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Dear authors and readers!
Dear colleagues!

In the preface, we traditionally inform the authors and readers about the most important achievements of
the Eurasian Physical Technical Journal at the moment.

Thanks to our authors and the qualified work of the editorial board members, the journal continues to be
indexed in the Scopus database in all four scientific areas with a max percentile 26% on the Engineering. These
indicators were achieved thanks to the objective and highly qualified examination of materials by our
reviewers, which guarantees the quality of published articles.

Website statistics show that the review period for articles from their receipt on the website to the
publication date is up to six months. This fact is due to the relatively large number of applications received,
and despite the fact that 63% of articles were rejected, a queue for consideration is forming. Therefore, authors
are advised to upload articles in accordance with the 2006 submission and publication schedule, which is
available on the website's home page. The journal's website also displays the number of views of abstracts or
the entire article. Some articles receive quite a few views; the highest number of views per article in a year
was 1,417. The Cite Score Tracker, which is directly related to the number of citations an article receives, has
shown positive dynamics in recent months at 1.3-1.4. Each author can contribute to improving the dynamics
of this important citation indicator.

Let's move on to the contents of this issue, which features 17 articles by scientists co-authored with
colleagues from Kazakhstan, Uzbekistan, Russia, Iraq, the UK, Mongolia, and elsewhere.

The "Materials Science" section presents new, original research results on the properties of materials
exposed to various external factors. These results make it possible to obtain "high-quality coatings with
improved wear and corrosion resistance" and determine "the influence of residual stresses on the
microstructure and mechanical properties of metal coatings obtained by electrolytic friction," confirming "the
excellent thermal stability and high suitability of silicon heterojunction solar cells for space energy
applications."

The "Energy" section features articles on a wide range of current energy issues. The authors used modern
software to model the properties of a free-piston Stirling engine in an isothermal approximation; assess the
reliability and performance of a thermal power plant; analyze the atomization and combustion dynamics of
biodiesel and fossil diesel fuel droplets in turbulent gas flows; and examine the thermal stability of a two-
component gravel structure at high temperatures. Also relevant are the results of an experimental study of the
thermal regime of a small-scale biogas plant using solar energy.

The "Engineering Developments" section presents the results of research aimed at improving the
efficiency of technical devices and technologies. For example, the technology of "electrohydraulic drilling in
hard soils" is discussed. In three articles authors based on modeling the flow of a highly viscous viscoelastic
fluid in a pipe, develop a method for reducing the pipe's hydraulic resistance by suppressing small-scale vortex
structures; propose flow motion in an annular space to improve heat transfer efficiency and optimize heat
exchanger design in the oil and gas industry; and analyze pressure and energy changes within a hydraulic pulse
chamber to predict the dynamic behavior of the system and the operational stability of hydraulic pulse systems.

The Physics and Astronomy section presents the results of research into physical characteristics ranging
from micro-nanoscopic processes to macroscopic processes in the space. The first article examines "the half-
lives of alpha decay of heavy and superheavy nuclei with atomic numbers greater than 82 are systematically
investigated using three quantum tunneling approaches." Next three articles in this section are devoted to study
of the astrophysical signals and macroscopic phenomena. Observation of a massive star-forming region
revealed two hot cores caused by the presence of a chemically rich environment for the early stage of star
formation of massive stars; the study of phonon dynamics in the solid crust of neutron stars and their
relationship to large-scale structural instabilities allowed for the development of models of the dynamics of
the neutron star crust; molecular emission analysis revealed a compact and dense methanol component located
at the peak of the continuum, suggesting that a massive protostar is actively accreting into a compact disk-shell
system surrounded by a hot core. The latest paper investigates cooling methods for photovoltaic panels using
copper nanoparticles and shows that for monocrystalline panels, the best increase in power output is achieved
using nanofluid at a certain concentration.
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Unfortunately, in real life, bright and joyful events alternate with dark ones. So, at the beginning of the
year, we experienced a very sad event. On February 22, 2026, Zeynulla Zhanabayevich Zhanabayev, Doctor
of Physical and Mathematical Sciences and Professor of the al-Farabi Kazakh National University, passed
away suddenly. Zeynulla Zhanabayevich was the initiator and co-founder of the Eurasian Physical Technical
Journal and a long-standing member of the editorial board since 2004. He always played an active role in the
preparation of successive issues, providing valuable advice and recommendations, and ensuring the quality of

the published articles.
A

Professor Z. Zh. Zhanabaev combined his impeccable teaching with active research, as evidenced by his
monographs and international publications in highly regarded journals. He developed the foundations of a
unique structural theory of hydrodynamic turbulence. Creating a new scientific field in Kazakhstan in the field
of nonlinear information phenomena and semiconductor optoelectronics, Professor Zhanabaev was the first to
formulate information-entropy criteria for the self-organization of open systems in nonlinear physics and
astrophysics. Recently, his research has focused on semiconductor nanostructures and gas sensors. He led the
ongoing grant-funded research project "Coherence and Saturation of a Laser Sensor Signal," which explores
the fundamental and applied aspects of laser measurement systems.

In 2023, the Z. Zhanabayev Research Center for Science Data in Astrophysics was established at Al-
Farabi Kazakh National University. Its activities are aimed at developing interdisciplinary research in
astrophysics, nonlinear physics, and data analysis, as well as training highly qualified specialists for the next
generation. Under his supervision, 9 Candidate of Sciences dissertations, 3 doctoral dissertations, and 7
internationally recognized PhD dissertations were successfully defended.

Professor Z. Zhanabaev's creative achievements and dedication to science, invaluable contribution to the
training of highly qualified specialists, and outstanding achievements in the development of nonlinear physics
and astrophysics have been recognized with the Al-Farabi Grand Gold Medal.

The bright memory about Zeynulla Zhanabaevich Zhanabaev as outstanding scientist, kind mentor, and
wise academic advisor will forever remain in the hearts of all who had the privilege of knowing him.

The main legacy of this outstanding scientist is the continued development of his ideas and principles in
the works of his students, whose articles are published in almost every issue of our journal, including this one.

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.
March, 2026
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ELECTRIC ARC SPRAYING WITH COPPER-PLATED WIRE
SV08G2S ON GRADE 45 STEEL: FORMATION OF THE STRUCTURE
AND PROPERTIES OF PROTECTIVE COATINGS

Sagdoldina Zh.B. 2, Leonidova A.B.*?, Zhassulan A.Zh.?,
Shynarbek A.B.2, Ibragimov N.K.2, Mukhametov Y.M.2

' Sarsen Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan
2 Shakarim University, Semey, Kazakhstan
*Corresponding author: aiymleonidova1994@gmail.com

Abstract. The paper investigates the influence of electric arc spraying process parameters using copper-plated
SvO8G2S wire on the structure and performance characteristics of coatings formed on grade 45 steel. Spraying was
performed at varying voltages and wire feed speeds, followed by a comprehensive analysis of the structure and
properties of the resulting coatings. The best coating characteristics were achieved at 40 V, 280 A and a wire feed
speed of 100 mm/s: the resulting coating exhibited a relatively dense and uniform structure, high microhardness
(277.6 HV), minimal mass loss due to abrasive wear (0.018 g), and enhanced corrosion resistance. Electrochemical
tests in a 3.5 wt.% NaCl solution revealed a positive shift of the corrosion potential to —0.318 V (vs. Ag/AgCl) and
a low corrosion current density of 4.61 x 107 A/cm? corresponding to a corrosion rate of 0.54 mm/year. It is shown
that voltage is one of the key parameters in supersonic arc metallization, governing arc stability, spray uniformity,
and coating quality, whereas increasing the current and wire feed speed resulted in a thicker sprayed layer but
promoted pore formation and reduced structural homogeneity. Overall, optimization of spraying parameters
enables the formation of high-quality coatings with improved wear and corrosion resistance, thereby increasing the
service life of steel components in practical applications.

Keywords: electric arc spraying, copper-plated wire, grade 45 steel, microhardness, corrosion resistance, wear
resistance.

1. Introduction

Grade 45 steel is one of the most widely used carbon structural steels in mechanical engineering, power
engineering, and related industries for the manufacture of components due to its combination of strength,
affordability, and manufacturability [1]. During operation, under conditions of friction and abrasive action,
parts made of grade 45 steel (such as shafts and gears in thermal power plant equipment) undergo accelerated
wear, significantly reducing their service life. To enhance the durability and reliability of such components,
surface modification methods must be applied to improve their performance characteristics. Among existing
technologies, thermal spraying (TS) is of particular interest as it allows the formation of functional coatings
without significant thermal deformation of the substrate or changes in the structure of the base material [2, 3].
A key advantage of this technology is the wide selection of usable materials, which ensures versatility in
addressing tasks related to improving wear and corrosion resistance. The main types of thermal spraying
include flame, detonation, plasma, cold gas-dynamic, electric arc spraying, and other methods [4—12]. Among
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these, electric arc spraying (EAS) has attracted particular attention from researchers due to its technological
simplicity, low cost, and high productivity. According to technical and economic estimates, coatings obtained
by this method are 3—10 times cheaper than similar coatings applied by other thermal spray methods, while
maintaining comparable performance characteristics [10—14]. The efficiency of electric arc spraying is largely
determined by process parameters, including the material feed rate, current, voltage, air pressure, and spraying
distance. These factors directly influence the coating’s structure, porosity, microhardness, and adhesion to the
substrate [11, 15-18]. In recent years, particular attention has been paid to optimizing spraying conditions,
which has significantly improved the wear and corrosion resistance of coatings [18-23].

Along with process parameters, the choice of spray material is a key factor. Among metallic coating
materials, copper and its alloys are of particular interest due to their high ductility and excellent thermal and
electrical conductivity. When using copper-plated wire, the copper layer facilitates stable arc formation,
improves the thermal regime of the process, and ensures more uniform coating deposition. In addition, copper-
plated coatings demonstrate high corrosion resistance and can enhance the mechanical properties of the
surface. Thus, pseudo-alloys of the Cu—Fe system obtained by arc spraying form dense coatings with low
porosity, a microhardness of approximately 2,1 + 0,7 GPa, and high resistance in aggressive environments,
including a 3% NacCl solution [24]. The use of copper-plated wire in arc spraying combines technological
simplicity and cost-effectiveness, ensuring the formation of coatings with a range of protective and functional
properties.

Thus, the potential of copper-based coatings is confirmed by modern research on composites based on
them, which demonstrate improved wear resistance and corrosion protection. The purpose of this study is to
identify the formation patterns of copper-plated Sv08G2S wire coatings on the surface of grade 45 steel, with
the aim of improving its performance.

2. Materials and Research Methods

In this study, grade 45 steel and copper-plated Sv08G2S wire were used. Their chemical composition (in
wt.%) is shown in Table 1 according to GOST 1050-2013. Electric arc spraying was carried out using a
Metalcoat system (Figure 1) comprising an Arc Spray Torch (model 100AD) and a power source with control
console (model VCH 400 AIR and DC), produced by Metalcoat. The process parameters for arc spraying are
given in Table 2. For the experiment, a round disk specimen (66 mm in diameter and 5 mm thick) was prepared
and subsequently divided into four equal sectors. Three of these sectors were used for coating deposition and
subsequent analyses. Prior to coating, each specimen’s surface was ground with 120-grit abrasive paper and
then sandblasted, resulting in an initial surface roughness of 0,94 £+ 0,12 pm.

Table 1. Chemical composition of materials (wt.%)

Material C Si Mn S P Ni Cr Cu
Steel 45 0,42-0,50 | 0,17-0,37 | 0,5-0,8 | <0,035 <0,03 <0,3 <0,25 <0,25
Sv08G2S | 0,05-0,11 | 0,70-0,95 1,8-2,1 | <0,025 <0,03 <0,25 <0,20 <0,25

After spraying the copper-plated wire onto the grade 45 steel surface, a comprehensive study of the
coating’s structure and properties was conducted. Coating morphology was examined using a JSM-6390LV
scanning electron microscope (JEOL, Tokyo, Japan). To study the coating’s structure and porosity, a cross-
section of a coated sample was prepared by grinding with abrasive paper up to 2500 grit, followed by polishing
on felt wheels using diamond pastes with particle sizes of 0,3 um and 0,1 um. Coating porosity was then
assessed by analyzing SEM cross-sectional images using ImageJ software (version 1.54d). Surface roughness
measurements were performed using an Anytester HY2300 profilometer (Hefei, China). Roughness values
(Ra) were determined as the average of 10 measurements taken at different points on the surface. Coating
microhardness was measured using an HLV-1DT Vickers microhardness tester with a 1 N indenter load and a
dwell time of 10 s. Abrasive wear tests were conducted in accordance with GOST 23.208-79. Electro
corundum abrasive (grain size 16-P as per GOST 3647-80) with a relative moisture content of no more than
0.15% was used. The roller rotation frequency was 60 + 2 min™!, and the sample load was 44,1 £ 0,25 N.
According to GOST 23.208-79, since the test material’s microhardness did not exceed 400 HV, the number
of revolutions was set to 600. Upon completion of the tests, the samples were blown with compressed air,
wiped with alcohol, dried, and weighed on an analytical balance with an accuracy of 0.001 g.
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Fig.1. Metalcoat electric arc spraying system.

Table 2. Parameters of the electric arc spraying process.

Sample | U (V) | Wire feed speed (mm/s) | I (A) | Air pressure (MPa) | Distance (mm) | Spraying time (s)
No. 1 30 150 350 0.4 150 5
No. 2 40 100 280 0.4 150 5
No. 3 20 120 300 0.4 150 5

Corrosion resistance was assessed by potentiodynamic polarization using a CS300M potentiostat—
galvanostat (Corrtest Instruments, Wuhan, China) with a CS936 flat corrosion cell in a standard three-electrode
setup. The working electrode was a coated or uncoated sample with an exposed area of 1 cm? A saturated
Ag/AgCl electrode served as the reference and a platinum mesh as the counter-electrode. Tests were carried
out in a 3,5 wt% NacCl solution at 25 °C (room temperature). Before polarization, the open-circuit potential
was stabilized for 30 min. The corrosion test was performed according to ASTM G5-13.

3. Results and Discussion

Figure 2 shows cross-sectional images of the coatings. As shown in Figure 2 (a—c), the coating thickness
varies depending on the process parameters (Table 3). The coating on sample No. 1 has a significant thickness
of 778,74 £ 9,26 um and shows increased layer waviness along the edges. This effect is due to the combination
of high current (350 A) and high wire feed speed (150 mm/s), which accelerate the particles and increase the
material flow rate, resulting in more material being deposited in a short time. Sample No. 2 exhibited the most
uniform structure, with a consistently distributed coating and a thickness of 604,04 £ 15,94 um. The coating—
substrate interface in sample 2 was clearly defined and even. Sample No. 3 had the smallest coating thickness,
326,70 + 36,03 pum.

The moderate wire feed speed (120 mm/s) combined with the low voltage (20 V) led to incomplete
atomization of the material, causing some of the wire to be wasted and preventing proper coating formation
on the sample surface. Coating No. 1 is characterized by a low porosity (1.65%) but a relatively large average
pore size of 0,863 + 0,347 pum (Table 3). This is due to the intense deposition of molten particles at high current
and high wire feed speed. The resulting jet turbulence and incomplete overlap of individual splat zones
contribute to the formation of isolated large pores.

For sample No. 2, the combination of high voltage (40 V) and low wire feed speed produced a large
number of small, closed pores. This explains its higher overall porosity (2,575%), with an average pore size of
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0,325 + 0,535 um. A higher voltage increases the energy transferred to the particles and prolongs their time in
a molten state in the spray plume.

04.00 um

_5-" = 84.16 um

e i ¢ o 620.01 um

15kV X50 0001 0969 38Pa

c)

Fig.2. Cross-sectional images of coatings: (a) sample No. 1; (b) sample No. 2; (c) sample No. 3.

Table 3. Coating characteristics.

Sample | Coating thickness (um) Average pore size (Lm) Porosity (%) Roughness Ra (um)
No. 1 778,74 £ 9,26 0,863 + 0,347 1,165 11,48 £2,01
No. 2 604,04 + 15,94 0,325+ 0,535 2,575 7,70 = 1,41
No. 3 326,70 £ 36,03 0,146 = 0,264 0,953 5,28 £ 0,68

This raises the likelihood of chemical interaction with oxygen, leading to the formation of oxides and
gaseous products. These oxides and gases become incorporated into the molten phase or are released during
solidification, remaining as closed or semi-open pores within the coating. Sample No. 3 is characterized by the
lowest porosity (0,953%) and the smallest average pore size, 0,146 = 0,264 pum. Reducing the particle
dispersion energy lowers the likelihood of air entrapment and defect formation, resulting in only very small
pores. The low voltage (20 V) decreases the degree of particle melting and the residence time of particles in
the arc, which minimizes oxidation and gas inclusion formation; as a result, the overall porosity of the coating
is minimal. Similar correlations between spraying parameters and coating porosity have been reported in the
literature [24-26].

Table 3 also presents the surface roughness (Ra) values for the samples. After coating application, the
roughness increased significantly: for sample No. 1, Ra=11,48 £ 2,01 um; for sample No. 2, Ra=7,70 + 1,41
um; and for sample No. 3, Ra = 5,28 £ 0,68 um. Sample No. 1 had the highest roughness, while sample No. 3
had the lowest, indicating that the process parameters significantly influence the formation of the surface
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microrelief. Voltage plays a key role in supersonic arc spraying, as it affects arc stability and intensity. At an
optimal voltage, the arc remains stable, facilitating uniform metal spraying and the formation of a high-quality
coating. If the voltage is too low, the arc can become unstable and intermittent, leading to an uneven coating
[12-15]. Surface roughness and coating porosity are also key factors in wear mechanisms and can influence
the development of abrasive wear. The abrasive wear test results are presented in Table 4. Sample No. 3
showed the greatest mass loss, indicating the lowest wear resistance of the coating produced under those
spraying conditions. This is possibly due to the highly porous structure of that coating. During abrasive wear,
the pores can facilitate accelerated material removal, leading to greater mass loss. In contrast, the minimal
mass loss observed for sample No. 2 (0,018 g) demonstrates the effectiveness of the chosen spraying
parameters in ensuring high wear resistance of the coating.

Table 4. Results of coating abrasive wear testing.

Sample Mass before (g) Mass after (g) Mass loss (g)
No. 1 28,555 28,530 0,025
No. 2 31,556 31,538 0,18
No. 3 24,972 24,936 0,036

The microhardness measurements of the samples are shown in Figure 3. These average values (with
corresponding errors) indicate a substantial increase in surface microhardness compared to the original grade
45 steel. The coating microhardness exceeds that of the uncoated material (grade 45 steel, ~190 HV). In
particular, sample No. 1 had a microhardness of 242,87 = 10,89 HV; sample No. 2, 277.62 + 4,67 HV; and
sample No. 3, 272.81 + 10,52 HV. These data demonstrate an improvement in the surface’s strength
characteristics after applying the coatings.

300

250

nN

(=}

(=]
1
i

Hardness, HV
3

100

50+

steel 45 No. 1 No. 2 No. 3

Fig. 3. Microhardness values of the samples.

The increased microhardness of the coatings (relative to the original steel) can be attributed to specific
features of the electric arc metallization process. Specifically, when molten metal particles impact the substrate
surface, they are rapidly cooled by the cold compressed air jet, causing nearly instantaneous solidification and
the formation of a structure with higher microhardness [27]. In sample No. 1, the high current (350 A) led to
significant heat input in the spray zone, potentially causing particle overheating, burnout of alloying elements,
and intense oxidation of the molten surface. The increased wire feed speed (150 mm/s) reduced the specific
energy per unit mass of metal, limiting the extent of uniform melting. The combination of these factors resulted
in a coating with partially unmelted and overheated particles, yielding a relatively low microhardness of 242,87
+ 10,89 HV for sample No. 1.

