlike in the minimally coupled case. In
fact, as will be shown, f can be much smaller than one (or much smaller than Mp when restoring Planck mass).

Since the analytical results discussed above can become inaccurate depending on the parameter values
and the hierarchies between them, the equations of motion (Klein—Gordon and Friedmann) will be numerically
solved and more precise results for the observables ng and r will be derived. It is convenient to use the number
of e-folds N (related to the Hubble function as N = H) as a time variable when deriving inflationary solutions.
The equations of motion for the Lagrangian (20) can be written as

¢"+ @B -’ +%= 0, (27)
(3—e)H2=V, (28)
e=2G¢"?, (29)

d -H . . L .
where '= T and € = H—I: is the Hubble slow-roll parameter, which can be related to the kinetic term of ¢ via

the second Friedmann equation (29). Another useful slow-roll parameter is n = = 6? which shows the

€
(He)
rate of change of €. With the Hubble slow-roll parameters one can calculate the spectral index and tensor-to-
scalar ratio as

ng=~1—-2e—nng,=1-2e—n, (30)
under the slow-roll approximation where € < 1, || «< 1 (i.e., higher-order terms in € and 7 are ignored).

After numerically solving the system (27), (28), and (29), the resulting values of n, and r are plotted in
Fig. 1. It can be seen that for |&|f? = 90, the predictions for ngand r differ significantly depending on the
value of f. As one increases the effective parameter |&|f?, this difference quickly reduces, and for |&|f? >
100 the predictions are practically independent of f as long as f is around Planck mass or smaller (it can be
much smaller in principle).

Let us comment on physical interpretation of the parameters and their variation. As mentioned above, the
effective parameter |§|f? (assuming negative &) flattens the “Mexican hat” potential (in the Einstein frame)
near the top, while f controls the VEV of the Higgs (-like) field, and therefore the distance between the top of
the potential (symmetric point) and its minimum. As is well-known, flatter potentials (i.e., larger |€|f? in our
case) allow the inflaton to travel smaller field-space distances while maintaining the required amount of
inflation (50 to 60 e-folds). At the same time, they lead to a decrease in tensor-to-scalar ratio. Given that
|€1f? > 1 is required in order to sufficiently decrease the value of 7, one has |£] > f~2. In addition, f < 1
can be required by theoretical motivations, i.e. a sub-Planckian VEV of the inflaton/Higgs field. This
necessarily leads to [&] > 1.
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Fig.1. Predictions of Higgs inflation for the spectral index ns and tensor-to-scalar ratio r compared to the Planck
constraints [1] (GetDist package [28] is use to generate the observational bounds on ng — r plane). The calculations are
done for AN from 50 to 60. Values of the composite parameter |&|f? are —90 (left), —200 (middle) and —1000 (right).

4. Results and discussion

This work studies generalized Higgs inflation with non-minimal coupling to gravity, where inflation
happens near the symmetric point of the potential. First, inflationary solution without the non-minimal
coupling was derived, and it was shown that it leads to large values of tensor-to-scalar ratio that are ruled out
by observations. Furthermore, observational constraints on ng require super-Planckian axion decay
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constant/VEV of ¢, around f = 21Mp, which is problematic from theoretical point of view, even if the scalar
¢ is not identified with the Standard Model Higgs scalar.
These problems can be resolved by considering large negative non-minimal coupling at least of order

|€] ~ %. This leads to the predictions for the inflationary observables very close to the Starobinsky model or

conventional Higgs inflation, where ng and r can be approximated as
2 12

m , = W (3 1)

At the same time the decay constant f can be arbitrarily small, but at the expense of large |€| which scales

as |&] o fiz if one requires viable inflationary scenario. For the Standard Model Higgs field, f ~ 100GeV, or

ne~1-—

in Planck units, f ~ 1071°, leading to an extremely large |&| ~ 103%. This is problematic from theoretical
point of view, in light of unitarity arguments. For example, in the case of the conventional Higgs inflation it
has been shown that with the Standard Model Higgs field as the inflaton, the inflationary energy density
reaches the perturbative unitarity violation scale unless |€] is well below 10* [10] (at the same time CMB
measurements require |&|~10% or even larger, implying an inconsistency). However, a more careful analysis
of tree-level scattering diagrams conducted in [29] (see also more recent works [15,16,30]) has shown that for
a single-field case (such as our proposal), the unitarity violation scale is pushed all the way up to the (reduced)
Planck mass Mp, so that such models are well-behaved as effective field theories during the inflationary phase,
where the energy density is two or three orders of magnitude below the Planck scale.