Sample No. 2 exhibited an optimal balance of voltage (40 V) and current (280 A) at a moderate wire feed
speed (100 mm/s). As a result, the specific heating energy was sufficient for complete particle melting, leading
to the formation of a dense coating structure with the maximum microhardness (277,62 = 4,67 HV) among the
samples. Sample No. 3 was characterized by minimal heat input, which affected the morphology of the
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resulting coating. In its structure, dense inclusions visually resembling unmelted material were observed
(Figure 2c). These inclusions were uniformly distributed across the cross-section and reduced the overall
porosity. As a result of these structural features, sample No. 3 still demonstrated a high microhardness of
272,81+ 10,52 HV. It can be seen that the balance between the applied arc energy, wire feed speed, and cooling
conditions largely determines the coating microhardness. Additionally, factors such as the degree of particle
melting, the likelihood of particle overheating and oxidation, and the coating’s porosity significantly influence
the final microhardness.

Figure 4 shows the polarization curves of grade 45 steel samples in a 3.5% NaCl solution. The uncoated
steel sample exhibited a more negative corrosion potential and a higher corrosion current density, indicating
low resistance to the chloride environment. After applying the copper-plated wire arc spray coating, a positive
shift in corrosion potential and a decrease in current density were observed. This indicates a reduction in the
steel’s thermodynamic susceptibility to corrosion and a slowing of the electrochemical processes.
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Fig. 4. Potentiodynamic polarization curves of grade 45 steel samples in 3.5% NaCl solution

The most positive shift in corrosion potential and the lowest corrosion current density was observed for
sample No. 2, which was obtained with the following parameters: arc air pressure 0,4 MPa, air pressure 0,2
MPa, 40 V, and 280 A. This implies the formation of a denser, less porous coating structure, providing the best
corrosion protection. Therefore, the spraying parameters used for sample No. 2 can be considered optimal for
producing coatings with enhanced corrosion resistance. The obtained results are consistent with previous
studies of arc spray coatings on carbon steels. In particular, the coating thickness (604 + 15.9 pum) and
microhardness (277.6 = 4.7 HV) observed under optimal spraying conditions (40 V, 280 A, wire feed 100
mm/s) are comparable to the values reported by other authors [28-30]. Moreover, similar to previous studies,
the use of wire with this coating resulted in a coating with low porosity, improved wear resistance, and high
corrosion resistance in a 3.5% NaCl solution. These comparisons confirm that the selected process parameters
are effective in improving the performance and durability of components made of grade 45 steel.

4. Conclusions

This research broadens the potential practical applications of electric arc spraying with copper-plated
Sv08G2S wire on grade 45 steel under various spraying conditions.

Process parameters significantly affect the formation of the coating’s structure and properties, including
its thickness, porosity, surface roughness, microhardness, wear resistance, and corrosion behavior.

Optimal coating characteristics were obtained at 40 V, 280 A and a wire feed rate of 100 mm/s (sample
No. 2). Under these conditions, the average coating thickness was 604 + 15,9 um, the maximum microhardness
was 277,6 +£4,7 HV, the mass loss due to abrasive wear was minimal (0,018 g), and the coating exhibited high
corrosion resistance in a 3,5% NaCl solution.
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The coating thickness across the tested modes varied from 327 um to 779 um, depending on the spraying
parameters. Increasing the current and wire feed speed increased the coating thickness, but also led to larger
pores and reduced structural homogeneity. Overall, the results confirm that electric arc spraying with copper-
plated wire is an accessible and effective method for improving the performance characteristics and durability
of grade 45 steel components in mechanical engineering and related applications.
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Abstract. The paper studies the effect of residual stresses on the microstructure and mechanical properties of
metal coatings formed by electrolytic rubbing. The dependence of the internal stress level on the current density,
anode rotation speed, electrolyte composition and deposited layer thickness is established. It is shown that with an
increase in current density from 50 to 100 A/dm? and a deposition rate of up to 16.6 um/min, residual stresses vary
within 23-34 kg/mm? The addition of ascorbic acid, nickel and manganese chlorides promotes an increase in
stresses by 5—10% and simultaneously increases the microhardness of the coatings. A decrease in residual stresses
is noted upon reaching a layer thickness of 0.03—0.04 mm, followed by stabilization at a level of 10—12 kg/mm?. The
results of the work can be used to optimize technological modes of restoration and hardening of agricultural
machinery parts, ensuring increased accuracy and quality of metal coatings.

Keywords: residual stresses, microstructure, elastic deformation, anode, cathode, deposited layer.
1. Introduction

The process of restoring agricultural machinery parts using electrolytic rubbing allows for the formation
of metal coatings with specified physical and mechanical properties. However, during the deposition of the
metal layer, residual stresses arise in the coating, which significantly impact its performance characteristics,
including strength, hardness, and adhesion. The magnitude and nature of these internal stresses are determined
by a combination of process parameters, the most important of which are current density, electrolyte
composition, substrate geometry, and anode rotation speed [1, 2, 3]. Residual stresses can be either positive or
negative. Compressive stresses prevent crack propagation and increase the durability of the coating, while
tensile stresses increase the risk of failure. During the manufacturing process, materials undergo uneven
deformation due to external influences such as uneven mechanical strain, temperature changes, or phase
transitions. Uneven deformation often results in residual stresses [4]. Residual stresses have a significant
impact on the strength and other mechanical properties of products and can cause defects such as deformations
and cracks during use; these defects ultimately impact the condition of the products and their service life.
Therefore, strength analysis and deformation prediction during processing, as well as the assessment of future
residual stresses, are pressing issues in modern industrial and scientific research [4].
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Theoretical and experimental studies have shown that residual tensile stress deteriorates the fatigue life
of a component [5]. Xiao et al. [6, 7] modeled the parameters of residual stress during the study of the grinding
process of the surface of a titanium part and also conducted studies on the formation mechanism of residual
stress. Huang et al. [8] proposed methods to study the grinding process during the abrasive process, and the
residual stress of the workpiece surface after processing was determined during the experiments. Li et al. [9]
used molecular dynamics methods to simulate the grinding process of single-crystal silicon. They were able to
describe the distribution of residual stress after grinding, and it was also found that reducing subsurface damage
during grinding can improve the service life of the workpiece. Wang et al. [10] analyzed the influence
mechanism of residual compressive stress on the occurrence of fatigue cracks, estimated the residual
compressive stress as a negative load and found that the presence of residual compressive stress reduces the
actual average stress of the workpiece and plays an important role in delaying the occurrence of fatigue cracks.
Wang et al. [10] analyzed the mechanism of influence of residual compressive stress on the growth of fatigue
cracks and found that the presence of residual compressive stress can significantly reduce the intensity of crack
formation in the workpiece.

Experiments conducted show that factors limiting the effect of residual stress on fatigue life exist [11,
12]. The conducted modeling can be used to study residual stress and its effect on fatigue life. However, most
residual stress simulations can only simulate the formation of residual stress during processing [13] and cannot
describe the full mechanism by which residual stress influences fatigue life. An improved technique based on
recording the deformations of cylindrical samples and mathematical modeling of the electrolytic process for
the precise quantitative determination of residual stresses and stress control has been developed [14-16].

The aim of this study is to analyze the influence of process parameters on the level of residual stresses in
order to rationalize the electrolytic rubbing process and improve the quality of restored metal coatings.

2. Materials and Methods

The residual stresses in electrolytic coatings were determined using a method based on recording the
elastic deformation of a sample cathode with controlled geometry, allowing for a quantitative assessment of
the level of internal stresses in the layer being formed. A cylindrical sample cathode with a given diameter is
shown in Figure 1. The prepared sample is placed in a cylindrical housing, after which an anode is installed in
the device. Galvanic deposition of metal is performed on the inner surface of the sample cathode, which allows
for reproducing the actual conditions of coating formation and conducting a subsequent analysis of the residual
stresses that arise [17,18].
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Fig.1. a) Sample assembled with cathode inside cylinder; b) Cathode-sample

After the coating had been deposited and cooled, the substrate (cathode sample), Figure 2, was removed,
resulting in elastic deformation of the sample under the action of internal (residual) stresses in the deposit. The
resulting deflection was characterized by the value f, measured along the centerline of the cylinder cross-
section. To determine the residual stresses in the coating, a classical assumption was used, according to which
the internal stresses in the deposit are modeled by an equivalent system of external (reverse) stresses capable
of causing similar deformation in the absence of other effects [19,20]. This makes it possible to use the
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superposition principle to derive a calculation formula that establishes a relationship between the measured
deflection and the level of residual stresses in the coating.

Fig.2. Scheme for calculating residual stresses in coatings

In the process of successive build-up of the coating, when a layer of thickness da is deposited, its own
stresses are formed in it 61 (a). The application of a subsequent layer of thickness dy leads to a change in the
stress state in the previously formed layers of the coating. As a result of this, the stresses in the layer located
at a distance a from the rod-coating interface consist of two components: primary o, (a), arising directly during
the deposition of this layer, and additional 6, (a), caused by the action of subsequent layers.

otot(@) = 01(a) + 05(a). (1)

When a coating element of thickness da is deposited, stresses arise in it o4 (@), creating a bending moment
about the neutral axis. Because the attitude (h+a)/R0=0.33<10, the position of the neutral axis can be taken to
coincide with the geometric axis of the section. Then the elementary bending moment is determined by the
expression:

dM = >01()b(h + a)da. )

According to solid mechanics, the increment of bending moment can be described through the change
in the lock opening using the following relation:

Ely

aM = —%df, (3)
where E is the modulus of elasticity,
I~ axial moment of inertia equal to

b(h+a)3

L =20 )
df - increment of the lock solution.
Representing (4) in (3) and assuming that (3) is equal to (2), we obtain

E df
01(@) = oL (). 5)

Deposition of a layer of thickness dy, located at a distance y from the rod-coating interface and
characterized by stress 61(y) leads to the occurrence of a bending moment dM (y) and axial force dN(y),
affecting the cross-section at the level (2+y).

dM(y) =5 01()b(h +y)dy, (6)

dN(y) = o;(y)b - dy (7

Bending moment that occurs dM(y) leads to the formation of additional stresses in the previously
deposited layer of thickness da
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d oyy(a) =

dM(y)-12  h-y+2a
b(h+y)? 2 (3)

taking into account expression (6), equation (8) can be transformed to the following form:

12 h-y+2a 1 h—y+2
o (@) = 1oy =5 ;b +y) -dy = 01 (y) - 3- 0 ©)
Tension oy (), included in equation (9) is defined similarly and has the following form:
1) = 5 (R + 1)? L ). (10)
In this case, expression (9), taking into account (10), is transformed to the following form:
E  h-y+2a df 3E(h-y+2a) df
dogm (@) = G (h+3)* 3 T ) = — 5, O)- (11)

Total change in stress in the layer da due to the action of a bending moment dM (y) equals:

om(@) = [y dogw(@) = —— [(h—y+2a)df = ——[(h+ Of @) + [; fO)dy].  (12)

127 R2

Under the action of axial force dN(y) in a layer da additional stresses are formed

dN(y)
oan(@) = 505 (13)

Taking into account expressions (7), (13) will take the form:
__o(»)dyb
oo () = 202 (14)
Substituting expression (10) for a; (y) we will receive:

_ _E(h+y)?  df
doyy(a) = 127R?(hty)  dy dy. (15)

Total voltage changes g,y (a) in a layer da equals:

oyn(a) = f doyy(a) = (16)

121 RZ'

Total stress in the layer da arising under the action of a bending moment dM (y) and axial force dN(y)
is defined by the following expression:

oan(a) = 02(a) + 02n(0) = == [(h + &)f (@) + [§' Y] + = [(h + a)f (@) —
Iy FOdy] = ——[4(h + a) - f(@) + 2 [;' F()dy]. (17)

Total stress in the layerda equals:

Oror(@) = al(a)+az(a> Lo+ * L@+ [4h+a) f(@) +2 ) F()dy] =
—— |+ L@+t +a) fF@+2 ) f(y)dy] (18)
Thus:
00t(@) = oo [(h + @)2 L - (@) + 4(h + Q)f (@) + 2 [ F()dy]- (19)
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Formula (18) describes the stresses in the coating: the first term is the stress from applying the layer da,
the second and third are stresses from the interaction of this layer with the previous ones and the resulting
bending. In the practical part of the study, the substrate was made of sheet iron 0.7 mm thick and 10 mm wide.
In all the experiments, the substrate diameter was 120 mm. The thickness of the lining and coating was
measured with an accuracy of 0.001 mm. Differential curves were taken for deposition from 0 to 0.1 mm with
an interval of 0.01 mm. The deposition time was calculated using the formula and refined experimentally. The
standard electrolytic deposition method was used to obtain coatings. Etching of the substrate with nitric acid
did not cause additional stresses.

In electrolytically deposited iron films, the dependence of the residual stress on the thickness of the
deposited layer demonstrates a pattern similar to that observed in bulk iron samples. Significant internal
stresses are formed in the boundary layers directly in contact with the substrate. Depending on the electrolysis
parameters, such as current density (D) and sedimentation rate (V), the magnitude of residual stresses varies

—E (D =150 —— and V=40 22 70 23 —£( D, = 50 =5 u V=20 =),

When the thickness of the deposited layer reaches 0.03-0.04 mm, a sharp decrease in internal stresses is
observed, after which, up to a thickness of 0.1 mm, their insignificant growth is noted. An increase in current
density during electrolytic rubbing of iron does not have a significant effect on the magnitude of the internal
stresses formed. According to the research data, under stationary conditions of electrolysis at a current density
of 50 A/dm?, in sediments with a thickness of 0.05 mm, internal stresses of the order of 12 kg/mmz.
Application of the anodic-jet deposition method at a similar current density (50 A/dm?) leads to the formation
of stresses of the same thickness (0.05 mm) in sediments 12 kg/mm?. Precipitates obtained by electrolytic
rubbing at a current density 150 A/dm? and a thickness of 0.05 mm, are characterized by residual stresses
equal to 12 kg/mm?. The difference in the values of residual stresses obtained at different current densities is
insignificant.

in the range from 34

3. Results and Discussion

The origin of internal stresses in iron electrolytic deposits is associated with a complex of factors. Firstly,
it is associated with the absorption of hydrogen, which is released at the cathode simultaneously with iron ions
during electro crystallization. Secondly, the mechanism of capture (occlusion) of iron hydroxide particles by
the growing metal film plays an important role. Thirdly, the level of internal stresses is affected by increased
cathodic polarization observed during iron electrodeposition.

Figure 3 shows a graphical interpretation of the dependence of the cathode deformation (f), expressed in
millimeters, on the thickness of the deposited layer (), measured in micrometers. The abscissa (x) axis shows
the values of the deposited layer thickness in the range from 20 to 100 um, and the ordinate (y) axis shows the
corresponding values of the cathode deformation, varying from 1 to 2 mm. The experimental data are presented
on the graph as five discrete points marked with special markers. For clarity, the points are connected by a
blue trend line, demonstrating the general tendency of the change in the cathode deformation depending on the
thickness of the deposited layer.

Cathode deformation f, mm

Sediment thickness o, pm

Fig. 3. Dependence of cathode deformation f (in mm) on deposit thickness o (in pm)
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The analysis of the presented graphical dependence reveals the presence of a direct correlation between
the thickness of the deposited layer and the degree of deformation of the cathode. With an increase in the
thickness of the deposited layer, a proportional increase in the deformation of the cathode is observed: from 1
mm at a layer thickness of 20 um to 1.9 mm at a thickness of 100 pm. The dependence visually observed on
the graph has a close to linear character, which indicates a directly proportional relationship between the
increase in the thickness of the deposit and the growth of the degree of deformation of the cathode. The
obtained results are of high practical importance for the optimization of technological processes associated
with the use of cathodes. Knowledge of the nature of the influence of the thickness of the deposited layer on
the deformation of the cathode makes it possible to more accurately control the process parameters in order to
achieve the specified deformation characteristics.

Figure 4 shows the dependence of the deformation curve (a), crystallization stresseso; (a), tensions,
caused by the influence of overlying layers o, (a) and residual stress oy, (a), from the sediment thickness («),
expressed in micrometers (um). All types of stress are presented B kg/mm?. Analysis of graphical data reveals
different dynamics of changes in internal stresses depending on the thickness of the deposited layer (a).
Residual stress curve g, (a) shows a sharp decline from 25 xkr/Mm? at a=0 pm to 10 kg/mm? at a=40 pm,
after which stabilization is observed in the range 10-12 kg/mm?. A similar trend, but with a more pronounced
decline (ot 28 10 2-3 kg/mm?), characteristic of crystallization stresses g, (a), in the thickness range from 0
to 40 um, after which their values also stabilize.

@) kg/mmy’
)
A

Gtot(a) G:((‘()

atot (o), o1 () ¢
k
Q
|

Voltage,

Sediment thickness o, pm
Fig. 4. Deformation curve (a) and corresponding crystallization stresses o, (a), stresses of the impact of
overlying layers g, (a) and residual stress g;,.(a)

In turn, the stresses caused by the influence of the overlying layers g,(a), demonstrate monotonous
growth ot 0 10 10 kg/mm? proportionally to the increase in the thickness of the deposited layer from 0 g0 100
um. Thus, in the initial stages of sedimentation (¢ <40 um) the dominant contribution to the formation of the
internal stress state is made by crystallization stresses, whereas with further growth of the sediment thickness
(a> 40 um) the determining role is played by the stress induced by the overlying layers. The obtained results
are of practical interest for predicting the mechanical behavior of the material and optimizing the technological
parameters of deposition in order to achieve the specified properties. The insignificant increase in residual
stresses observed in iron deposits obtained by electrolytic rubbing can be explained by a combination of two
factors. Firstly, the deposits formed by electrolytic rubbing are characterized by a low tendency to
hydrogenation, which minimizes the influence of hydrogen in the formation of internal stresses. Secondly,
such deposits, as a rule, have an increased structural defectiveness, in particular, a tendency to form
microcracks, which also helps to reduce the level of residual stresses. The effect of such an electrochemical
parameter as the current density on the cathode on the value of residual stresses in electrolytic iron obtained
by electrolytic rubbing is shown in Figure 5.

In the range of current densities 50-150 A/dm? an increase in residual stresses is observed, but when
exceeded 150 A/dm? they are reduced. In thin coatings (0.01 mm, anode speed 20 ob/min) voltage increases
from 16.2 to 29.2 kg/mm? with increasing current density, whereas for layers (>0.05 mm) the effect of current
density becomes insignificant. In thin layers, residual stresses depend on the substrate, and their relaxation
through microcracks is difficult, whereas in thickened layers, stresses relax through microcracks, weakening
the dependence on current density at thicknesses >0.04 mm. Iron deposits with residual stresses 12—15 kg/mm?
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demonstrate stability due to partial stress relaxation and compensating properties of the material. Increasing
the rotation speed of the anode with 20 to 40 ob/min leads to an increase in residual stresses: in thin layers
(0.01 mm, 150 A/dm?) with 29.2 to 32 kg/mm?, and in thick ones (0.1 mm) with 17.7 to 20 kg/mm?.
Acceleration of the anode reduces the crystal growth time, forming a fine-grained structure with increased
strength and an increase in internal stresses. Refining the grains increases the area of the boundaries between
them, facilitating the release of dislocations and the growth of internal tensile stresses.