On the other hand, for a more general Higgs-like field (not from the Standard Model), the VEV f can be
close to the Planck scale, or around the possible Grand Unification scale of 101> — 1016GeV, in which case &
takes much more reasonable values compared to |&| ~ 103*. One example of such a model is Peccei—Quinn
theory where f can take the values up to the Planck mass in principle [24] (in this case, the axion o, introduced
in (2), can act as dark matter). When f is at the Planck mass (or in Planck units, f~1), to satisfy the CMB
data, the non-minimal coupling parameter should be of order || ~ 100, which is much below than in the
conventional Higgs inflation with |é|~10%, making our model somewhat more natural.

5. Conclusion

This work establishes Higgs-type inflation around the symmetric point as a viable candidate for simple
single-field inflationary model. By using the example of a complex Higgs-type field with the radial component
¢, it is found that a non-minimal coupling €@ 2R to scalar curvature can facilitate the alignment of the model
with the CMB measurements as well as reduce super-Planckian field excursions, with the condition that ¢ is
negative and satisfies |€|f2 > 1. The novelty of this approach is that it differs in principle from the standard
Higgs inflation, which also utilizes the non-minimal coupling, but takes place at large field values, i.e. ¢ > f.
By contrast, in our model inflation happens at ¢ < f, when ¢ is close to the symmetric point ¢ = 0. Our
model belongs to the class of hilltop inflation in a broad sense, where one usually expands the potential around
the symmetric point, and discards the corrections which become important near the VEV of the inflaton. More
specific hilltop models considered in the literature include specific realizations of string inflation, natural
inflation (where the potential is periodic), and some supergravity models (an overview of such models can be
found in [17] and Refs. therein). A crucial difference with all these hilltop models is that our approach relies
on non-minimal coupling of the inflaton for the flattening of the potential, rather than ad hoc corrections to the
potential itself.

In future works it can be interesting to extend our framework by including higher-derivative corrections,
such as the Gauss—Bonnet term and Horndeski-type derivative corrections, which can be expected from the
effective field theory point of view, without introducing Ostrogradski instability and new degrees of freedom.
These corrections can change inflationary dynamics (see, e.g., [25, 26]) and potentially further relax the
constraints on & and f. On the other hand, more recent activity in the area of inflationary model building is in
large part related to the recent Atacama Cosmology Telescope (ACT) results [31] suggesting a mild deviation
from the PLANCK constraint on 7, (towards slightly larger values). For instance, in [32] the authors revisit the
general hilltop models (minimally-coupled) and further constrain the parameters of the models, while in [33-
35] non-minimally coupled Higgs inflation (at large field values) is studied in this context. This also motivates
further studies of our model in light of the ACT data, for example, by calculating the effects of the
aforementioned Gauss-Bonnet term, along the lines of [36,37].
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Abstract. Digitized archival astronomical observations provide a valuable basis for the study of variable stars
and their long-term behavior. This work presents an analysis of variable stars based on archival photometric data
obtained with a Schmidt camera at the Fesenkov Astrophysical Institute during the period from 1960 to 1989. The
detected objects were cross-matched with existing catalogs of variable stars and modern astrometric and
photometric databases, allowing the compilation of an extended set of stellar parameters that had not previously
been combined within a single dataset. To complement incomplete catalog information, machine learning methods
were applied to classify stellar variability types and spectral classes using available astrometric and photometric
features. Several classification models were tested, and the most stable and accurate approach was selected for
further analysis. The resulting catalog integrates archival observations, catalog cross-identification results, and
predicted stellar characteristics, providing an extended resource for studies of stellar variability and long-term
photometric evolution.

Keywords: archival astronomical data, variable stars, catalog cross-matching, machine learning, photometric
observations.

1. Introduction

Digitized archival astronomical data provide a unique opportunity to study long-term variability and
evolution of celestial objects. While modern surveys such as Pan-STARRS [1], Gaia [2], and ZTF [3] deliver
high-precision measurements over limited time spans, archival observations extend time series to several
decades, which is crucial for investigating slowly evolving phenomena [4,5]. Combining archival and modern
data enables the detection of long-term luminosity changes and trends that are not evident from contemporary
surveys alone, particularly for variable stars. Recent advances in image processing and automation have
significantly improved object identification, catalog expansion, and classification accuracy [6]. The
development of virtual observatory infrastructures has facilitated access to digitized photographic plates, their
cross-matching with modern catalogs, and large-scale automated analysis [7]. Previous studies have
demonstrated that scanned plates allow reliable photometry [8] and that historical catalogs can be converted
into machine-readable formats suitable for modern workflows [9].

In this work, we analyze archival Schmidt camera observations' obtained at the Fesenkov Astrophysical
Institute between 1960 and 1989 and published through the Kazakhstani National Virtual Observatory. The
data are cross-matched with the General Catalogue of Variable Stars [10], Gaia Data Release 3, and TESS

! https://vo.fai.kz/obs_data.php?path=/schmidt_telescope lc/q/web/form
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[11], enabling the refinement of stellar parameters such as galactic height, variability amplitude, and spatial
distribution. To complement incomplete catalog information, machine learning methods are applied to predict
spectral and variability types. The resulting catalog integrates archival photometry with astrometric,
photometric, and physical parameters from modern surveys and includes information on the availability of
archival observations. The catalog is published through the virtual observatory framework and is accessible
via standard protocols, including the Table Access Protocol [12] and the Simple Cone Search [13].

2. Materials and Methods

This study includes several stages, from processing archival photometric data to the application of
machine learning models for stellar classification. The overall workflow of the analysis is shown in Figure 1.

— Gen;:ral Calalogrof —

L Photometric frames database Variable Stars

GaiaDR3
Objects extraction

TESS

Search of variable objects Search of new objects

/ Catalog of / / Catalog of

detected / y detected
variable objects / new objects

Combined catalog

v v

Model Model

for variability type
Prediction and enrichment
Enriched catalog
with marked stars detected
in our frames.

v

Published catalog
_on KazVO service

for spectral type

Fig.1. Workflow of the study from archival data digitization to machine learning model training.
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2.1. Photometric Data and Coverage

The analysis is based on archival photometric data obtained with the Schmidt camera and published
through the Kazakhstani National Virtual Observatory. The digitization and publication procedures have been
described in detail in previous studies [14,15]. The spatial coverage of the archival observations is illustrated
in Figure 2. The archive contains 1270 Schmidt camera frames covering approximately 74.6% of the sky. The
digitized frames represent raw optical density scans and are not photometrically calibrated. Although a limited
number of calibration plates are available, their coverage is insufficient to ensure uniform calibration across
the dataset. Therefore, photometric measurements derived directly from the plates were not used in this study.

Aitoff Projection of Overlapping Areas

Number of Overlapping Images

-75°

Fig.2. Coverage of photometric observations from the Schmidt camera. Rectangles show observed sky regions;
color indicates the number of frames.

Despite this limitation, the extensive sky coverage of the archival material allows reliable coordinate-
based cross-identification with modern catalogs and supports the integration of historical observations into
contemporary datasets.

2.2. Source Extraction

Source extraction was performed automatically using a custom Python-based pipeline® built on the SEP
library [16], which implements the Source Extractor algorithm [17]. Background subtraction parameters were
optimized by minimizing residual noise and brightness variations, after which background-corrected images
were saved in FITS format. Object detection was carried out in image segments to reduce memory usage.
Detection thresholds were defined relative to the background, with a minimum object area of nine pixels.
Overlapping sources were separated using multi-level segmentation.