Figure 6 shows the dependence of residual stresses on the deposit thickness (in the range of 0.05 - 0.1
mm) obtained from electrolytes with various additives. Analysis of the graphical data shows that the
introduction of ascorbic acid, manganese chloride and nickel additives leads to an increase in residual stresses
in the deposits.

A ob
1- 600 g/l FeCl, - 4H,0; pH=1; D, = 1509?;V = ZOE.
A b

2- 600 g/l FeCl, - 4H,0; pH=1; 0,57 C¢HyOg; Dy = 150 ——;V = 20— ) b

. o
3- 600 g/l FeCl,  4H,0; pH=1; 0,5% CsHg04; 257 NiCl,6H,0; D = 150——;V = 20—

A b

600 g/l FeCly  4H,0; pH=1; 0,59 CgHgO%; 257 MnCl,4H,0; Dy = 150 ——;V = 20—,

Addition of ascorbic acid to the electrolyte reduces layering and cracking in the deposits, increasing
residual stresses due to improved mechanical properties.
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Fig. 5. Effect of cathode current density on residual stresses in iron deposits at different deposit thicknesses
and anode rotation speeds
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Fig. 6. Dependence of residual stresses on sediment thickness

Additions of nickel and manganese chlorides increase residual stresses due to the formation of chemical
compounds during ion discharge, simultaneously improving the mechanical properties of the deposits. A slight
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increase in stresses from the additives is compensated by an increase in microhardness and an improvement in
the results of the technological bending test.

4. Conclusion

The study demonstrated a significant influence of residual stresses on the properties of coatings obtained
by electrolytic rubbing. It was found that at a current density of 50-100 A/dm? residual stresses vary from 23
to 34 kg/mm? depending on the sedimentation rate and layer thickness. When the sediment thickness reaches
0.03—0.04 mm, the stresses decrease sharply and then stabilize at the level 10—12 kg/mm?. Additives to the
electrolyte, such as ascorbic acid, nickel and manganese chlorides, increase residual stresses by 5—10%, while
improving the microhardness and strength characteristics of the deposits. The proportional increase in cathode
deformation, varying from 1 to 1.9 mm with an increase in the layer thickness from 20 to 100 um, indicates a
linear relationship between the deposited layer thickness and the stress state. The data obtained allow us to
more accurately predict the mechanical behavior of the coatings and optimize the deposition process
parameters.
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Abstract. The temperature coefficient is a key performance indicator for assessing the operational stability of
solar cells used for power generation in both terrestrial and space environments. In recent years, silicon
heterojunction solar cells employing hydrogenated amorphous silicon passivating layers have attracted significant
attention owing to their high conversion efficiency and excellent surface passivation quality achieved at low
processing temperatures. However, to ensure their reliable and stable operation in extraterrestrial conditions, it is
essential to investigate not only the effects of radiation but also the influence of temperature variations on their
photovoltaic performance. In this study, the illuminated current—voltage characteristics of heterojunction solar cells
fabricated on boron-doped single-crystalline silicon wafers were experimentally investigated under Air Mass Zero
spectrum across a wide temperature range of 173—373 K. The results revealed that the short-circuit current density
exhibited a positive temperature coefficient of +(0.077+0.003) %/K, whereas the open-circuit voltage decreased
linearly with a coefficient of — (0.23+0.002) %/K as temperature increased. The temperature coefficients of the
conversion efficiency and fill factor were determined to be — (0.23+0.007) %/K and — (0.075+0.004) %/K,
respectively. The experimentally obtained temperature coefficient of the maximum output power — (0.231+0.008)
%/K was found to be lower than that of conventional Al-BSF solar cells (—0.39%/K) and other single-crystalline
silicon—based photovoltaic technologies, confirming the excellent thermal stability and high suitability of silicon
heterojunction solar cells for space power applications.

Keywords: heterojunction, hydrogenated amorphous silicon, Air Mass Zero spectrum, light current-voltage

characteristics, temperature coefficient, open-circuit voltage, conversion efficiency.

1. Introduction

It is well known that reliable broadband Internet access and data transmission, particularly in remote

regions where stable communication networks are lacking, can be achieved through the deployment of global
low Earth orbit (LEO, 500-2000 km altitude) satellite communication systems [1-3]. The continuous and
efficient operation of such satellites depends on the availability of highly reliable power supply systems. In
these spacecraft, electrical energy is primarily generated by photovoltaic (PV) modules [4, 5]. Therefore,
enhancing the efficiency, radiation resistance, and thermal stability of PV modules is essential to ensure the
long-term and stable operation of satellite communication systems in LEO [6].
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Since the launch of the first Soviet satellite, Sputnik 1, in 1957, interest in solar cells (SCs) has increased
significantly [4]. One year later, in 1958, Si-based SCs were used for the first time aboard the Vanguard-1
satellite launched by the United States [7]. Since then, Si SCs have been widely adopted as the primary power
source for spacecraft because of their long-term operational stability, mature fabrication technology, and
favorable power-to-mass ratio [4, 8, 9]. This trend continued until the 1990s, when the development of Si-
based SCs for space applications was largely discontinued, and research efforts shifted toward I1I-V compound
semiconductor-based SCs, which subsequently began to dominate the space market [5, 7]. At present, the most
widely used semiconductor materials for space applications - particularly in geostationary Earth orbit (GEO,
at an altitude of approximately 35.786 km above Earth’s surface) - are GaAs-based multijunction SCs, such as
GalnP/GalnAs/Ge [5] and AlInGaP/AllnGaAs/InGaAs/Ge [10]. However, the production cost of these SCs is
considerably higher than that of their Si-based counterparts, primarily due to the complex technological
processes required for their fabrication [5, 11]. In addition, the brittle nature of GaAs compounds further
complicates large-scale manufacturing and handling. These factors have limited the widespread adoption of
GaAs-based SCs for terrestrial applications and, in particular, for use in LEO missions, where cost efficiency
and structural robustness are of critical importance [4].

Currently, among Si-based PV technologies, Si heterojunction (HJT) SCs have emerged as the most
efficient option. A record conversion efficiency of 27.8% has been achieved for n-type heterojunction back-
contact (HBC) SCs with an active area of 134 cm?, developed by LONGi Laboratory under standard test
conditions (1 sun, AM1.5G, 100 mW/cm?) [12]. This represents the highest efficiency reported for any single-
junction Si-based SC and is comparable to that of state-of-the-art single-junction GaAs SCs (29.1%) [12, 13].
Moreover, HIT SCs exhibit a higher bifacial coefficient compared with other Si-based PV technologies [13].
Owing to the use of low-temperature hydrogenated amorphous silicon (a-Si:H) passivating layers and low Si
consumption, HIT SCs achieve exceptionally high open-circuit voltages (up to 752 mV) and low temperature
coefficients (< 0.3%/°C for n-type wafers). These characteristics provide a significant advantage over other
Si-based PV technologies such as PERC (Passivated Emitter and Rear Cell), TOPCon (Tunnel Oxide
Passivated Contact), and conventional Al-BSF (Aluminum Back Surface Field), which currently dominate
terrestrial PV manufacturing [14-16]. In contrast, these alternative technologies generally require high-
temperature processing (> 600 °C) [15]. The combination of superior efficiency, low-temperature fabrication,
and outstanding thermal stability makes HJT SCs highly promising candidates for space PV applications. In
extraterrestrial environments - particularly in LEO, the performance of SCs is affected not only by high-energy
particle irradiation but also by extreme cyclic temperature fluctuations (160—400 K) [8, 17]. Therefore, a
comprehensive study of the temperature-dependent behavior of HJT SCs under extraterrestrial solar
illumination is essential for evaluating their reliability and long-term operational stability in future spacecraft
power systems.

In this study, the temperature dependence of the PV performances of HIT SCs based on boron-doped p-
type crystalline Si (c-Si) wafers were investigated under Air Mass Zero (AMO) spectrum (136.7 mW/cm?) in the
temperature range of 173-373 K.

2. Material preparation and methods
2.1 Sample preparation

The studied p-type Si HIT SCs were fabricated at the R&D Center of Thin film technologies in
Energetics, Saint-Petersburg, Russia. To conduct experiments, Si HIT SCs (Fig. 1) were created on boron-
doped p-type c-Si wafers grown by the Czochralski method, with an acceptor concentration of 3-10'¢ cm™, a
thickness of ~165 um, crystallographic orientation (100). In the c-Si wafer, the concentrations of oxygen and
carbon, as well as density of dislocation were approximately 4.5-10" c¢cm?, 3-10'® cm™ and 500 cm?,
respectively. The wafers were acquired from SAS Sunrise and are commonly used in the fabrication of PERC
SCs. Before depositing intrinsic and doped a-Si:H layers onto the p-type c-Si wafers to form the
heterojunctions, the wafers underwent a wet chemical cleaning procedure. Afterward, the c-Si wafers were
subjected to pyramidal surface texturing to enhance light absorption [18]. Subsequently, thin intrinsic a-Si:H
layers were deposited on both the front and rear surfaces of the textured p-type c-Si wafers using Very High
Frequency Plasma-Enhanced Chemical Vapor Deposition (VHF PECVD) method. The purpose of this layer
is to passivate dangling bonds (by forming Si—H bonds) on the c-Si surfaces [19]. Using the same method to
form a p-n-junction, n-type a-Si:H layer was deposited on the front side, and to create the back-surface field
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(BSF), p-type a-Si:H layer was deposited on the rear side of i-a-Si:H deposited p-type c-Si wafer. All intrinsic
and doped a-Si:H layers were deposited at a low temperature of 180—-185°C and a frequency of 40.68 MHz.
Further, transparent and conductive Sn-doped In,O; (ITO) layers (90 wt.% In>O3; and 10 wt.% SnO,) were
deposited on the front and rear surfaces of the photosensitive heterostructures using Radio-Frequency (RF)
magnetron sputtering. To collect photogenerated charge carriers from the heterostructure surfaces, low-
temperature silver (Ag) paste with “Busbar” type contacts was screen-printed onto both the front and rear sides
of the photosensitive heterostructures with subsequent curing. The “Busbar” type contacts had the following
dimensions, measured using a KLA/Tencor Alpha-Step D-120 profilometer: a height of ~25 pum, a width of
~45 um, and a pitch of ~1.36 mm. A cross-sectional view of the finished HIT SCs based on p-type c-Si wafer

is shown in Fig. 1.
Ag metallization grid
ITO 70 nm
n-a-Si:H 10-15 nm

i-a-Si:H 5 nm

p-type Cz-Si
~165 pm

i-a-Si:H 5 nm
p-a-Si:H 10-15 nm
ITO70 nm .
Ag metallization grid
Fig. 1. A cross-sectional view of the HIT SCs based on p-type c-Si wafer.

2.2 Characterization and measurement of performances

As reported in [20, 21], in order to improve the overall efficiency of PV modules compared with
conventional full-cell designs, standard SCs are divided into half-cells, which reduces the cell current and
minimize resistive losses. This design also prevents the performance degradation of PV modules under partial
shading conditions, which would otherwise increase resistance and potentially lead to module failure [21].
Therefore, two main techniques are currently employed for SC separation: laser scribing with mechanical
cleaving (LSMC) and thermal laser separation (TLS) [20]. In the present study, p-type c-Si-based samples with
an area of 1 x 1 cm? were cut from full-sized high-efficiency HJT SCs (15.6 x 15.6 ¢cm?) using the LSMC
method for experimental investigation. No additional passivation of the lateral surfaces or edge isolation was
performed after laser cutting. A solid-state "MiniMaker2" diode laser, with a wavelength of 1064 nm was used
for cutting the samples. During laser scribing, the laser parameters were set as follows: a scribing speed of 200
mm/s, a pulse repetition rate of 25 kHz, and a pulse duration of 20 ns. The scribing process was carried out on
the rear side of the p-n-junction, which helped to reduce potential damage to the contact layers and maintain
photoelectric conversion efficiency.

To study the effect of temperature on the PV performance of p-type ¢-Si HJT SCs, light J-V curves were
measured using a liquid nitrogen cryostat (Janis VPF-100). During the measurements, the samples were
illuminated with a class AAA pulsed solar simulator (SS-80AAA simulator) under AMO spectrum (136.7
mW/cm?). The short-circuit current density and open-circuit voltage were recorded using a Keithley SM2460
Source Meter. Temperature stabilization during the measurements was maintained by the liquid nitrogen
cryostat, equipped with a Lake Shore Model 335 temperature controller. Each light J-V measurement was
conducted after the target temperature was reached and maintained for 4-5 minutes under the AMO spectrum.
Temperature coefficients of the output parameters of the HIT SCs, such as open-circuit voltage (V,.), short-
circuit current density (J,.), fill factor (FF), maximum power (P,,,,) and conversion efficiency () were
extracted from the slopes of the linear regions of the experimental temperature-dependent curves. For the
present investigation, about 20 HJT SCs were fabricated. These samples exhibited similar parameters within a
margin of error of no more than 2%. Among them, three representative samples were selected for temperature-
dependent measurements, and their results are presented in this study.
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This study focuses on characterizing the temperature-dependent performance of p-type ¢-Si HIT SCs
without considering radiation effects.

3. Results and discussion

To investigate the influence of temperature on the PV parameters of the illuminated J-V curves of HIT
SCs based on p-type c-Si, measurements were carried out under AMO spectrum (136.7 mW/cm?) in the
temperature range of 173-373 K (Fig. 2). As shown in Fig. 2, temperature has a significant effect on the shape
of the illuminated J-V curves. In particular, the /. increases slightly with rising temperature, whereas the V.
exhibits a pronounced decrease. It can also be seen from Fig. 2 that, at elevated temperatures, the influence of
the series resistance (R;) on the J-V curve shape becomes less pronounced, as a noticeable increase in J. is
observed in this range. To determine the temperature dependence of each PV parameter of the p-type HIT
SCs, namely the V., Js¢, FF, Ppax and 1, their variations with temperature were analyzed.
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Fig. 2. Light J-V curves of HIT SCs based on p-type c-Si wafer under AMO spectrum (136.7 mW/cm?)
in the temperature range of 173-373 K. T, K: 1 —173,2-193,3 - 213, 4 — 233,5 - 253,
6-273,7-293,8-313,9-333,10-353, 11 — 373.

Fig. 3 a) presents the temperature dependence of the /g for the p-type c-Si HIT SCs under AMO spectrum
in the temperature range of 173-373 K. The experimental results demonstrate a linear increase in Jg, with
rising temperature.
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Fig. 3. Temperature dependence of short-circuit current density («) and open-circuit voltage (b)
of HIT SCs based on p-type ¢-Si wafer under AMO spectrum (136.7 mW/cm?).
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For example, the /. value increased at a rate of approximately 0.032 mA/K, from 41.1 mA/cm? to about
47.5 mA/cm? in the range of 173 — 373 K. It is well known that the bandgap of c-Si narrows with increasing
temperature [22], causing a redshift of the absorption edge toward longer wavelengths. Consequently, the
wafer absorbs a broader range of the infrared spectrum, enhancing electron—hole pair generation in the
photoactive region [16, 23]. Based on the experimental data, the temperature coefficient (T'C) of the short-
circuit current density (T CJg.) for the p-type c-Si HIT SCs was determined from the slope of the linear region
of the Js-(T) dependence. The calculated TCJg. value was +(0.077+£0.003) %/K, which is in good agreement
with previously reported results [14-16]. Fig. 3 b) presents the experimental results of the temperature
dependence of the open-circuit voltage - V,.(T), for the p-type c-Si HIT SCs under AMO spectrum in the
temperature range of 173-373 K. As shown in Fig. 3 b), the experimental value of the V. decreases linearly
with increasing temperature. Specifically, V. decreases from 0.861 V at 173 K to 0.47 V at 373 K. The
observed reduction in V. with increasing temperature is mainly caused by the temperature-dependent
narrowing of the Si bandgap [22], which leads to an exponential increase in the reverse saturation current
density (J,) due to the higher intrinsic carrier concentration (n;) [24].

According to our previous studies [25, 26], the temperature dependence of I/, can be expressed as
( )
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where, D —ambipolar diffusion coefficient, d —base thickness, Lg;ry —minority carrier diffusion length,
N, —acceptor concentration, N, and Ny, — effective density of states in conduction and valence band at
Ty=300 K, S —total surface recombination velocity (S = Sy + S,;), Sy and S; —surface recombination velocity
on the front and rear surfaces of wafer, respectively.

According to Equation (1), the parameters of the light J-V curves of the p-type c-Si HJT SCs, such as
Jsc, total recombination velocity (S), including both surface (S = S, + S;) and bulk 7(T) components at
different temperatures, proposed in [27, 28], N, and Ly exhibit a tendency to increase with temperature.
Within the investigated temperature range, the S in the p-type ¢-Si HJT SC increased from 12.8 cm/s at 173 K
to 24.2 cm/s at 373 K, which is in good agreement with the data reported in [29]. The S, incorporating both
surface (S = Sy + S;) and bulk 7(T) contributions at various temperatures, was evaluated using the approach
proposed in [25-27]. The S noticeably increased from 9.65 cm/s to 18.6 cm/s after laser cutting at room
temperature. The combined temperature-dependent variations of these parameters contribute to the observed
decrease in V.

The temperature coefficient of the open-circuit voltage (TCV,.) for the p-type c-Si HIT SCs was
determined from the slope of the linear region of the experimental V,.(T) dependence. The obtained value of
TCV,. was —(0.23£0.002)%/K in the temperature range of 173—373 K. Notably, this value is significantly lower
than those reported for other c-Si-based PV technologies. It is also slightly smaller than the TCV,,. (-0.254%/K)
obtained for n-type Si HJT SCs in [ 14-16], which can be attributed to the full rear-side silver (Ag) metallization
in that structure. Such metallization hinders heat dissipation, thereby increasing the thermal sensitivity of the
device. In addition, the TCV,. of p-type ¢-Si HIT SCs also depends on the illumination level. According to
[14-16], as the illumination intensity increases, the absolute value of TCV,,. decreases. Therefore, the relatively
low TCV,. observed in this study can be explained by measurements performed under the AMO spectrum
(136.7 mW/cm?). A smaller (less negative) TCV,. reflects enhanced thermal stability, as the SC maintains a
higher V. with increasing temperature.

Fig. 4 a) presents the experimental results of the temperature dependence of the fill factor - FF(T), for
the p-type c-Si HIT SCs under AMO spectrum (136.7 mW/cm?). The FF is defined as follows [23]:

FF = % (2)
] scroc
where, J,,, and 1}, are the current density and voltage at the maximum power point, respectively.
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It can be seen from Fig. 4 a) the FF of the p-type ¢-Si HIT SCs decreases almost linearly from about
77.3% to 65.7% as the temperature increases from 173 K to 373 K. Within this temperature range, the series
resistance (R,) slightly decreases from about 3.43 Q:cm? to 1.65 Q:-cm?, as shown in Fig. 4 b). In the
investigated temperature range, the shunt resistance (R ) exhibits only minor variations with temperature, as
a results, a noticeable reduction in FF is observed at elevated temperatures.

The R of the p-type c-Si HIT SCs is determined from the linear region of the J-V curve near the V.
point, while the Ry, is extracted from the linear region close to the /. point [30]. The total R, comprises
several resistive components connected in series with the p-n-junction, including the bulk resistances of the p-
and n-type semiconductor regions, the metal-semiconductor contact resistances, and resistances of the front
and rear metal contacts. The Ry, represents leakage current pathways through pinholes, surface recombination
currents, tunneling via bulk defects, and peripheral leakage at the device edges [31].