For each detected object, coordinates, fluxes, magnitudes, and associated uncertainties were extracted
and saved in tabular format. The extraction results were visually validated by overlaying detected sources on
the original images. The pipeline supports batch processing, multithreading, and command-line execution,
enabling fully automated source extraction for large archival datasets.

2.3. Variable Stars Search

After source extraction and coordinate determination, the detected objects were cross-matched with
catalogs of variable stars. The initial step involved transforming the extracted coordinates into a unified
reference system compatible with the General Catalogue of Variable Stars. To determine an appropriate
matching radius, a test subset comprising the brightest detected objects was cross-matched with the Gaia
catalog using a nearest-neighbor approach. The search radius was gradually increased until stable matches
were obtained for all test objects, and the resulting coordinate discrepancies were analyzed. Outliers associated
with optical distortions were excluded, and the final matching radius was set to 21.75 arcseconds,

2 https://github.com/ill-i/variable_search (accessed 27 January 2026)
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corresponding to a 5-sigma deviation from the mean positional offset distribution as illustrated in the left panel
of Figure 3. This value provided a balance between positional tolerance and matching reliability.

All Data Combined ARA All Data Combined ADEC
4000 4

-- Mean: 1.685
—— Median: 2.236
—-+ -50:-12.372
==+ + 50:15.742

5000
3500

4000 3000 4

)
o
(=
(=]

3000

o
S
3

2000

Physical coordinate
Physical coordinate
S
(=3
(=]

1000

-~ Mean: 2.693 5004

—— Median: 3.074
- -50:-16.366

8% —. +50:21.752 0

-75  -50  -25 0 25 50 75 100 -100 -50 50 100

ARA (arcsec) ADEC (arcsec)
Fig.3. Distribution of coordinate discrepancies in RA (left) and Dec (right) between detected objects and Gaia
data. Mean and median values, as well as 5-sigma boundaries, are marked with colored lines.

Using the derived search radius, the full dataset was cross-matched with the General Catalogue of
Variable Stars. To improve computational efficiency, the dataset was processed in subsets. The resulting
matches were compiled into a unified table containing positional and classification information from both
archival detections and reference catalogs.

2.4. Search for New Objects

In addition to identifying known variable stars, a search for objects absent from the Gaia Data Release 3
catalog was performed to assess the consistency of the archival dataset and to identify potential new sources.
For this purpose, archival object coordinates were transformed into Cartesian space and indexed using a
nearest-neighbor search algorithm. An object was classified as new if no Gaia counterpart was found within
the matching radius determined in the previous subsection. To reduce computational complexity, Gaia sources
were pre-filtered using the spatial boundaries of individual archival frames. Candidate objects were recorded
together with their positional information and frame identifiers. This approach does not account for brightness
variability and is therefore not suitable for detecting short-term transient phenomena.

2.5. Machine Learning

To extend the characterization of the identified variable stars, supervised machine learning techniques
were applied to classify stellar variability types and spectral classes using parameters derived from modern
astronomical catalogs. Since variability and spectral labels are available for different subsets of objects, two
independent classification tasks were defined: variability type prediction and spectral classification. This
approach allowed the use of the largest possible labeled datasets for each task while preserving classification
reliability.

2.5.1 Data Preparation

The input features were compiled from three primary sources: the General Catalogue of Variable Stars,
Gaia Data Release 3, and TESS. These catalogs provide variability and spectral labels, astrometric parameters,
photometric measurements, color indices, and selected astrophysical and physical stellar properties. Galactic
coordinates and galactocentric distances were computed from sky positions and distance estimates. The
combined dataset was cleaned by removing invalid entries and converting numerical parameters into a unified
format. To reduce scale variance, the variability period was log-transformed. Parameters derived directly from
digitized photographic plates were not used for classification due to the absence of reliable photometric
calibration; however, the presence of archival observations was retained as metadata. Variability types were
grouped into six major classes (eruptive, pulsating, eclipsing, cataclysmic, rotating, and X-ray). Objects with
multiple variability types were simplified to a single-label multiclass formulation by retaining only the primary
variability type, while ambiguous entries were excluded. Evaluation metrics, including accuracy, were
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computed using exact-match criteria for the dominant class. Spectral types from different catalogs were
consolidated into broad classes, and uncertain classifications were omitted from model training.

2.5.2 Machine Learning Models

Machine learning models were trained separately for variability type classification and spectral
classification using astrometric, photometric, and astrophysical features. Several algorithms were evaluated,
including gradient boosting methods, ensemble tree models, and neural networks. The dataset was divided into
training and test subsets using an 80/20 split. Missing values were not imputed, as they represent an intrinsic
characteristic of observational astronomical data and may introduce systematic biases if interpolated.
Hyperparameter optimization was performed using Bayesian optimization minimizing the logarithmic loss
function. Hyperparameter tuning and feature selection were conducted strictly on the training subset using k-
fold cross-validation. The 20% test subset was isolated and used exclusively for the final metric evaluation
presented in Figures 5—6. Feature importance analysis was applied to reduce model complexity while
preserving physically meaningful input parameters. The final set of features used in both classification tasks
is summarized in Table 1.

Table 1. Input features used for machine learning classification.

Feature group Parameters Source
Astrometric Galactic longitude (LII), Galactic latitude (BII), Parallax (log), Total proper | GCVS, Gaia
parameters motion, Galactocentric distance (log) DR3
Photometric G-band magnitude, BP-RP, BP-G, G-RP, TESS-band magnitude, Extinction | Gaia DR3,
and color indices (log), Color excess E(BP—RP) TESS
Variability Period (log), Cycle period flag GCVS
parameters

Stellar physical | Effective temperature (log), Surface gravity (log g), Metallicity [Fe/H], | Gaia DR3,
properties Radius (log), Mass, Stellar density (log), Luminosity (log), Distance (log) TESS

2.6. Predictions and Catalog Enrichment

The optimized models were applied to predict variability types and spectral classes for objects lacking
complete classifications in the combined catalog. The trained models were saved for reuse and applied without
retraining to ensure reproducibility. As a result, the catalog was enriched with predicted classifications and
augmented with metadata indicating the availability of archival observations for each object. The final dataset
integrates information from archival observations, modern catalogs, and machine learning predictions. The
enriched catalog was published through the Kazakhstani National Virtual Observatory® using the DaCHS tool
[18] and the TAP service, enabling further analysis and cross-identification.

3. Results and Discussion

This section presents the main results of the archival data analysis and discusses their implications for
stellar classification and catalog enrichment.

3.1. Identification of Variable Stars and Archival Coverage

Analysis of the archival Schmidt camera observations resulted in the identification of 20,961 variable
objects. Figure 4 illustrates the spatial overlap between the observational frames and variable stars listed in the
General Catalogue of Variable Stars. Approximately 36.1% of catalogued variable stars fall within the
coverage of the archival observations, demonstrating the significant potential of the digitized archive for
extending temporal baselines and refining variability studies.

A search for objects without counterparts in the Gaia Data Release 3 catalog did not reveal reliable
transient candidates. This result is primarily attributed to the limited astrometric accuracy of the archival
frames, with a positional uncertainty of approximately 21.75 arcseconds, which is insufficient for confident

3 https://vo.fai.kz/
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detection of unmatched sources given the sub-arcsecond precision of Gaia. Consequently, coordinate-based
cross-identification proved suitable for catalog consistency checks but ineffective for transient detection.

Aitoff Projection with Overlapping Areas and Stars
752

-75°
Fig.4. Distribution of variable stars from the GCVS catalog (blue dots) and observational frames obtained with the
Schmidt camera (red rectangles).

3.2. Performance of Machine Learning Models

Machine learning methods were applied to classify stellar variability types and spectral classes using
catalog-derived features. Among the evaluated machine learning models, XGBoost demonstrated the highest
overall performance for both variability and spectral type classification tasks, particularly for rare classes.
LightGBM showed comparable results for spectral classification, while Random Forest and neural network
models exhibited reduced robustness and generalization capability. The comparative performance of the
models for variability type classification is shown in Figure 5.

Model Performance for Variability Type Comparison on Test Data
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Fig.5. Comparison of machine learning model performance for variability type classification on test data.