It is well known that both the R and Ry, strongly influence the FF of SCs. To achieve a high FF, R,
must be minimized, while Ry, should be maximized [31]. In the present study, a clear decrease in Ry with
increasing temperature was observed, which under typical conditions should result in an increase in FF.
However, the experimental results revealed the opposite trend FF decreased with temperature. One of the main
reasons for this discrepancy is the simultaneous slight reduction in R, due to parasitic leakage paths through
the p-n-junction at elevated temperatures, and linear decrease in V,. with temperature. According to Equation
(2), FF is positively correlated with V., therefore, the decrease in V,. leads to a corresponding reduction in
FF. As aresult, the combined effect of decreasing Ry, and V,. causes the deterioration of FF with increasing
temperature, which is consistent with the experimental observations reported by other researchers [32].
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Fig. 4. Temperature dependence of fill factor (a) and series resistance (b) of HIT SCs based on
p-type c-Si wafer under AMO spectrum (136.7 mW/cm?).

The temperature coefficient of the fill factor (TCFF), determined from the slope of the linear region of
the FF(T) dependence, was found to be — (0.075+0.004) %/K in the temperature range of 173-373 K. To
evaluate the contribution of V,. and R, to the TCFF of p-type c-Si HIT SCs, the following expression was
used, as described in [33].

1 dFF 1-1 OZFF)( 1 dV,. 1) R (1 dRS> 3)
FF dT ' “\V. dr T ‘I’ R, \Rs dT /'
where,
QVoc aVoc
—=—In(=%+0.72
FFO — nkT qV(nkT )’ (4)
—=+1
nkT

FFy is the FF in the absence of the Rg and Ry, n —diode ideality factor, T — cell temperature, respectively.
From Eq. (3), it can be seen that the first term represents the contribution of the V,. to the TCFF, while

the second term reflects the contribution of the R to the TCFF. For the studied SCs, the analysis showed that

the contribution of the V,. to the TCFF is dominant, accounting for more than 60%. Therefore, the observed
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decrease in FF with increasing temperature can be explained by the strong temperature dependence of V.,
which, as mentioned earlier, is primarily governed by the effective intrinsic carrier concentration (n; ¢55) that
increases at elevated temperatures due to bandgap narrowing [22]. Fig. 5 shows the temperature dependence
of the maximum power Py, (T) (a) and the conversion efficiency n(T) () for the p-type c-Si HJIT SCs under
AMO spectrum (136.7 mW/cm?). The Py, 45 value is defined as the product of /., V,. and FF. As shown in Fig.
5 a), the maximum power (Pyax) of the p-type c-Si HIT SCs decreases linearly from approximately 27.3
mW/cm? to 14.7 mW/cm? as the temperature increases from 173 K to 373 K. This behavior of P, is primarily
attributed to the temperature dependencies of key PV parameters such as Jg., V, ., FF and Ry, which collectively
exert the most significant influence on the P, (T) characteristics [34].
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Fig. 5. Temperature dependence of the maximum power (@) and conversion efficiency (b) of p-type c-Si HIT SCs
under AMO spectrum (136.7 mW/cm?) in the temperature range of 173—373 K.

The temperature coefficient of the P, 4, (TCPpqy) Was determined to be — (0.2314+0.008) %/K in the
investigated temperature range. The relatively low TCP,,,, of HIT SCs, compared with other Si-based PV
technologies, can be attributed to the presence of intrinsic a-Si:H passivation layers on both surfaces of the c-
Si wafer, which effectively suppress recombination losses of photogenerated charge carriers. This structural
design leads to a reduction in the TCV,., which contributes more than 60% to the overall variation in the
TC Py, and therefore plays a dominant role compared to other PV parameters such as /. and FF [15]. Owing
to the excellent surface passivation provided by the intrinsic a-Si:H layers, low temperature HJT SCs currently
achieve record-high V. (up to 752 mV) [12], which in turn accounts for their relatively low TCP,,,, values
[14]. Fig. 5 b) presents the experimental results of the temperature dependence of the conversion efficiency,
n(T) of the p-type c-Si HIT SCs under AMO spectrum (136.7 mW/cm?). The conversion efficiency 7 is defined
as the ratio of the maximum power (Py,q,) to the incident light power (P,.q4), which can be expressed by the
following equation [31]:

Prnax __]scbgc

FF
rad rad

where, P,qq4= 136.7 mW/cm?.

As shown in Fig. 5 b), the n(T) of the p-type ¢-Si HIT SCs follows a trend similar to that of the B,
As the temperature increased from 173 K to 373 K, the n value decreases linearly from 20.5% to 11.1%. The
reduction in 77 with increasing temperature is primarily attributed to the temperature dependence of the key PV
parameters of the SCs: V,., FF, and to a lesser extent, /., since the 1 is defined by Eq. (5). It should also be
noted that the 7 of the SCs under the AMO spectrum is lower than under AM1.5G conditions. This difference
primarily arises because the AMO spectrum lacks atmospheric absorption, resulting in a higher proportion of
ultraviolet (UV) and infrared (IR) radiation, which are less efficiently converted into electrical energy. This
occurs because the spectral response, or internal quantum efficiency (IQE) of SCs is significantly lower in
these regions of the solar spectrum [35]. After laser cutting, the n of the p-type HIT SCs was determined to be
14.9% under AMO and 16.3% under AM1.5G spectrum at room temperature.
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4. Conclusion

In this study, the light J-V curves of HJT SCs fabricated on boron-doped p-type c-Si wafers were
experimentally investigated under extraterrestrial AMO spectrum (136.7 mW/cm?) over the temperature range
of 173-373 K. The experimental results revealed a linear increase in the [, with rising temperature, whereas
the V,., FF and Py, exhibited a linear decrease.

The TCs of the key PV parameters were determined as follows: the /. exhibited a positive temperature
coefficient of +(0.077+£0.003) %/K, while the V. and FF showed negative coefficients of —(0.23+0.002)%/K
and —(0.075+0.004)%/K, respectively, within the investigated temperature range. The maximum power
reached 27.3 mW/cm? at 173 K, with a corresponding power temperature coefficient (TCP,,,,) of —
(0.2314+0.008)%/K - one of the lowest values reported for Si-based PV technologies. This remarkably low
temperature coefficient demonstrates the excellent thermal stability of p-type c-Si HJT SCs, primarily
attributed to the effective surface passivation provided by the intrinsic a-Si:H layers on both wafer surfaces.

It is well established that n-type Si-based SCs are predominantly used in terrestrial PV applications due
to their high conversion efficiency and superior surface passivation quality. However, for space applications,
transitioning to p-type Si wafers offer distinct advantages, as they exhibit greater radiation tolerance, reduced
susceptibility to radiation-induced degradation, and a lower TCP,,,,. These characteristics are critical for
ensuring long-term operational stability and reliability in harsh extraterrestrial environments. Consequently,
p-type c-Si HIT SCs represent highly promising candidates for power generation in small satellite platforms
(CubeSats) and other spacecraft operating in LEO, where wide temperature fluctuations and stringent energy
efficiency requirements make thermal robustness a key design consideration.
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PHYSICAL PROPERTIES OF A FREE-PISTON STIRLING ENGINE WITH A
REVERSIBLE CHEMICAL REACTION OF DIOXSIDE NITROGEN & TETRAOXSIDE
NITROGEN IN THE WORKING GAS
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L.N. Gumilyov Eurasian National University, Astana, Republic of Kazakhstan
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Abstract. Simulation is used to study the properties of a free-piston Stirling engine in the isothermal
approximation. The working substance is a chemically reacting gas mixture, in which mutual conversion of nitrogen
dioxide and nitrogen tetroxide can occur in the reversible reaction 2NO; <» N>Oy. In the cooler, the exothermic
reaction 2NO> — N>Oy occurs, in the heater at a high temperature, the endothermic reaction N.Oy — 2NO; occurs.
Two cases are compared. 1) the above chemical reaction occurs in the working gas, and 2) the working gas is
chemically inert. The engine efficiency Neng is higher in the first case over the range of heater temperature change
from 90 to 130 °C, and where 1eng increases from 0.345 to 0.383. In this case, Neng turns out to be higher than that
calculated using the Carnot formula with the same maximum and minimum temperatures. High efficiency is
achieved thanks to the engine's ability to produce negative E. Schrodinger entropy.

Keywords: free-piston Stirling engine, working gas with a reversible chemical reaction, nitrogen dioxide and nitrogen
tetroxide.

1. Introduction

In recent scientific works [1-8] much attention has been paid to the production of mechanical work or
electrical energy in thermodynamic systems with a reversible chemical reaction. The results of works [1, 2]
predict the possibility of increasing the efficiency of thermodynamic cycles due to the reversible chemical
reaction occurring in the working gas. In such cycles, under certain conditions, chemical work plays a
significant role in the energy balance; it facilitates the conversion of heat into mechanical work. Using the
properties of reversible chemical reactions to increase the efficiency of energy systems and production is not
new. Substances where such reactions can occur are considered as energy accumulators in thermal power
plants and other types of electricity production from low-potential heat sources [3-8]. Due to the reversibility
of electrochemical reactions and thermodynamic cycles based on them, modern storage batteries exist [7, 8].
There are also earlier theoretical works [9-11] that show the possibility of creating Stirling engines with a
reversible chemical reaction in the working gas and which will have a significantly higher efficiency than
similar engines, but with a chemically inert working gas.

To achieve high efficiency in thermodynamic cycles with a reversible chemical reaction and a gas
working substance, several conditions must be met [1, 2]:

— at the compression stage, the gas must have a high molecular weight, and at the expansion stage, a low
one;
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— the value of chemical work must be such as to completely or partially compensate for the heat
release in the reverse chemical reaction in the cooler; this reduces the amount of heat released into the
surrounding space;

— the temperatures of the heater and cooler should not differ greatly; this determines the condition for
the existence of the cycle.

In [2], the analysis of the Stirling cycle with a reversible chemical reaction was carried out under the
assumption of equilibrium processes in all four of its sections. Under the condition of the existence of a cycle,
a reversible chemical reaction behaves as a periodic reaction, and the heat engine becomes similar to a
biological object. In the simplest model, a chemical reaction is represented as a mutual transformation of two
substances; the relative concentration of one of the substances ga is added to the familiar thermodynamic
parameters of pressure p, temperature 7" and specific volume v. Then the cycle under consideration is depicted
in three-dimensional space (Fig. 1, a), and it can be projected onto the well-known two-dimensional plane (Fig.
1, b). To analyze thermodynamic cycles with multicomponent reversible chemical reactions, it is necessary to
move to a space of even higher dimensionality.

A
p

a) b)

Fig. 1. Ideal Stirling cycle with reversible chemical reaction A <> B (a) in three-dimensional space of variables p-v-ga
and its projection onto the p-v plane (b).

Such consideration of cycles in a multidimensional space of variables allows us to better understand the
thermodynamic properties of heat engines with reversible chemical reactions; for example, in [7, 8] it is
proposed to use the coordinates of temperature 7, entropy S and Gibbs free energy G; the convenience of using
the Gibbs energy as the third coordinate is manifested in its direct dependence on the concentration ga.

According to the results of studies [1, 2], under certain conditions the efficiency of a heat engine can
approach 1, and this indicates the possibility of creating better methods for producing electricity, especially
from low-potential heat sources. Such theoretical conclusions need to be verified on physical experimental
devices or on their virtual computer models. In this paper, the second method, also known as a computational
experiment, is chosen. In particular, the operation of a Stirling engine with a free working piston is studied on
the basis of a computer model. Its first mathematical model in the isothermal approximation was proposed in
[12] and has since become the basis for many theoretical and experimental studies [13-18]. The isothermal
approximation means accepting the assumption of a constant working gas temperature in the heater and cooler.
The general name "Stirling engine" unites a wide class of mechanical devices operating on the basis of the
thermodynamic Stirling cycle [18, 19]. Their mathematical models are represented by several differential
equations, and they have (or should have) periodic solutions only when one parameter is not equal to one, and
such a parameter is the ratio of the maximum temperature Tmax (heater) to the minimum temperature Tmin
(cooler) ® = Tmax/Tmin The models are also characterized by other physical and/or parameters, and may not
have periodic solutions when ® # 1. But the fulfillment of this inequality is mandatory for the existence of
periodic solutions.

The aim of this work is to search for and identify opportunities to achieve high efficiency in a Stirling
engine with a reversible chemical reaction in the working gas 2NO; <> N,Oy. For this purpose, it is necessary
at the first stage to conduct a simulation of the operation of a B-type engine, which will allow us to verify the
main theoretical results of earlier studies [2, 9, 11].
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2. Engine design diagram

The general design of the Stirling engine is shown in Fig. 2, where cooler 6 is the compression volume
V., and heater 7 is the expansion volume V.. In volumes V. and V., constant values of temperature 7 and 7.
are maintained. They are taken as the minimum and maximum temperature in the engine. The masses of gas
in each of the specified volumes are equal to m. and m., respectively. The mass exchange is performed at the
rate of mass change in the regenerator m';, it is equal to the rates of mass change in the cooler m'c = m'; and
the heater m'c = m',.

Ly L )

P

Fig. 2. Simplified diagram of a Stirling engine with a free piston; 1 — working piston; 2 — displacer; 3 — displacer rod;
4 — spring; 5 — regenerator; 6 — cooler; 7 — heater; 8 — buffer space.

Regenerator 5 is an independent part of the engine; it is characterized by its own physical and geometric
parameters. Buffer space 8 with volume V, and pressure py, is borrowed from work [12], but later studies [21]
show its frequent negative impact on engine operation. In the future, the buffer space will be excluded from
the model, if necessary, by the limit transition V', — oco. Thus, the engine will be considered to consist of three
main parts: a heater, a cooler and a regenerator. The working piston 1 in the cooler moves freely along the rod
3 of the displacer 2, the latter two are rigidly connected to each other, and one of the ends of the rod with a
diameter droq is attached to a spring 4 with a stiffness coefficient k4 (coefficient of rigidity of the displacer spring).
The displacer can move freely inside the cylinder surrounded by a cylindrical regenerator with a length L, (L.
and 4, — length and area of the working section of the regenerator) and a working space width d;. When the working
piston moves, an electric current is generated by a linear generator; in Fig. 2, the linear generator is not shown,
but its feedback on the operation of the machine is taken into account by the damping coefficient D,. The
parameter D, depends on the generator design and the properties of the electrical load connected to it, but for
the steady-state operating mode of the engine with a constant frequency, it can be considered a freely variable
parameter [12].

3. Equations of the free-piston Stirling engine model

The regenerator is represented by a narrow and long channel in the space between two coaxial cylinders
with diameters d) and d> = d, + 2d.. The average velocity of one-dimensional gas movement in it with density
pr and in the direction of the x coordinate is designated u. For cases of flows when the density of the medium
changes slightly with pressure, this velocity is found from the equation of conservation of momentum [21]:

ou  Ou 1 op 1 (I 1
—tu—= ———p——-c—|u|u —=0(x—x,)K,
ot ox p,ox 8 A 2
The delta-function d(x — xo) models a sudden change in momentum in a local region folded into a point
with coordinate xo. In typical Stirling machines, the thermal expansion of the gas is small, the pressure also
changes little and the compressibility of the gas is insignificant. Therefore, the derivative of the density with

ufu ()
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respect to time is a small value, compared to convective transfer. As a result, the density p; and the velocity u
can only be functions of time. Therefore, instead of (1), we can consider the equation [21]:

1 1 LIl 1
L @:—Ap——q - |u|u——Kr
p 8" A 2

u\u .
> | 2)
The pressure difference Ap > 0 if the gas flows from left to right. For a regenerator (Fig. 2) enclosed in
the space between coaxial cylinders, the ratio of the perimeter to the flow area is [1/4; = 2/d; (height of the
working section of the regenerator) (in [21] the erroneous 4 was used instead of 2). The most accurate heater and
cooler model should include non-steady-state temperature equations in all parts of the engine [22]. But now
the study of the influence of a reversible chemical reaction on the technical characteristics of a free-piston
Stirling engine is fundamental. Therefore, the case of constant temperature is considered below, i.e. the
isothermal approximation is used [12—14]. The model includes equations of motion of the displacer, piston
and gas in the regenerator. The coordinate of the displacer x4 with mass mq is measured from the equilibrium
position x40, the initial coordinate of the piston x, with mass m, coincides with the reference point of the
coordinate x. The thickness of the piston and displacer is neglected. Thus, there are notations:
— initial position of the piston x,0 = 0;
— initial volume of coolant
nd} L, +L, nd]
00 = + L.y = Aioa¥q0
’ 4 2 4 - ’
— cross-sectional area of the rod Aroq cross-sectional area of the rod (displacer) and the initial position of the
displacer xq,

T

nd’, L, +L,
rod = 4 b xd,O = 2 + Lc,Z;
— initial volume of heater,
2 2
nd; L. nd
=—L—24+ 2.

4 2 4
As can be seen, the initial position of the displacer x40 coincides with the coordinate of the center of the
regenerator. The gas in the buffer volume is compressed and expanded under adiabatic conditions with an
adiabatic index of y. The external and initial pressure is denoted by po.
The equations of motion of the displacer (taking into account the friction force with the coefficient Dq)
and the piston have the form

d*x dx

md dtZd +Dd 7;—'— kd(xd _xd,O) = pbArod + pcAp _peAd’ (3)
a’zxp dxp

m, —dt2 Jer?z(pb —pc)Ap. 4)

The areas of the piston A, cross-sectional area of the working piston, and the displacer A4 cross-sectional area
of the displacer;

are equal
L nd-d
g T 4
Equations (3) and (4) are supplemented by formulas for determining pressures:
VbO ! RgcTc RgeTe (5)
= p— ’ c = — mc s e — — me .
Py = Py v p v p v

A change in the chemical composition of the gas leads to a change in the gas constant, the gas composition
is different in the heater and cooler. Accordingly, two designations are introduced for the gas constant: Ry,
and Ry,.. The volumes contained in (5) are found using the formulas

Vo=V + Ap (Xg —X40 — xp)’ (6)
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Ve=Voo—As(xg—=x40)s Vi =V Aa(Xg —X40) + 4%,
The masses of gas in the displacer m. and the heater m. are determined by solving the equations

dm dm
C=-m, S =m. (7)
dt dt
The mass flow rate of gas in the regenerator m'; is found from equation (2) and this issue is discussed
below. The pressure p: and temperature 7} in the regenerator are taken as the average values in the heater and

cooler:

T +T,
pe+pc T=e+C.

=, . 8
D 5 5 (®)

Equalities (8) mean the adoption of a linear dependence on the x coordinate of the change in pressure and
temperature in the regenerator. Then the gas density in the regenerator p; is determined from the equation of
state

p, =2, ©)

where the average gas constant R, is defined as Ry = (Rg,c + Rg,c)/2.

Equation (9) is necessary to find the mass of gas in the regenerator m.. The density p: can be determined
more accurately by calculating its average value using the linear functions p(x) and 7(x) and the equation of
state of the gas for the regenerator [ 12]. But such averaging, leading to a complex expression, does not provide
significant advantages over (9). In Figure 2, between the regenerator and the volumes V. and V., there are local
sections of gas flow reversal; they are included in the regenerator and are characterized by the coefficient K.

Equation (2) can also be written for the mass flow rate m'(¢) = u(f)p:A4:. Using this definition and taking
into account the constancy of the density p:, we write the equation for the flow rate,

dm' A 1 Ky|m]
_r=_A ———m" 10
dt L ” 2 m (10

T

ror?

KZ :Kr + Ll‘ C’ m, = prLrAr =p 4 I/r :LrAr' (11)

2d,

According to Figure 2, the positive direction of gas movement corresponds to the positive sign of the
pressure difference Ap, therefore it should be Ap = p. — p.. Since the regenerator is a porous (mesh) structure
made of thin metal wire [19, 20], then in the determination of the gas volume /: in the general case, the porosity
should be added as a factor. Porosity should also be taken into account in determining the coefficient £. Here
it is assumed that the porosity is close to one.

4. Accounting for changes in the composition of the working gas

In volumes V. and V., first-order chemical reactions occur at constant temperatures 7c = Tmin and 7Tt =
Tmax. In the first of them, the chemical transformation (reverse reaction) occurs according to the scheme B —
A at arate of k., and in the second (forward reaction) — according to the scheme A — B at a rate of k.. At the
same time, a mass of gas enters (or leaves) these volumes at a rate of m';. That is, in each of them there can be
two sources of substances of types A and B. Each of them in an arbitrary volume has a mass of ma and mg,
their sum is always equal to the total mass of gas in this volume. Substances A and B are characterized by
relative mass concentrations ga and gg, their sum is equal to

gatgs=1. (12)

For simplicity, the chemical transformation inside the regenerator is not taken into account. The simple
relationship (12) between the concentrations allows us to use the equations for only one of them, for example,
gs. The cooler and heater are spatially separated from each other; they differ in the composition of the gas in
them. Therefore, the mass concentration gg will be determined in different ways. Therefore, below gg is
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supplemented with indices indicating its value in V. and V., i.e. gs and gp.. With their help it is possible to
determine the gas constants of the mixture in the cooler R, and the heater Ry [23]:

1- 1-
Rg,c _ R(gB,c + gB,c J’ Rg’e :R(gB,e + gB,e J)
Hg Ha Hp Ha
(13)

where R is the universal gas constant; pa, pp are the molar masses of substances A and B.

4.1. Chemical reaction in the regenerator

The simplest methods are used to model the chemical reaction in all parts of the engine [27]. In particular,
in the volume of the regenerator, the rates of the forward and reverse chemical reactions are approximately
equal. Since chemical transformation does not occur in the regenerator as a whole, then when calculating the
mass of gas in the regenerator m;, the gas constant in it Ry, is determined by the conditions:

if m'. >0, then Ryr = Rye; ifm's <0, then Rgr = Rge.

The mass m; is found from the equation of state

— (14)
R,.T,
4.2. Chemical reaction in a cooler
Consider the volume V. and the 1% case m'. > 0, then the substance B will decrease due to convective
entrainment from this volume and due to the chemical reaction. A simple first-order reaction gives a
conservation equation for the mass mg_,

de,c
dt

By definition of relative mass concentration, gg . = mg /m.. Then, taking into account the first equality in
(7), equation (15) can be written for gg:

dg,
= =k gy.. 16
dt ch,c ( )

In the 2™ case m'; < 0 and the content of gas of type B changes both due to the chemical reaction and due
to convective transfer from the heater. In the volume ¥, the reaction A — B occurs. There its concentration is
designated gg .. Now the equation of conservation of mass will take the form

:_gB,cm; _mckch,C' (15)

de,c _ ’ k
dt __gB,emr _mc ch,c'
After moving here to the concentration gg ., we obtain

ng,c _ 8 ~ &EBe
dt m

m; _kch,c‘ (17)

4.3. Chemical reaction in a heater

Here, the chemical reaction is also first order, but now the substance of type B is formed. The equations
for concentration are derived in the same way as in the previous example. In the case of m'. > 0, the equation
for mass mg . is obtained

a’m&e
dt

To move to the equation for the concentration gg., we use the second equality in (7) and the definition
gB.c = Mg /M., as a result this gives

= gB,cm; + meke(l _gB,e) .

ng,e — gB,c _gB,e
dt m

(S

m;+ke(l_gB,e)' (18)

In case m'; <0, the concentration gg . is determined from the equation
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——=k(-gg.). (19)

5. Simulation results

Equations (3), (4), (7), (10) and (16)—(19) are the main ones. To them are added auxiliary equalities (5),
(6), (8), (9), (11)—(14) and formulas for calculating the areas A, A4, Arod, the initial volumes Vo, Vep and the
initial coordinate of the displacer xq0. The choice of initial conditions for the differential equations can be
arbitrary, but they should not be physically contradictory. For example, the concentrations gg. and gg, can
only be within the interval from O to 1. The initial masses mc, m. and m; are determined using the equation of
state of the gas at a pressure po. The initial conditions for the piston and the displacer are

xp(t =0) :di =0, x3(t=0)=x,,, %

ar| . =0

The initial velocity for the displacer of 1 m/s is necessary to “start” the engine.

The reversible reaction of formation of nitrogen tetroxide 2NO, <> N»Os is considered [24, 25]. At
atmospheric pressure and a temperature of about 150 °C, the working gas consists almost entirely of NO,,
which is brown in color. At a temperature of about 0 °C, the working gas acquires a light-yellow color and
consists mainly of N»>Oys. It is assumed here that substance A is nitrogen tetroxide N>O4 with a molar mass of
ua = 0.092 kg-mol™!; substance B is nitrogen oxide NO> with a molar mass of pug = 0.046 kg-mol™".

At a low temperature Tt, the predominant (exothermic) reaction of formation of nitrogen tetroxide occurs

according to the scheme
k

B—A.
Its thermal effect is 57 kJ/mol. At high temperature T, the (endothermic) reaction of formation of nitrogen

dioxide occurs according to the scheme
k

A —>B.

The efficiency of the equilibrium Stirling cycle with a reversible chemical reaction can be greater than or
equal to the efficiency of the equilibrium Carnot cycle with a chemically inert working gas [2]. Cycles with a
reversible chemical reaction and having a high efficiency cannot exist at all temperatures of the heater Tmax
and cooler Tmin. If we combine the condition for the existence of the cycle and for its efficiency to be higher
than that of the Carnot cycle for a chemically inert gas, then a restriction on the ratio follows ® = Tiax/Timin,

=1 m/s.

ag —(vA —1DG <O <ag, (20)
1 _
(XStZHB(YB ), GIZ(I_HA Hp @ jh‘w).
Ha(ya =1 Hy o-1

Inequalities (20) contain the adiabatic indices ya and yg, as well as the ratio of the volumes ® > 1 of the
initial and final states at temperature Tmax. Since in practice we are limited in the possibilities of choosing
substances, the smaller the temperature ratio ®, the easier it is to create heat engines with an efficiency
exceeding that of Carnot engines with a chemically inert working gas.

The heat capacity of NO, dioxide at constant pressure is cpp = 797 J-kg™!-K™!(substance B), and that of
N2O; tetroxide — cpa = 860 J-kg™'-K™' (substance A) [26]. The adiabatic indices for these gases can be
calculated using the formula [22]

-1
y=1- £
c,u

Then the adiabatic index of nitrogen dioxide yg = 1.294, nitrogen tetroxide ya = 1.118. Accordingly, the
parameter asc = 1.256 > 1, which satisfies the condition for obtaining high efficiency [2]. The numerical
solution of the equations was carried out by the Runge—Kutta method [27] with the second order of accuracy
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and with different time steps At to check the correctness of the obtained results. The data below were obtained
with a step At =107*s.
The engine efficiency was determined as follows: first, the mechanical work powers in the cooler Puech,c
and the heater Pmech,c are found using the formulas
dx 4 dxp

P =(p-p)A4|l—=2-——2| P . =(p. —py)A .
mechgc (pc pO) p[ df dtJ meche (pe pO) d dt

These are alternating quantities, but the useful electrical power is produced regardless of the sign of the
powers, so their absolute values are used. Therefore, the total power of the mechanical work of the engine
Preen is determined by the equation
Pech=|Pm |+|Pm

The electrical power Py is equal to

dx, ’
Fi=Dy —" ]

Then, averaging over time (this time is equal to several periods of piston oscillations) is performed for
Prech and Pe, and the ratio is taken as the engine efficiency Meng

(Pa)

<Pmech> ’

where angle brackets denote time averages.

Inequality (20) is obtained under the assumption that in the section 152 (Fig. 1) the concentration ga
exactly reaches the value 1, and the value 0 in the section 3—4. However, this is not observed in the simulation,
since the heater and cooler constantly exchange mass, and they have finite dimensions. These factors prevent
ga from reaching the extreme values 1 and 0. In addition, the Stirling engine cycle differs from the ideal cycle
in Fig. 1, b [12], so the conditions for achieving high efficiency ne,g may change and not correspond to the
predictions [2]. Figures 3—5 are constructed for the following input parameters (Table 1):

a

eche echel *

T]eng =

Table 1. Parameters of heater, cooler and regenerator.

Heater Regenerator Cooler Buffer space
ma=4.0 kg; d:=0.15m; mp = 3.0 kg; po=10° Pa;
ka=550 N-m; L:=1.75m; Dy =230kgs™!; y=137
D4=0.94kg-s™"; K:=0.05; drod = 0.05 m;
di =0.8 m; £=0.06 Le1=2.0m;
dr>=1.1m; Lc>=0.85m;
L.=0.7 m; ke=8.0s7";
ke =9.0 Sil; Tin = 273 K
Tmax = 383 K;
Xdo = 2.73 m

The buffer volume Vyo = 10° m’, i.e. it is much larger than the volumes of the cooler and heater, so it has
virtually no effect on engine operation. The reaction rates k. and k. are selected so that the concentrations of
NO; and N»O4 approximately correspond to the experimental data [25]. The steady-state average powers and
efficiencies obtained in the simulation are <P.> = 13.15, <Pmer™> = 36.28 kW; Neng = 0.365. The oscillation
clock frequency /= 1.56 Hz.

The average concentration of NO; in the cooler gg .= 0.12, in the heater gg. = 0.67. The initial changes
in concentration over 20 seconds are shown in Fig. 3. If the process in the engine occurred according to the
Carnot cycle, the efficiency would be equal to ¢ = 1 — Tmin/Tmax = 1 — 273/383 = 0.287 < Neng. This result
agrees with the conclusion of work [2]. The initial period of engine operation is unstable, the amplitudes of
piston and displacer oscillations quickly increase over 12 seconds, but then tend to constant values. But their
speeds of movement change greatly in the initial 0.84 seconds, when the working piston shifts to the average
position of 0.74 m. The displacer practically remains in the initial position.
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Fig. 4 shows the powers Pmeh and P only during periods of stable engine operation. Below, the words
"stable mode" are applied to large periods of time, when any significant influence of the initial conditions on
subsequent engine operation is excluded. Since the pressure p. differs little from the initial value po, the
thermodynamic cycle in the cooler is shown in Fig. 5 in coordinates (Vc; pc — po).

1.0 s /! — WP, —— )P,
] 70 H H H H H H N
0.8 . H ﬂ [
J 60 +
0.6 4 50 +
oo — (1), 8, 1 Z a0
0.4 - — (2), 8, S
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0 ) 5 10 . 15 20 - - 8 39 4
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Fig. 3. Changes in the concentration of gg and gg. for ~ Fig. 4. Changes in powers Pej and Ppech during averaging
20 s after “launch”. time from 35 to 40 s.
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Fig. 5. Representation of the thermodynamic cycle in a Stirling engine with a free working piston. Weak wave-
like distortions on the curve are introduced by errors in rounding off the numerical data.

5.1. Operation of a Stirling engine with a chemically inert working gas

Let us consider the operation of the engine without a chemical reaction in the working substance. For
this, it is sufficient to take ua = up = 0.046 kg-mol™' in the model; now the working substance consists of one
relatively light gas with the same molar mass as nitrogen dioxide gas. Formally, the chemical reaction remains
in the model, but it does not lead to physical changes and does not affect the operation of the engine.

Now, stable operation at long times is possible with a lower friction coefficient Dg = 0.52 kg-s™' (with the
previous D, = 230 kg-s™'). The absence of a change in the molecular weight of the working gas reduced the
produced electrical power and efficiency: <Pe> = 5.1, <Pmee™> = 31.4 W; N'eng = 0.162. In addition to the
efficiency drop, there was also a strong reduction in the engine's output power; electrical power decreased by
2580 times, mechanical power by 1160 times. Now 1c > 1'eng, this result is consistent with the thermodynamics
of cycles without a reversible chemical reaction.

5.2. Effect of temperature on the electrical efficiency of the engine
It makes sense to consider noticeable changes in the composition of the working gas in the temperature
range from 0 to 170 °C, this is due not only to the peculiarity of the chemical reaction 2NO> <> N>Oy4, but also
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to the phase state of the working gas [25]. At temperatures below 0 °C, the N,O4 gas passes into a liquid state
and crystallizes at —11 °C. Therefore, it makes sense to consider the issue of the effect of temperature on the
electrical efficiency of the engine with a small change in temperature Tmax (Table 2).

Together with the temperature Tmax, the total mechanical power <Pmen> also increases, which means
greater heat consumption from its source. But the rate of growth of the electrical power <P.> outpaces it,
which is evident from the increase in the efficiency neng. With the increase in temperature, the amplitude of
the oscillations of the displacer and the working piston also increases.

Table 2. Results of the dependence of the main engine parameters on the heater temperature Tmax at Dp =230 kg-s™'.

No Tmax, K (Tmax, OC) <Pel>, kW <Pmech>, kW Neng
1 363 (90) 10.78 31.29 0.345
2 373 (100) 12.10 33.90 0.357
3 383 (110) 13.15 36.28 0.365
4 393 (120) 14.46 38.71 0373
5 403 (130) 17.00 44.41 0.383

Therefore, to simulate the operation of the engine at higher temperatures, it is necessary to increase its
length to give more freedom of movement to the moving parts of the engine.

6. Production of negative entropy

Erwin Schrodinger [29] explained the ability of biological objects to perform mechanical work as the
consumption of negative entropy. However, Schrodinger's position is based only on physical intuition; he did
not provide specific examples or models to prove the correctness of his views. In [1, 2], attention is drawn to
the similarity between heat engines with a reversible chemical reaction and biological objects. There were two
reasons for this: 1) such machines can have very high efficiency with a small difference in temperatures
between the heater and the refrigerator; 2) they can exist only in a relatively narrow temperature range. It will
be shown below that this analogy is deeper. If the working substance of a heat engine changes its properties as
aresult of a chemical reaction, then the first law of thermodynamics is written taking into account the chemical
work wen [30]. For example, for the reaction A <> C involving substances A and C with constant heat capacities
cv.a and ¢, ¢ this law can be written as [1]

c, dT +dw, +dw=dq,

dW = _de b dwch = (CU,A - CU,C )ngA s Cl) = (CU,A - CD,C )gA + CU,C .

Now the exergy will contain the sum of mechanical w and chemical work wep, i.€. gex = W + wen. The
change in chemical work dw., is determined mainly by the change in the relative mass concentration gs of
substance A. This is sufficient, since the mass concentration gc of substance C is easily determined through
ga: gc =1 — ga. Let us apply Schrodinger's explanation of life to heat engines and thermodynamic cycles. If

we consider a biological object as a heat engine, then in an ideal and equilibrium process the entropy gin
entering the machine together with heat

dag.
ds, = 't
T
at temperature 7 it is partially converted into entropy of exergy
d dw dw,
dSeX — qex =4 ch
T T T
and the rest

d
deS — qout

b

b

together with heat gou is emitted into the environment. The processes occurring in an ideal heat engine
from the point of view of entropy production can be represented by the equality
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dan — dqex + dqm

ds, =ds, +d,s, or,

T T T
Integrating over the entire cycle gives
dan _ dqex dqout
§T_§T+§T. Q1)

The application of equation (21) for the Carnot cycle (Fig. 6) and with a reversible chemical reaction can
be written as an equality

. d
I o nsy o+ Lo A = e (22)
Tmax Tmin T

1€ Tmin ¥ Tinax — MUHUMAaNTBbHAS (OXJIQAUTENS) 1 MAaKCUMaJIbHAs (HAarpeBaTells) TeMIieparypa.

The Carnot cycle with a reversible chemical reaction is represented in a three-dimensional space of
variables s, T and g (Fig. 6, a). In this way it differs fundamentally from the known cycle with a chemically
inert working substance.

A A
q.
Tmax _l‘fz:" 3 Tmax 2 ’L}m ........... 3
2 ............ e A C
| | ﬂ
Ad—C i 4 : A<—C :
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2 v 9out s > l qout
>
1 S
gA
a) b)

Fig. 6. Carnot cycle with a reversible chemical reaction in the working substance in s-7-ga coordinates (a) and its
projection in s-T coordinates (b).

In (22) Asex = 0 for a chemically inert working substance, but in the general case equality to zero may not
be fulfilled. From (22) the removed heat is determined

Tm'm
qout = T qin _TminASex'

max

Using this result for the efficiency of the Carnot cycle nc, the following expressions are obtained

T T
Ny = 1=+ "% As, (23)

max qm

i
ASex =T_(TIN _T]O)‘
Here, for the efficiency of the Carnot cycle with a chemically inert working substance, a separate
designation 1y is introduced,

Tmin
ny =1 (24)

Thus, in (23), the new cycle is compared with a cycle running on a chemically inert working substance.
This is not necessary; any known cycle can be taken as a “reference point”. But the use of such a Carnot cycle
with the efficiency (24) turns out to be the most convenient for interpreting subsequent results. Since the
exergies of different cycles differ, the index “ex” is not used below, but is replaced by an index indicating a
specific cycle. But this does not mean that the entropy under consideration is not related to the exergy. In
addition, in order to preserve Schrodinger’s interpretation of the high efficiency of biological objects as a result
of consuming negative entropy, the change in entropy taken with a negative sign is further used. For example,
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for the Carnot cycle As. = —As,, . The efficiency of an ideal Stirling cycle with a reversible chemical reaction

st is determined by the formulas [2]

T .
Mg =1-#-G(w), (25)
Tmax
G, +G -
G((D)zL’ G, = 1+ML ho,
Gy, + G, Hy o-l
_ 1 Tmax MC 1 MC Tmin

01 — 02 —

YC_I Tmin “’A(’YA_I) YC_l MA(YA_I) Tmax
Here, for the expansion coefficients m, and compression coefficients i, their equality is accepted: @, =
o1 = o. For the change in entropy in the Stirling cycle Ass;, the equality is satisfied

Gin
ASSt :T_(no _nSt) : (26)
The supplied gin and removed gou heat are defined as [2]
R R
i :__Tmax(Go,z +G)s Gou :_M_Tmin(GO,l +G)), 27
C C

R=831Jkg K.

The results in Figures 7 (a, b) based on (25)—(27) were obtained for the expansion coefficient ® = 1.1 and
this is a realistic value. At Tmax > 340 K the inequality ms; > 1o is satisfied and at the same time the change in
entropy Ass; becomes negative.
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Fig. 7. Efficiency of the Stirling cycle ns. and Carnot no (a), as well as changes in entropy Ass; and removed heat
gin (b) depending on the heater temperature Tmax.

If we take = 1.3, then the inequalities ns; > Mo and Ass; < 0 are satisfied at the maximum temperature
Tmax of about 330 K. Since the effective flow of the direct reaction N>O4 — 2NO, is assumed when obtaining
theoretical results (25)—(27), this is possible at pressures below atmospheric. For such pressures, the low-
temperature regions in Fig. 7 have a physical meaning. Formula (25) gives overestimated values of the
efficiency ns; (Fig. 7, a) compared to the simulation data (Table 1). And this difference increases significantly
with increasing temperature 7max. Most likely, this is due to the influence of friction forces (equations (10) and
(11)), as well as the effect of the electrical load, which has a dissipative effect with a coefficient D.

7. Conclusion

The conducted modeling showed a higher efficiency of the Stirling engine with a reversible chemical
reaction 2NO, <> N>O, compared to the same engine, but with a chemically inert working gas. Moreover, the
increase in power when switching from a chemically inert gas to a chemically reacting gas is approximately
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more than a thousand times, and the efficiency increases by 2.25 times. The obtained modeling results confirm
the conclusions made in [1, 2].