As illustrated in Figure 5, feature selection based on individual importance scores led to a systematic
decrease in classification performance, indicating the contribution of low-importance features through non-
linear interactions. The results of spectral type classification are presented in Figure 6.
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Experiments with feature selection indicated that removing parameters with low individual importance
consistently degraded classification performance. This suggests that such features contribute through non-
linear interactions, and therefore the complete feature set was retained in the final model configuration.

Comparison of Model Performance for Spectral Type Classification (Test Data)
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Fig.6. Comparison of machine learning model performance for spectral type classification on test data.

The main instances of model misclassification occur within regions of high interstellar extinction (the
Galactic plane), which distorts the color indices, and among variable types with overlapping parameter profiles.

3.3. Catalog Enrichment and Validation

The optimized models were used to predict missing variability and spectral classifications in the
combined catalog. As a result, spectral types were assigned to 40,980 stars with previously unknown
classifications (99.95%), while variability types were predicted for 477 out of 538 unlabeled cases (88.66%).

Model reliability was assessed using standard performance metrics on held-out test data. The average
accuracy of spectral type classification reached 78.9%, with a macro-averaged F1-score of 60%, indicating
balanced performance across both common and rare classes. Variability type classification achieved an average
accuracy of 86.5%, with micro- and macro-averaged F1-scores of 89.6% and 63.8%, respectively. Lower recall
values for underrepresented classes, such as X-ray and rotating variables, reflect their intrinsic rarity in the
training data. The spatial distribution of predicted classes follows expected galactic patterns, with late-type
stars tracing the Galactic disk and rarer objects exhibiting broader distributions. This consistency supports the
physical plausibility of the predictions and indicates the absence of systematic artifacts introduced by the
models.

3.4. Publication and Applicability of the Catalog

The enriched catalog?®, integrating archival observations, modern survey data, and machine learning
predictions, has been published through the Kazakhstani National Virtual Observatory in compliance with
IVOA standards. It is accessible via standard data access protocols, enabling automated queries and integration
into further studies of stellar variability and long-term photometric behavior. Future work may focus on
incorporating brightness-based variability detection, multi-epoch observations, and probabilistic classification
approaches to improve transient sensitivity and uncertainty estimation.

4. Conclusions

This work presents an integrated workflow for processing digitized archival photometric observations
and combining them with modern astronomical catalogs, supplemented by machine learning—based

4 https://vo.fai.kz/obs_data.php?path=/var_star_cat/q/scs/form
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classification. Using archival Schmidt camera data obtained between 1960 and 1989, 20,961 variable stars
were identified within the observational coverage, which spans approximately 75% of the sky. Cross-
identification with contemporary catalogs enabled the extension of their astrometric, photometric, and
astrophysical characterization beyond what is available from archival material alone.

The application of supervised machine learning methods allowed the enrichment of the catalog by
predicting missing stellar parameters. Spectral types were assigned to 40,980 stars and variability types to 477
objects lacking prior classifications. The achieved classification performance is consistent with results reported
in recent catalog-based studies, with average accuracies of 78.9% for spectral types and 86.5% for variability
types. The spatial distribution of predicted rare classes, such as white dwarfs and chemically peculiar stars,
follows expected Galactic trends, indicating that the models do not introduce artificial clustering or systematic
biases. The analysis also demonstrates that coordinate-based cross-matching of archival data is effective for
catalog consistency checks but insufficient for reliable transient detection, due to the limited astrometric
accuracy and temporal sampling of photographic plate material. This finding is consistent with earlier studies
and underscores the need for time-domain photometric information in transient searches.

The resulting catalog, integrating archival observations, modern survey data, and inferred classifications,
has been published through the Kazakhstani National Virtual Observatory and made accessible via standard
IVOA protocols. Its scientific novelty lies in the systematic integration of historical observations with
contemporary catalogs and automated classification techniques. The catalog provides a practical resource for
studies of long-term stellar variability, the statistical properties of rare stellar populations, and the planning of
targeted follow-up observations. Future work may extend this approach by incorporating calibrated
photometry, multi-epoch data, and probabilistic classification methods to further improve completeness and
reliability.
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