A Stirling engine with a free working piston has the property of instability of the initial state; this is
evident from the need to give an initial impulse to start it. After this, the oscillations that arise in the engine
develop with increasing amplitude until the internal friction forces stop this process. If, in modeling, the friction
force is taken as a linear dependence on the speed with a friction coefficient Dgy, then its numerical value
sometimes has to be selected to obtain a stable engine operating mode.

An increase in power and efficiency is also observed with an increase in the heater temperature. At the
same time, due to the increase in the amplitude of oscillations of the working piston, it is necessary to lengthen
the engine to obtain higher power and efficiency.

A similar study to the one given above was previously conducted in [27], but where the reaction of
methanol formation CO + 2H, <> CH30OH was considered. In this case, the engine power was about 1-1.5 kW
with close geometric parameters and temperatures. Thus, the use of the reaction 2NO; <> N>O4 is more
economically advantageous. Engines with a reversible chemical reaction are similar to biological objects [1,
2], but this conclusion was previously made based on their ability to have high efficiency with a small
difference in temperature between the heater and cooler. The ability of such engines to produce negative
entropy of E. Schrodinger further confirms the conclusions of [1, 2].

Using the isothermal approximation in the presented model can introduce significant changes to the
results obtained above. This can primarily be due to large temperature fluctuations in the heater and cooler.
Intensive mass and heat exchange can occur between them due to the regenerator. This can lead to a decrease
in the average temperature difference between the heater and cooler. However, this can be minimized by
increasing their volumes.
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Abstract. This article presents the results of research devoted to improving the thermal regime of a small-
scale biogas plant operating under the conditions of Uzbekistan and utilizing solar energy. The study optimized the
constructive and energetic parameters of a cylindrical solar-heated biogas plant. The main part of the plant is a
bioreactor equipped with a solar heating system, designed for anaerobic fermentation of organic materials to
produce biogas and organic fertilizer (humus). During the research, the amount of solar radiation, daily variations
of ambient and bioreactor temperatures, and the dynamics of biogas production were analyzed. The results showed
a stable increase in biogas production, which demonstrates the efficiency of using solar energy and highlights the
importance of maintaining the optimal thermal regime of the bioreactor. Changes in the composition of biogas
under mesophilic and psychrophilic regimes were also studied. The final conclusion emphasizes that temperature
plays a key role in ensuring the stability of the fermentation process in small-capacity biogas plants, and that
mathematical modeling of thermal processes is essential.

Keywords: solar energy, mesophilic, psychrophilic, biogas, fertilizer, reactor, absorber, heat accumulator, thermal
insulation, thermostat, plastic pipe, spiral, collector.

1. Introduction

Solar-assisted anaerobic digestion systems are thermo-physical systems whose efficiency is determined
by the stability of the reactor temperature under mesophilic conditions (36—37 °C) [1-6]. For small-capacity
cylindrical reactors, maintaining this temperature requires compensation of conductive and convective heat
losses through the reactor walls. The paper by Perrigault et al. [ 7] presents a time-dependent thermal model of
a digester using climatic input parameters (solar radiation, wind speed, ambient temperature) and reactor
geometry. It was shown that environmental conditions significantly influence internal temperature distribution
and heat losses. However, the study was focused on transient simulation and did not address structural
optimization of reactor walls or insulation thickness as an energy-efficiency problem. A related parametric
analysis of thermal-technical and geometric characteristics of a small-scale biogas plant was presented in [§],
where substitution of structural parameters was investigated. It was shown that reactor dimensions significantly
affect thermal performance. However, the quantitative role of multilayer wall resistance and insulation
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thickness under real solar loading conditions was not fully evaluated. Numerical modeling of heat exchange
processes in individual bioenergy installations was also reported in [9], confirming the sensitivity of
temperature stabilization to external climatic conditions. Nevertheless, the coupled problem of optimizing
collector performance and cylindrical wall heat resistance remains insufficiently resolved.

The utility model patent “Solar biogas plant” [10] proposes a constructive solution integrating a solar
collector and phase-change thermal storage. Experimental solar thermal systems of combined type are
described in [11], demonstrating the practical feasibility of solar heat supply for decentralized installations.
However, neither [10] nor [11] provides a thermo-physical justification of insulation parameters, equivalent
thermal resistance of the cylindrical wall, or a quantitative analysis of heat-loss minimization. As a result, the
energy-saving effect of the proposed structures remains insufficiently quantified. The difficulty of optimizing
energy-saving structures in small-scale systems is associated with the coupled influence of geometry, surface-
to-volume ratio, convective boundary conditions, and multilayer conductive resistance. Excessive insulation
increases construction cost, while insufficient insulation leads to thermal instability and additional collector
load. In addition, maintaining stable microbial activity under mesophilic conditions requires controlled thermal
regimes, as noted in studies of bioenergy system stability [12]. A systematic heat-transfer analysis of the
reactor as a multilayer cylindrical body is therefore required.

In this work, the reactor is considered as a multilayer cylindrical heat-transfer system with solar heat input
and external convective boundary conditions. The scientific novelty of the study consists in: quantitative
evaluation of the equivalent thermal resistance of the reactor wall as a function of insulation thickness;
determination of rational insulation parameters ensuring stable mesophilic temperature under real climatic
conditions; experimental validation of the calculated heat-loss characteristics for a small-capacity solar
collector biogas plant; and assessment of the interaction between solar heat supply and phase-change thermal
accumulation in maintaining thermal stability. The relevance of the proposed approach is consistent with
modern developments in renewable agrotechnological systems [13], where analytical optimization of thermal
regimes is considered a key factor of decentralized energy efficiency.

Thus, the study aims to justify energy-saving structural parameters of a small-capacity solar biogas
reactor based on a combined analytical and experimental heat-transfer analysis.

2. Main Part
2.1. Object of Research

The object of research is a small-capacity solar-assisted biogas plant operating under mesophilic
conditions (36-37 °C). From a thermo-physical viewpoint, the system is considered as a multilayer cylindrical
reactor subjected to solar heat input and external convective heat losses.

The structural configuration of the experimental device is presented in Fig. 1. The central element of the
system is a cylindrical fermentation reactor (1) containing the biomass (9). The reactor is placed inside an
external cylindrical vessel forming a water jacket (2, 4). A spiral heat exchanger (3) is installed in the jacket
and connected to flat-plate solar collectors (5). Phase-change thermal storage material (19) is arranged around
the heat exchanger to accumulate excess solar energy during peak radiation periods. The system also includes
external thermal insulation (18), a mixing device (10), gas outlet and purification elements (11-14), biomass
loading and discharge units (7, 8, 15), and temperature control components (16, 17).

This configuration allows the reactor to be analyzed as a multilayer cylindrical heat-transfer system
consisting of biomass, metallic wall, water jacket, insulation layer, and external convective boundary. The key
performance parameter of the system is the ability to maintain a stable internal temperature within the
mesophilic range under real climatic conditions.

Prepared biomass intended for fermentation of organic waste is introduced into the reactor through a
hatch installed on its side, ensuring that the volume of biomass inside the reactor equals two-thirds of the
reactor’s total capacity. To reduce heat loss to the external environment, the outer cylindrical vessel is
completely covered with thermal insulation [5-8]. To ensure that the fermentation process inside the reactor
proceeds uniformly and that biogas is released at a steady rate, a finned mixing device is installed in the center
of the reactor, designed for manual operation. For this device, an optimal mixing frequency of 4-5 times per
day has been determined, which prevents the formation of a dense layer on the biomass surface that could
hinder gas release. The operating principle of the biogas plant is as follows: in the morning, when the sun rises,
solar radiation falls on the transparent surface of the solar collectors, passes through it, and is absorbed by a
flat metal plate acting as the absorber.
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Fig. 1. Schematic diagram of a solar biogas plant. (FAP 2440 19.03.2024): 1 - reactor of biogas device; 2 - water
reservoir; 3 - helical heat exchanger made of plastic tube; 4 - water in Reservoir jacket; 5-solar water heater collectors;
6 - reservoir and reactor top seal; 7 and 8 - reactor ready biomass injector Hatch and its throat; 9-biomass in reactor; 10

- mixer device; 11 - formed biogas; 12 - throttle; 13 - gas filter 14 - gas kraynik; 15 - humus release lug; 16 -
thermoregulator; 17 - expansion tank; 18 - external thermal insulation; 19 - phase variable heat-collecting material

The absorbed radiation is converted into heat, which warms the water-filled metal fins attached to the plate,
thereby heating the water inside the collectors. The heated water in the collectors circulates convectively and
passes through a spiral-shaped heat exchanger installed in the water jacket of the external vessel containing
the reactor. In doing so, it transfers its thermal potential to the water in the jacket and to the phase-change heat
storage materials placed there. After releasing its heat, the water flows back through the lower pipe of the spiral
heat exchanger to the solar collectors. The repetition of this process throughout the day ensures uniform heating
of the water surrounding the reactor, the heat accumulator, and ultimately the biomass inside the reactor [ 14].
As phase-change heat accumulators around the spiral heat exchanger, materials are selected whose
melting temperatures correspond to the optimal isothermal mesophilic regime. Thus, part of the solar energy
received during the day is stored in the phase-change heat accumulator. In the evening or when solar radiation
decreases, this stored heat maintains the optimal isothermal process inside the reactor. One of the most
important aspects of the ongoing research on this device is the study of the constructive and thermal-energetic
characteristics of the solar water-heating collectors and the spiral-shaped heat exchanger connected to them.

2.2. Materials and Methods

The experimental prototype has a total reactor volume of 1.7407 m3. The working biomass occupies
70% of the total volume (1219 kg at initial loading). Thermophysical parameters used in calculations include:
biomass density: 1030 kg/m?; specific heat capacity: 3.2-3.5 kJ/(kg-°C); operating temperature range: 3637
C; annual global solar radiation (Bukhara region): 1766 kWh/m?; solar collector area: 0.745 m?; collector
efficiency: 42.6%.

Solar radiation was measured using a calibrated pyranometer (measurement error +£0.01 W/m?). Ambient
temperature and wind speed were recorded to determine external convective heat-transfer coefficients.
Temperature measurements inside the collector loop and reactor were performed using thermocouples
connected to a data acquisition system.

The investigation combines analytical modeling and experimental validation of the solar collector—
bioreactor thermal system. The methodological framework is based on solving an energy balance problem for
a flat-plate solar collector coupled with a multilayer cylindrical bioreactor. The investigation combines
analytical modeling and experimental validation.
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Analytical Modeling of the Solar Collector
The useful heat gain of the flat-plate solar collector is determined from the steady-state energy balance
between absorbed solar radiation and thermal losses to the environment:

Qy = talrA; — ULAC(Tpm - Ta) (D
or in compact form:
Qu = Ac [TaIT - U, (Tpm - Ta)] (2)

where: O, - useful heat gain (W); 4. - collector area (m?); T - glass cover transmittance; o - absorber
absorptance; Ir - incident solar radiation (W/m?); U, - overall heat loss coefficient (W/(m?> °C));
T, - mean absorber plate temperature (°C); T, - ambient temperature (°C).

The instantaneous thermal efficiency of the collector is defined as:

_ Qu
n.= Aclp (3)
Substituting Eq. (2) into Eq. (3):
UL(Tpm=Ta
n,=Tta— 21 (Tpm=Ta) = ) (4)

The useful heat transferred to the working fluid is also determined experimentally from:
Qu = mCps(Tro — Tri) Q)
where m is the mass flow rate of the fluid (kg/s), C,r is its specific heat capacity (J/(kg-°C)),

T}, and T} are outlet and inlet fluid temperatures (°C).
For the stagnation condition (11=0), the useful heat gain becomes zero:

0 =talrA; — UL A(Ts — Tp) (0)

which yields the stagnation temperature:

TLlIT
UL

T =Ty + (7

These relations provide the basis for determining collector performance parameters under varying
climatic conditions.

Modeling of Heat Losses from the Bioreactor

Heat losses from the bioreactor are evaluated by modeling the reactor wall as a multilayer cylindrical
system. Radial heat transfer through the wall and insulation layers is described using the equivalent thermal
resistance approach. For steady-state radial conduction, the heat flow rate is:

21L(Tym — Ta)

5 (1741/77) L1
J /1j hextrext
where: L - reactor height (m); 7; - internal biomass temperature (°C); r; - inner radius of layer j; J; - thermal
conductivity of layer j (W/(m-°C)); he: - external convective heat transfer coefficient (W/(m?-°C));
7ext - external radius of the insulated reactor (m).

This formulation allows determination of: the dependence of total heat loss on insulation thickness, the
reduction in overall heat transfer coefficient U;, the influence of external convective conditions (wind speed),
and the stabilization effect on biomass temperature.

Assumptions and Applicability of the Thermal Model

The proposed thermal model is based on the following assumptions:

1. Heat transfer is considered quasi-steady during the analyzed time intervals; transient thermal inertia
effects are neglected.

2. Radial one-dimensional heat transfer is assumed for the multilayer cylindrical reactor wall; axial
gradients are neglected.

3. Thermophysical properties of materials are taken as constant within the mesophilic temperature
range (33-40 °C).

4. Solar radiation is assumed uniformly distributed over the collector surface.
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5. The biomass temperature inside the reactor is treated as spatially uniform due to mixing.

The model is applicable under moderate climatic conditions (solar radiation up to 800 W/m? and wind
speeds up to 5 m/s). For strongly transient regimes or extreme environmental conditions, a time-dependent
distributed model would be required.

Experimental measurements included: solar radiation intensity; ambient temperature and wind speed;
inlet and outlet temperatures of the heat-transfer fluid; biomass temperature inside the reactor; daily biogas
production and methane content. Experimental temperature profiles were compared with analytical predictions
to validate the heat-transfer model and to determine rational insulation parameters ensuring thermal stability.

To ensure reliability and reproducibility, experimental measurements were carried out in accordance
with internationally recognized standards and recommendations for thermal and biogas systems.

The composition of biogas (CH4, CO, and trace gases) was determined using gas chromatography in
accordance with ISO 6976:2016 (Natural gas - Calculation of calorific values, density and Wobbe index) and
methodological recommendations for biogas analysis described in VDI 4630 (2016). Methane concentration
was calculated as the volumetric fraction (%) based on chromatographic peak area normalization. Calibration
of the analyzer was performed using certified reference gas mixtures. Measurement uncertainty of methane
content did not exceed £1.5%.

Temperature measurements were performed using calibrated thermocouples (type K) installed at the
inlet and outlet of the collector circuit. The measurement procedure followed the requirements of ISO
9488:1999 (Solar energy - Vocabulary) and recommendations for performance testing of solar collectors
according to ISO 9806:2017 (Solar energy - Solar thermal collectors - Test methods). Temperature data were
recorded with a time resolution of 5 minutes. The expanded measurement uncertainty of temperature did not
exceed £0.5 °C.

Global solar radiation was measured using a calibrated pyranometer installed on a horizontal surface
without shading, in accordance with ISO 9060:2018 (Solar energy - Specification and classification of
instruments for measuring hemispherical solar radiation) and WMO Guide to Meteorological Instruments and
Methods of Observation (WMO-No. 8). Data were logged continuously and averaged over 10-minute intervals.
The instrumental error of radiation measurements was +0.01 W/m?.

Processing of experimental data was performed using standard methods of statistical analysis: arithmetic
mean values were calculated for daily temperature and radiation profiles; standard deviation was used to
estimate dispersion; relative measurement error was determined using propagation of uncertainty; correlation
analysis was applied to evaluate the relationship between biomass temperature and methane production rate.
All reported results correspond to averaged values with indicated measurement uncertainties.

3. Results and Discussion
3.1. Analysis of Insulation Thickness and Heat-Loss Reduction

In the experiments, to measure the solar radiation falling on the experimental device, the pyranometer
was installed on a horizontal surface without any obstacles. The output data from the pyranometer were
recorded in a data log, and these records were then used to calculate the total amount of solar radiation received
over a certain period of time. In the research site in Bukhara city during the summer months, the maximum
average value of global solar radiation is approximately 800 W/m? which occurs at midday, while the
minimum value is about 200 W/m?, occurring around sunrise and sunset. This graph (Figure 2) shows the daily
variation of temperature in the Bukhara region during the summer months of 2025. The temperatures, measured
in Celsius, are plotted against time, labeled as “Time” on the axis. Starting from 7:12 in the morning, the
temperature gradually rises from slightly above 30 °C and reaches over 40 °C in the afternoon, indicating the
intense heat characteristic of the region. In the evening, a gradual decrease in temperature is observed.
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Fig. 1. Pyranometer for measuring solar radiation (a) and daily solar radiation variation in studies (b).

These data illustrate the typical temperature variation of a hot day in Bukhara, which is important for
understanding or planning around local climate changes, although the pattern becomes even clearer when
compared with long-term historical temperature records. In some cases, temperature variations are also linked
to wind direction and speed. In the analysis, the daily wind speed in the Bukhara region is plotted with time
on the abscissa axis and wind speed on the ordinate axis (Figure 3), showing the average values of daily
variation. The data reveal that the highest wind speeds reached around 4-5 m/s. Temperature gradients may be
influenced by various factors such as geographical features and time of day.
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Fig. 2. Daily variation of ambient temperature Fig. 3. Daily variation of wind speed

In our research, the daily dynamics of the inlet and outlet hot water temperatures in the experimental
device were analyzed (Figure 4). The collector was connected to the reactor through pipes, through which hot
water began to heat the water in the reactor tank. These values-the temperature of the water exiting the collector
and heating the water in the reactor tank-were measured using a thermocouple. The average values of these
measurements are presented in Figure 5.

The graph in Figure 5 illustrates the performance of the flat-plate solar collector, showing the dynamics
of inlet (t;) and outlet (t,) temperatures at specific times of the day (from 7:12 to 19:12). The dashed line
connected with red squares represents the outlet temperature, which rises rapidly in the morning, reaches close
to 100 °C around midday, and then decreases again in the evening. In contrast, the inlet temperature of the
heat-transfer fluid, shown with blue circles and a continuous line, remains stable and significantly lower,
around 40 °C. During the daytime, the solar collector effectively absorbs solar energy, heating the heat-transfer
fluid, which is then partially cooled when reintroduced into the biogas unit. Methane bacteria adapted to the
operating temperature regime in bioreactors cannot function under sharply fluctuating temperatures [15-22].
From a physicochemical perspective, temperature stability is also critical for preventing degradation of
thermally sensitive organic compounds and maintaining biochemical equilibrium. Experimental studies of
thermally induced transformations in organic systems [23,24] confirm that even moderate temperature
deviations may alter molecular stability and reaction kinetics. Therefore, maintaining controlled mesophilic
conditions is not only a microbiological requirement but also a thermophysical constraint of the system.
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Fig. 4. External appearance of the experimental setup

This graph shows the variation of biomass temperature in the bioreactor heated by a flat-plate solar
collector throughout the day (from 7:12 to 19:12). The biomass temperature starts slightly above 30 °C,
gradually rises to about 44 °C at midday, and then begins to decrease in the evening. These variation curves
demonstrate the successful absorption of solar energy by the flat-plate solar collector and its transfer to the
biomass. However, there is a need to stabilize this fluctuating temperature. To mitigate sharp changes, we used
the daily loading dose intended for the bioreactor as a heating buffer [22]. This solar heating method highlights
the direct correlation between the maximum accumulation of solar energy and the optimal temperature range
for biomass, thereby increasing the likelihood of creating ideal conditions for metabolic processes [21,22].
During the day, solar radiation causes the temperature to rise, which enhances the metabolism responsible for
biogas production. The differences between each measurement are relatively uniform, with no sharp increases
or decreases, indicating stable conditions inside the bioreactor and a smooth process. The linear increase also
suggests that, in the absence of additional feedstock, the substrate availability and microbial stability are
maintained. Overall, the data reflect a healthy and stable biogas production process, dependent on the time of
day, demonstrating both the efficiency of the solar collector and the influence of temperature on microbial
activity within the bioreactor.
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Fig. 5. Dynamics of inlet and outlet heat-carrying water

. Fig. 6. Daily dynamics of temperature inside the
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bioreactor

In our research, the composition of biogas and the variation in methane content were analyzed. Biogas
mainly consists of methane CH, and carbon dioxide (CO,), along with about 2% trace gases (such as sulfur
compounds, nitrogen oxides, S, NO). The primary economic indicator of this process is the methane content
in the biogas, although in some cases, rapid processing of organic waste is also required.

Looking at the normalized data starting at 8:14, with subsequent times given in minutes, we observe a
steady and gradual increase in biogas production. Biogas production starts at 0.1340 m? and continues until the
end of the day, reaching 0.1570 m? from the baseline after 576 minutes (i.e., 9 hours and 36 minutes) from the
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start time. The stable growth in biogas production is linked to various factors, such as the rise in temperature
inside the bioreactor, since the bioreactor was heated using a solar collector [22].

3.2 Variation of biogas composition under mesophilic and psychrophilic temperature
regimes

In practice, to increase the methane content of biogas, valuable methanogens are additionally loaded into
bioreactors [15,16,25]. Introducing methanogens as simulators into small-capacity biogas units limits their use
only to solving ecological problems [16-19]. In our research, the practical influencing factors on small-capacity
biogas bioreactors are analyzed. Table 1: Standard and threshold indicators of biogas.
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Fig. 7. Daily dynamics of temperature inside the bioreactor

In this context, the pH level is considered one of the main indicators of the anaerobic process occurring
in small-capacity bioreactors. For biogas production, the required pH range is between 6.8 and 7.4. In many
cases, when organic waste with high pH values (such as pigsty and poultry waste) is used, it is necessary to
pass the units through a metabolic adaptation stage before operation [20-22]. The experimental study examines
the composition of organic waste loaded into small-capacity units and their standard indicators (Table 1).

Table 1. Composition and standard indicators of the biomass loaded into the bioreactor.

Indicators Standard values Limit values
pH 6/8-174 64-17.8
Volatile fatty acids content (as CHs>COOH) | 50 — 500 mg/1 200 mg/l
Total alkalinity (as CaCQOs) 500 — 1500 mg/1 1000 — 3000
g:l)lrt]:posmon of produced gas 60 — 72% metan, 28 — 40% Carbon dioxide and other gases
NHa (as N) 300 mg/1.
Na 3500 — 5500 mg/1.
K 2500 — 4500 mg/l.
Ca 2500 — 4500 mg/1.
Temperature, °C 33 -37
Biogas production 0.3 —0.52 m%/kg based on dry organic matter

The amount of volatile fatty acids should range from 50 to 500 mg/l. The threshold indicator is set at
200 mg/1 [25]. In bioreactors, the total alkalinity of the organic waste load is required to be between 500 and
1500 mg/l. However, these specified conditions cannot be considered strict, since alkalinity in wastewater is
highly variable, and levels ranging from 1000 to 3000 mg/1 are also observed.

The salts most frequently and unsuccessfully involved in waste composition (NH4, Na, K, and Ca) are
required to remain within certain limits. The methane (CH4) content in biogas obtained from different types of
organic waste is shown in Table 2. As mentioned above, for anaerobic treatment of organic waste to produce
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biogas, the ideal temperature should be around 38 + 2°C. It is necessary to select a regime suitable for the
temperature to which methanogens have adapted. This table presents the types of organic waste, the amount
of biogas obtained, and its composition. It is known that from cattle manure, 0.340 to 0.500 m> of biogas can
be obtained per kilogram of dry matter (taking into account the duration of processing). The methane (CHy)
content of the resulting biogas is approximately 68%.

Table 2. Biogas yield and methane content from different types of organic waste

Animal manure | 1 kg gas yield from dry matter, m* Methane storage, %
Cattle manure
Pig manure 0.340 — 0.500 65.0
Poultry droppings 0.340 - 0.580 65—-170
Fattening calf manure 0.310-0.620 60.0
Breeding calf manure 0.200 - 0.300 56 — 60
Organic waste from farms 0.300 — 0.620 70.0
Wastewater
Vegetable residues 0.310-0.740 70
Potato residues 0.330-0.500 50-70
Beet residues 0.280 — 0.490 60 —75
Plant waste 0.400 - 0.500 85
Straw
Hay 0.200 - 0.300 50 -60
Barley straw 0.200 — 0.300 59
Corn stalks 0.290-0.310 59
Flax 0.380 —0.460 59
Beet pulp 0.360 59
Sunflower waste 0.165 59
Alfalfa 0.300 59
Other types 0.430—0.490 59
Green grasses

Fallen leaves 0,280 — 0,630 70
Animal manure 0,210 - 0,290 58

Table 3 provides detailed information about the components of biogas and their properties: biogas

composition and specific characteristics. The volumetric share of methane (CHs) gas can range from 55 to
61% (in mixed organic waste), and from 62 to 72% (in single-type organic waste under warm climate
conditions). The volumetric calorific value can reach 35.8 MJ/m? or higher. In our research, in order to increase
the methane content, the biogas exiting the bioreactors was passed through a water filter (see Table 3).

Table 3. General specific characteristics of the average biogas obtained

Characteristics Components of biogas Biogas mixture
CH, Cco, H, H,S (60%CH ,+40%CO0,)
Volumetric fraction, % 55...70 27...44 <1 <3 10
Volumetric calorific value, MJ/m? 35.8 _ 10.8 22.8 215
F'lammability limit (concentration in 5 15 B 480 4 45 6. 12
air), %
Ignition temperature, °C 650...750 - 585 - 650...750
Critical pressure, MPa 4.7 7.5 1.3 8.9 7.5..8.9
Critical temperature, °C —82.5 31.0 - 100 -2.5
Normal density, g/l 0.72 1.93 0.09 1.54 1.2
Critical density, g/ 102 468 31 349 320
Density relative to air 0.55 2.5 0.7 1.2 0.83
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3.3 Comparison with previous studies

The obtained experimental results were compared with published data on solar-assisted biogas systems
and flat-plate solar collectors operating under mesophilic conditions [1-3, 15-25].

The measured solar collector efficiency (42—-50%, average 42.6%) is consistent with values reported for
conventional flat-plate collectors under high solar radiation levels (800 W/m?), where efficiencies typically
range from 35% to 55% depending on the heat-loss coefficient and operating temperature difference. The
observed stagnation temperature behavior also agrees with analytical predictions reported in similar thermal
studies. The biomass temperature in the reactor was maintained within 33 - 44 °C, corresponding to the
mesophilic regime. Comparable systems described in the literature report temperature stabilization within 35-
40 °C when external insulation and solar preheating are applied. The slightly wider temperature fluctuation
observed in the present study is attributed to diurnal solar variability and wind-induced convective losses.

The annual biogas yield (932.535 m?®/year) and methane content (60-70%) are in agreement with reported
values for cattle manure and mixed organic waste under mesophilic conditions, where specific yields typically
range between 0.3 and 0.6 m*/kg of dry organic matter. The methane fraction obtained after water filtration
corresponds to published data on small-scale purification methods. Compared with previously reported small-
capacity systems without enhanced insulation, the present configuration demonstrates reduced thermal losses
and improved temperature stability, which directly contribute to sustained microbial activity and stable
methane production.

4. Conclusion

Our research has shown that temperature plays a key role in maintaining the stability of the anaerobic
fermentation process in small-scale biogas plants, and that the use of mathematical expressions for its
calculation is important.

The results of studies conducted in rural conditions, using organic waste and small-scale biogas plants
heated with solar energy, are presented. In the study, the design of the biogas plant was examined, including
solar collectors, heat exchange elements, and thermal accumulators made of phase-change materials, which
help maintain stable biomass temperature throughout the day.

During the experiments, solar radiation, ambient temperature, reactor temperature, and the daily
dynamics of biogas production volume were analyzed. The results demonstrate that effective utilization of
solar energy to ensure optimal temperature regimes in the bioreactor leads to stable growth in biogas
production. The study also highlighted the influence of biomass type on the composition of the biogas
produced. Temperature is the main factor for the stability of the anaerobic fermentation process, and its
effective management emphasizes the importance of biomass processing efficiency.
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STUDY TO ASSESS ELECTRICITY GENERATION IN A THERMAL
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Abstract. This paper presents the application of Fault Tree Analysis model for availability assessment of
thermal power plant. Reliability analysis as well as availability evaluation is performed for performance evaluation
of thermal power plant. Equipment maintenance data is collected from maintenance history for which the goodness
of fit test viz Kolmogorov-Smirnov is conducted and parameters for the best distribution are determined. Further,
reliability of subsystems at various time intervals is calculated. The Fault Tree Analysis models were developed for
performance evaluation of thermal power plant. These models are employed for the subsystems of plant and
furthermore availability indices are evaluated. The overall availability of 87.77% is evaluated using Fault Tree
Analysis model. The comparative results are obtained from the study, which revealed that the Fault Tree Analysis
model provides an availability index of the system closer to real-time data.

Keywords: reliability analysis, availability analysis, thermal power plant, Fault Tree Analysis.
1. Introduction

In the context of increasing demands on the reliability and efficiency of electric power systems, the
analysis of factors affecting the generation of electricity at thermal power plants (TPP) is of particular
importance. Most of the existing thermal power plants are operated for a long time, which leads to wear of the
main equipment, an increase in the number of failures and a decrease in installed and available capacity. As a
result, there is an increased likelihood of under-generation of electricity, disruption of load schedules, and
increased operating costs. Traditional methods of estimating electricity generation are usually based on
statistical data and regulatory indicators of equipment reliability. However, such approaches do not always
make it possible to identify cause-and-effect relationships between individual failures of technological circuit
elements and the resulting decrease in plant output. This limits the ability to make informed management
decisions in the field of equipment maintenance, repair, and modernization [1,3,4,7,8,10,13].

One of the promising tools for system analysis of reliability of complex technical facilities is the Fault
Tree Analysis (FTA) method [11,12]. This method allows us to formalize the logical structure of the
occurrence of emergency conditions, to establish the relationship between the primary failures of elements and
the final undesirable event —a decrease or loss of electricity generation. The use of the fault tree model provides
a visual representation of the mechanisms for generating power losses, and also makes it possible to quantify
the contribution of each piece of equipment to the overall risk of underperformance. The purpose of this study
is to develop and apply a fault tree analysis model to evaluate power generation at a thermal power plant,
taking into account failures of the main and auxiliary equipment. As part of the work, the key technological
subsystems of thermal power plants (boiler, turbine, generator, fuel supply, water treatment and electricity
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supply systems for their own needs) are considered, the fault tree structure is formed and the impact of failures
on the level of actual electricity generation is assessed. Alternative reliability modelling approaches such as
Markov models, Bayesian networks, and Petri nets are widely used in power system analysis. Markov models
provide accurate state-transition representation but may become computationally complex for large-scale
systems. Bayesian networks allow modelling of dependent failures but require extensive probabilistic
information. Petri nets are suitable for dynamic systems but involve significant modelling effort. In the present
study, FTA was selected due to its transparency, analytical simplicity, and suitability for real industrial
operational data.

The practical significance of the study lies in the possibility of using the obtained model to increase the
validity of decisions on managing the technical resource of equipment, optimizing repair impacts and reducing
power losses. The proposed approach can be applied both in analysing the operation of a specific plant and in
developing strategies to improve the reliability and efficiency of thermal power plants in general.

2. Plant description

A thermal power plant (TPP), is a complex multi-level energy facility designed for the simultaneous
production of electrical and thermal energy based on the conversion of chemical fuel energy into mechanical
and further into electrical energy. The main types of fuel used are coal, natural gas and fuel oil, the choice of
which is determined by regional resources, economic and environmental factors. The functional block diagram
of TPP presented in Figure 1. There are major equipment: a) turbine, b) generator, ¢) IDF (Induced Draft Fan),
d) FDF (Forced Draft Fan), e) PAF (Primary Air Fan), f) BFP (Boiler Feed Pump), g) CWP (Circulating Water
Pump), h) CEP (Condensate Extraction Pump), i) boiler, j) chimney, k) CM (Coal mill), 1) condenser, m) HPH
(High Pressure Heater), n) LPH (Low Pressure Heater), o) APH (Air Preheater), p) ESP (Electrostatic
Precipitator). The boilers burn fuel and generate superheated steam with high parameters (pressure and
temperature). The resulting steam is supplied to the turbine, where its thermal energy is converted into
mechanical energy of rotation of the shaft connected to the electric generator. The generator, in turn, converts
mechanical energy into electrical energy, which is supplied to the power grid [1,3,10].

Cooling

LPH1,2,3

[APH-B]  [APH-A}——] ESP-A | IDF-A }—’

AA

I—/"\—>| ESP-B |[—{ IDF-B }—l

T2

PAF-B | [ PAF-A |

Fig. 1 Model of thermal power plant for electricity generation

The operation of thermal power plants is characterized by high complexity and interdependence of
technological nodes. Malfunction of any element — boiler, turbine, generator, fuel supply system or automation
can lead to a decrease in power, deterioration in the quality of electricity, or a complete shutdown of the unit.
In conditions of equipment wear, variable load conditions and exposure to external factors, the probability of
failures increases, which directly affects the volume of electricity generation and the reliability of energy
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supply. In this regard, the TPP is considered as a complex technical system with a hierarchical structure of
failures. The use of the Fault Tree Analysis (FTA) model makes it possible to formalize the cause-and-effect
relationships between failures of individual elements and the final event a decrease or loss of electricity
generation. This approach ensures the identification of critical nodes, the assessment of the contribution of
individual failures to the overall risk, and the formation of informed decisions to improve the reliability and
efficiency of the plant.

2.1 Modelling the availability of thermal power plants

A thermal power plant belongs to the class of complex technical systems, the functioning of which is
characterized by a multilevel structure and a significant number of interrelated elements. In this regard, the
analysis of the availability of thermal power plants is a prerequisite not only for ensuring the operability of
individual components, equipment and subsystems, but also for sound planning of maintenance and repair
activities. Accessibility modelling is a systematic approach based on the step-by-step decomposition of a power
plant into subsystems, equipment, and individual components. This approach allows us to take into account
the impact of element failures, as well as the frequency and duration of restoration work on the integrated
indicator of installation availability. The reliability and maintainability indicators of the elements directly
determine the probability of finding a thermal power plant in working condition. For systems whose elements
are connected in a sequential configuration, the assessment of overall availability is usually carried out using
the analytical expression (1), which makes it possible to determine the contribution of each element to reducing
the availability of the entire system [7,8,9,10,14].

n

Av = HAL’ €Y
i=1

1=
where: A, — overall availability of the Thermal Power Plant (TPP); Ai — availability of the i-th component (or
subsystem) of the plant; » — total number of components (subsystems) included in the reliability model.
For the current work, availability of TPP is investigated and assessed by FTA method.

2.2 FTA modelling of TPP

The fault tree diagram allows you to obtain information about the unavailability of the system and thereby
determine the degree of criticality of various pieces of power plant equipment. Within the framework of this
study, the fault tree analysis (FTA) model for the station is formed using the logical elements "OR" and "AND",
which is illustrated in Figure 2 [11,12,13].

UNIT-1

BAC (1) BFS (2) TGS (3)

Fig. 2. FTA model of thermal power plant

After forming the FTA model at the subsystem level, the corresponding unavailability of the system is
estimated using the cut-set method based on a probabilistic approach, the main provisions of which are

summarized below.
3

v =1-] [a-a @

i=1
where: qw-1y— probability of failure (unavailability) of subsystem U—1 or the top event in the Fault Tree
Analysis (FTA) model; q; — probability of failure (basic event probability) of the i-th component.
In constructing the FTA model, several assumptions were adopted. It was assumed that failures of
individual components are statistically independent and that failure rates remain constant within the considered
operating period. Each element was modeled in a binary state (operational or failed). Common-cause failures
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and dynamic interactions between components were not explicitly considered. These assumptions correspond
to classical FTA methodology and allow analytical estimation of subsystem and system unavailability.

3. Result and Discussion

To ensure the assessment of the availability of thermal power plants, maintenance data is collected based
on the operational and repair logs of the power plant and used in further availability analysis. Due to the
complexity of the TPP system under consideration, it is divided into three main subsystems for analytical
evaluation, namely: the boiler air circulation system, the boiler furnace, and the turbo generator. The
assessment of the availability and unavailability of TPP subsystems is based on the development of a fault tree
analysis model (FTA). The summary values of the availability and unavailability of TPP subsystems obtained
using the FTA model are presented in Table 1. The availability indices presented in Table 1 were obtained
from a statistical analysis of operational data of the first power unit of the thermal power plant over an
observation period of 17,520 hours (equivalent to two years of operation) [1,3]. Seasonal load variations and
scheduled maintenance activities were observed during this period. These operational factors may influence
failure frequency and recovery time, which in turn affect the calculated reliability and availability indicators.

Table 1. Summary of FTA model-based availability index

Subsystem Unavailability Availability
BAC (Boiler and Air Circuit) 0.000191 0.999809
BFS (Boiler Feedwater System) 0.053442 0.946558
TGS (Turbine—Generator System) 0.044167 0.955833

This expression corresponds to the inclusion—exclusion expansion presented in equation (2) and provides
an exact solution for an OR-type top event under independence assumptions. The total unavailability of the
first power unit of the plant, determined using the FTA model, is 0.122260.

qu_1 = 0.122260

Accordingly, the availability of the power unitis: Ay_; =1 —qy_; = 0.877740 (87.77%)

The total availability of the first power unit of the station, calculated using the FTA model, is 0.877740
(87.77%). The conducted research has shown that the FTA approach allows obtaining system availability
values close to the indicators observed in real time. However, when using the FTA method, the effect of system
redundancy is not taken into account. The results of the analysis confirmed that FTA is the most appropriate
method for assessing station availability. In the future, a reliability analysis is performed for various time
intervals of the station's operation, which is discussed in the following sections.

It should be noted that explicit modelling of equipment redundancy (e.g., standby pumps or parallel fans)
was not incorporated into the present FTA structure. The subsystems were represented primarily in a series
configuration at the analytical level. Therefore, the obtained availability value may represent a conservative
estimate. Inclusion of redundancy mechanisms could potentially increase the calculated availability indices.

4. Reliability Analysis thermal power plant

Reliability analysis includes evaluating parameters, building models, and determining the likelihood that
the system will function satisfactorily for a specified period of time [8,14]. For a normal distribution, the
probability density function is estimated using equation (3), and reliability is estimated using equation (4).
Similarly, in the case of the Weibull distribution, the reliability indicator is determined by equation (5).

t—p 2
oV2an
R(t) =1-F(t) 4)
N
R() = e‘(é) (5)

where: F(t) — probability density function of the random variable t (for example, time to failure of equipment
in a TPP); ¢t — random variable (typically operating time or time to failure); 4 — mean value (mathematical
expectation) of ¢, represents the average operating time; ¢ — standard deviation, characterizes the dispersion
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of operating time around the mean value; 7 — mathematical constant (= 3.14159); e — base of the natural
logarithm; R(?) — reliability function; & — characteristic life of the component, it determines the time scale of
the distribution.

As part of this study, data on previous thermal power plant failures is collected and systematized in the
form of recovery time (TTR) and time between failures (TBF). To determine the most appropriate theoretical
failure distribution, we consider the Weibull, lognormal, exponential, and normal distributions. The parameters
are estimated using the maximum likelihood method, and the approximation quality is checked using the
Kolmogorov—Smirnov criterion (K-S). The purpose of choosing the best distribution is to determine the
statistical model that best describes the available data set. The K-S consent criterion allows us to assess the
degree to which the data on TPP failures correspond to the selected distribution of the general population [5,6].
The various theoretical distributions for the TBF index of subsystems are presented in Tables 2 - 4.

Table 2. Best- fit distribution of BAC

K-S test
Equipment | Exp. Exp. Log. Normal Weibull Weibull Best fit Parameters
1P 2P normal 2P 3P distribution
PA Fan 28.36 21.75 9.4083 0.0149 1.1328 0.0022 Normal u=_12684.66
c =8462.17
FD Fan 95.56 76.06 1.8067 1.377 1.5740 12.06 Normal M=_19322~12
6=5859.22
APH 50.84 43.77 13.27 0.0007 0.8754 0.00019 Normal M=_15445~70
6=8928.90
ESP 95.56 76.06 1.8067 1.3777 1.5740 12.0619 Normal M=_19322~12
6=5859.22
p=0.35967
ID Fan 5699 | 57.94 | 76.028 15.115 55.1115 | 41.6604 Weibull 3P 0=12372.54
v=10.78
Table 3. Best —fit distribution for BFS
K-S test
Equipment | Exp. Exp. Log- N I Weibull Weibull Best fit Parameters
1P 2P normal orma 2P 3P distribution
Boiler pu=19322.1
Drum 95.56 | 76.06 1.8067 1.377 1.574 12.06 Normal 2P 5=5859 22
Boiler . B=2.61432
tubing 84.78 | 22.83 0.5787 | 0.316e-4 | 0.10e-4 0.55¢-4 Weibull-2P 0=19371 3
Fuel firing -\ o5 56 | 7606 | 1.8067 1.377 1.574 12.06 Normal 2P n=19322.1
system 6=5859.22
Superheater | 95.56 76.06 1.8067 1.377 1.574 12.06 Normal 2P n=19322.1
P ' ' ' ' ' ' 6=5859.22
Economizer | 95.56 76.06 1.8067 1.377 1.574 12.06 Normal 2P Mil%zz'l
6=5859.22
Reheater 95.56 76.06 1.8067 1.377 1.574 12.06 Normal 2P Mil%zz'l
6=5859.22

The choice of the most appropriate theoretical distribution for the time between failures (TBF) was carried
out using the Kolmogorov—Smirnov (K—S) goodness-of-fit criterion. This method evaluates how well a
theoretical distribution matches the observed (empirical) data. For each equipment item, empirical TBF data
were first obtained from operational records. Then, several candidate distributions (exponential, lognormal,
normal, and Weibull) were fitted to the data using the maximum likelihood method. The K-S statistic is defined
as the maximum absolute difference between the empirical distribution function F,(x) and the theoretical
cumulative distribution function F(x):

D = max|E,(x) — F(x)]|

The value D quantifies the deviation between the model and the actual data. The smaller the value of D,

the better the agreement between the theoretical distribution and the observed data.
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Table 4. Best-fit distribution of TGS

Equipment Exp. Exp. Log. Norml':l_s tes\tIVeibull Weibull .Be.st ﬁt Parameters
1P 2P normal 2P 3p distribution

G{;ﬁ;ﬁ;ig 95.56 | 76.06 | 18067 | 1377 | 1574 | 1206 | Nomal2p | M%)

Loxbine | 7551 | 66.54 | 262606 | 1867 5780 | 04821 | Normal2p | M1

gfl“;;r;te‘;rl 99.87 | 66.89 | 0.1805 | 1152 | 138136 | 1.775 Lognz(’}fmal' G‘ig%ggg;

Oenerator | 9556 | 76.06 | 18067 | 1377 | 15740 | 1206 | Normal2p | MTl2%2]

Cenerator | 9556 | 7606 | 18067 | 1377 | 15740 | 1206 | Normal2p | MTl2%2]

For each equipment unit, the K-S statistic was calculated for all candidate distributions, and the
distribution with the minimum K-S value was selected as the best-fit model. This approach ensures that the
chosen distribution most accurately reflects the statistical behavior of failures. In this work, the reliability of
the TPP estimated on series arrangement of the subsystem via Equation (6).

Rs(t) = 1_[ Ri(t) (6)
=1

i=
where: Rs(?) — reliability function of the system, it denotes the probability that the entire system operates
without failure up to time #; Ri(?) — reliability function of the i-th component, it represents the probability that
component i operates without failure up to time #; n — total number of components in the system. Now the
overall reliability of TPP is given by Equation (7).

Rs(t) = Rgac(t) X Rpps(t) X Rygs(t) (7

Rs(t) — overall reliability of the TPP; Rgac(?) — reliability of the Boiler and Air Circuit (BAC) subsystem;
Rgrs(t) — reliability of the Boiler Feedwater System (BFS); Rrgs(?) — reliability of the Turbine—Generator
System (TGS); ¢ — operating time.

The reliability of the subsystem at different time levels is determined and presented from Figures 3-5. It
follows from the graphs presented above that as the operating time increases from 0 to 17520 hours, the overall
reliability of the installation decreases significantly. The probability of trouble-free operation of the ID fan,
generator oil system, BFP for a period exceeding one year (8760 hours) is less than 50%.

1 -w e PA Fan
0,8 - <
’ e=fl== FD Fan
;‘; 0,6 M Air Preheater
= 04 - _
o Y
[ e £ SP
0.2 =it |D Fan
O T T T T T T T T 1 T' h
O X O O O O O O O Ime, hours
AV A0 Y
A S A I

Fig. 3. Reliability Analysis of BAC

Based on the reliability analysis carried out, taking into account the performance of the equipment after
one year of operation, the planning of maintenance of critical equipment should be carried out with increased
priority. The maintenance schedule is determined by the level of criticality of each element, and information
about the failure rate of the system contributes to a more efficient allocation of maintenance resources.
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Fig. 5. Reliability analysis of TGS

The use of estimated reliability values makes it possible to determine the degree of criticality of
equipment and systems. The results of the analysis show that individual systems are the most vulnerable in
terms of operational readiness, which necessitates the urgent adoption of corrective measures. The findings
made it possible to adjust maintenance schedules based on the actual operating conditions at the enterprise. In
addition, the results of the reliability analysis serve as the basis for managerial decision-making, allowing you
to plan maintenance activities by subsystem and rationally allocate resources.

5. Conclusion

As part of this study, an analysis of the reliability of thermal power plants was performed based on
operational maintenance data obtained for various subsystems in real time. To assess the availability of the
system, the FTA model was developed and applied, the results of which are presented in the paper. The study
showed that using the FTA approach makes it possible to obtain availability values that are closest to real
operational data, while the impact of system redundancy is not taken into account in this technique. In addition,
an analysis of the reliability of TPP subsystems for various periods of operation was carried out, which revealed
that the probability of trouble-free operation of the ID fan, generator oil system, BFP over the last year of
operation is less than 50%. Failure of any of these subsystems can lead to the shutdown of thermal power
plants, and therefore they are classified as critically important and require special monitoring [14, 15]. The
obtained results and conclusions of the study can be used to improve the reliability of equipment and increase
the volume of electricity generation at thermal power plants.
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Abstract. This study presents a comprehensive computational investigation of the sputtering and combustion
dynamics of biodiesel and fossil diesel fuel droplets in turbulent gas flows. Advanced computational modeling and
the CHEMKIN chemical kinetics framework were employed to analyze the thermophysical and chemical processes
of fuel atomization, ignition, and flame propagation under varying oxidizer temperatures. The results indicate that
biodiesel droplets exhibit higher mobility, enhanced mixing with the oxidizer, and more uniform heating, resulting
in near-complete combustion and higher local temperatures compared to fossil diesel fuel. Soot formation during
biodiesel combustion was notably lower, while carbon monoxide emissions were significantly reduced,
demonstrating more efficient and cleaner combustion. Analysis of the Sauter mean diameter (SMD) highlighted
improved droplet dispersion and atomization quality for biodiesel, facilitating optimized injector design and fuel-
air mixing. Heat flux visualization revealed stronger convective energy transfer in biodiesel flames, and flame front
dynamics confirmed that biodiesel can be used in conventional internal combustion engines without modification.
Overall, these findings highlight biodiesel as a sustainable, low-emission alternative to fossil diesel fuel, supporting
the development of energy-efficient technologies and the transition toward cleaner, renewable fuels.

Keywords: Bioenergetics, Biodiesel, Fossil Fuel, Fuel Sputtering, Turbulent Combustion, Computational Modeling,
Advanced Fuel Injection System, Pollutant Emissions.

1. Introduction

Energy problems are growing every year and require both non-renewable natural energy resources and
non-carbon forms of energy. Rising prices for traditional fuels and increasing environmental regulations
necessitate a transition to alternative energy sources and the pursuit of biofuels derived from renewable
resources. Alternative energy sources, in particular biofuels, have gained the status of a competitive energy
source in both developed and developing countries. This was primarily due to the growing price
competitiveness of technologies using renewable energy sources and biofuels, as well as political initiatives,
the need to address energy and environmental security issues, the increasing demand for energy from
developing and emerging economies worldwide, and the desire to make modern energy more accessible.

Global changes in the structure of energy production have led to the fact that today, the share of various
types of biofuels in the total energy consumption, according to the World Bioenergy Association, is
approximately 14% (. 1) [1]. The International Energy Agency (IEA) has set a target to use up to 80% of
renewable energy sources by 2050 and halve CO; emissions as an indicator of the emission of harmful
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substances [2-4]. As for Kazakhstan, several state laws and regulations on environmental protection have been
developed that provide for the reduction of air pollution. In densely populated Kazakh cities with large traffic
flows, the problem of gas pollution from the exhaust gases of internal combustion engines of vehicles is acute.
According to the energy agency, more than 40% of pollutant emissions in Central Asia are generated by
Kazakhstan [5, 6]. Biodiesel fuel is an alternative to fossil diesel fuel and can be used in diesel internal
combustion engines (ICE), both in pure form and as a blend component. It has a slightly higher cetane number
and better lubricity, which, when blended with traditional diesel fuel, ensures more stable engine operation.
Biofuels contain virtually no sulfur and aromatic compounds, which significantly reduces the formation of
harmful sulfur oxides and soot during their combustion.

" 0/ ,
hydropower-3% nuclear power-2%  oiher 19

biofuel-14%

natural gas-21%

coal-21%

Fig.1. World energy consumption structure today

Most of the CO, generated during the combustion of biofuels is absorbed during the growth of plants used
as raw materials, which ultimately reduces carbon dioxide emissions into the atmosphere by up to 80%
compared to the use of fossil fuels [7, 8]. The technology for producing biodiesel fuel is theoretically simpler
and less energy-consuming than the technology for producing traditional diesel fuel.

Problems related to global energy and environmental security require not only obtaining alternative energy
sources but also the rational organization of their combustion. It is necessary to develop energy conversion
systems that have higher efficiency and lower emissions of harmful substances. The efficiency of fuel
consumption, productivity, and environmental friendliness of a power plant depend on the optimization of fuel
combustion processes, which is associated with its preparation, method of supply, and proper combustion [9].

The above indicates the relevance of the identified problem and the need for a comprehensive study of heat
and mass transfer processes during fuel combustion in energy devices. In this regard, this article is devoted to
the use of the latest information technologies to study the combustion processes of liquid fuels (traditional
fossil diesel fuel and biodiesel) in internal combustion engines.

In this work, for the first time, the processes of sputtering and combustion of biofuel droplets (biodiesel)
were studied using information technologies and new 3D modeling software packages, to identify their
advantages over fossil diesel fuel, with a subsequent assessment of the harmful emissions and greenhouse
gases released during their combustion. The results of such research will contribute to the introduction of
resource-saving energy technologies that meet modern environmental requirements.

2. Computational and spatial models of the problem
The mathematical model of the problem of atomization, combustion, and evaporation of liquid fuel

droplets consists of equations of continuity, momentum, internal energy, and concentration of the reacting
components of a two-phase flow [10-13]. The continuity equation of the fuel-air mixture is written as follows:

%eriv(pu)zsms, (D)

where u is the fluid velocity, Smass is the local change in gas density due to evaporation or condensation.
The mixture momentum equation has the form:
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p%+p(gradu)u =divE+pg+S, .., )

where Smom 18 the local rate of change in momentum of the gas phase due to the movement of droplets.
The conservation equation for internal energy has the following form:

p%z =t.D-pdiva-divq+S,,_.. 3)

where q is the specific heat flux expressed by Fourier's law, and Scnergy denotes the contribution to the change
in internal energy due to the presence of the atomized liquid phase.
The conservation equation for the concentration of component m has the form:
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where pnis the mass density of component m, p is the total mass density.

For the numerical calculation of complex turbulent flows, we used the RANS method, which is widely used
due to its simplicity, saving of computational resources, and a sufficient degree of accuracy in predicting the
properties of reacting flows with chemical transformations. This method works well at high Reynolds numbers
and high degrees of flow turbulence [14]. In our simulation, we used a prototype direct injection engine, where
a jet of liquid fuel is sprayed at high pressure from multiple holes. In such internal combustion engines, fuel at
a pressure of 200 bar is injected in the form of combinations of liquid ligaments and fragments of various sizes,
which form near the injector nozzle and break into droplets, moving downstream due to interaction with air,
which contributes to the growth of instability at the surface of the liquid. Figure 2 shows a schematic model of
a multi-hole injector used in DI engines. The Li/D; ratio is a crucial parameter for this type of injector, as it
influences the internal flow formation at the nozzle exit and the development of the spray structure [15, 16].

In an internal combustion engine with multi-hole injection, an individual injector is installed in the inlet
pipe of each cylinder, supplying fuel directly to the intake valve, where the fuel mixture is prepared
immediately before entering the combustion chamber. Therefore, the fuel-air mixture in multi-hole injection
is uniform in composition and quality of flow for each of the cylinders, which has a beneficial effect on the
power and efficiency of the engine, as well as on the toxicity of exhaust gases.

Figure 3 presents a perspective view of an unstructured computational grid composed of control volumes.
This grid was generated using a set of specialized subroutines, allowing for the incorporation of various
predefined initial parameters to accurately represent the computational domain.

Fig.2. Schematic model of a direct injection: Fig.3. Perspective view of the used
L; —nozzle opening length; f — injection angle directed from the computational grid.
central axis of the injector; D; — nozzle hole diameter.

The highlighted region at the bottom of the grid, which contains several distinct subdomains, is filled with
liquid fuel, providing the initial conditions necessary for simulating fuel injection, sputtering, and subsequent
combustion processes. This visualization emphasizes the spatial distribution and connectivity of control
volumes, which play a crucial role in capturing the detailed physical phenomena within the computational
domain.



Eurasian Physical Technical Journal, 2026, 23, 1(55) ISSN 1811-1165 (Print); 2413-2179 (Online) 71

3. Computational modeling results and analysis

In this study, pure rapeseed biodiesel, specifically Biofuel RME B100, was employed as the biofuel. This
fuel consists of a mixture of fatty acid methyl esters (FAME) derived from rapeseed oil. The predominant
component is methyl oleate (C19H3602), a monounsaturated ester, which constitutes approximately 90% of the
total composition, accompanied by smaller amounts of saturated and polyunsaturated esters. The application
of RME is particularly suitable under Kazakhstani conditions due to its enhanced cold-flow properties, which
are crucial for the northern regions of the country. Furthermore, Kazakhstan’s agroclimatic conditions are well-
suited for rapeseed cultivation, rendering the production of RME both sustainable and economically viable on
a national scale.

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

CioHast 18.50,169.56N,=12CO,+13H,0+69.56N>,
C19H360,1270,+101,52N,=19CO,+18H,0+101,52N>.

In the engine, biodiesel undergoes combustion, producing carbon dioxide (CO;) and water (H,O), and
releasing enough thermal energy to sustain engine operation. However, its energy content is slightly lower
than that of conventional petroleum diesel fuel.

The chemical kinetics of biodiesel combustion, as well as its comparison with fossil diesel fuel, were
simulated using the CHEMKIN code. This tool enables the development of detailed reaction mechanisms that
comprehensively describe the thermodynamic and kinetic characteristics of fuel oxidation, including
interactions between the fuel and the oxidizer [17]. The modeling framework incorporates critical parameters
such as temperature, pressure, and flow velocity, providing a robust platform for accurately predicting the
dynamics of combustion for both biodiesel and conventional diesel fuels. Importantly, this approach allows
for the evaluation of pollutant formation while also assessing overall combustion efficiency. By integrating
these factors, CHEMKIN facilitates a thorough understanding of the complex chemical and physical processes
occurring during the combustion of different fuel types, offering valuable insights for optimizing engine
performance and reducing harmful emissions.

In this study, computational experiments were conducted to investigate the sputtering and combustion
dynamics of biofuel (biodiesel) droplets, as well as fossil petroleum diesel, in a turbulent gas flow. The effects
of the initial oxidizer temperature on the sputtering, distribution, and combustion of both biodiesel and diesel
fuel droplets within a model combustion chamber were systematically examined. This approach allowed for a
detailed analysis of how temperature variations influence droplet dynamics, flame development, and the
overall efficiency of the combustion process.

The dependence of the maximum fuel combustion temperature on the initial temperature of the oxidizer in
the combustion chamber was determined for two types of liquid fuels. It has been established that combustion
is not observed at an oxidizer temperature of less than 900 K. If the gas in the combustion chamber is heated
to temperatures above 900 K, then in this case, there is combustion of liquid fuel with high heat release and
heating of the chamber to 3000 K (Fig.4).

Figure 4 shows the dependence of the maximum fuel combustion temperature on the initial gas temperature.
The maximum temperature during biodiesel combustion reaches about 3100 K, which is an indicator of
combustion efficiency and the high heat capacity of biofuel. The initial gas temperature has the greatest
influence on biodiesel combustion, as a 100 K increase in initial temperature results in a 1600 K increase in
the maximum temperature in the combustion chamber.

Since modern diesel engines are designed to reduce harmful emissions and be gentle on the environment,
they have higher injection pressures than previous-generation diesel engines [18]. This means that the internal
surfaces of engines are more likely to be subject to abrasion from soot and other contaminants.

Figure 5 shows the results of a comparative analysis of soot formation obtained using the global Shell model
of chemical reactions [19]. The highest concentration of soot is formed during the combustion of petroleum
diesel (9.8 g/m?). When biodiesel burns, significantly less soot is released (7.5 g/m?), which is a favorable
reason for increasing engine efficiency and reducing fuel consumption and carbon dioxide emissions in the
exhaust gases. The use of biodiesel as a fuel leads to a substantial reduction in carbon monoxide (CO)
emissions compared to conventional petroleum diesel. While CO is inevitably formed during the combustion
process, the amount released is considerably lower due to the higher oxygen content and more complete
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combustion of biodiesel droplets. This improved combustion behavior limits the formation of incomplete
combustion products, making biodiesel a cleaner alternative in terms of CO output. The reduction in CO
emissions not only mitigates local air pollution but also contributes to lower health risks associated with carbon

monoxide exposure.
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The computational results indicate that, under the same operating conditions, engines fueled with
biodiesel release significantly less CO than those running on traditional diesel, highlighting the environmental
advantages of biodiesel in urban and industrial settings (Fig.6). Based on the analysis of the influence of gas
temperature on the combustion processes and distribution of biodiesel and petroleum diesel droplets, a 3D
visualization of the thermophysical characteristics of the reacting flow was obtained.
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Fig.6. Carbon monoxide formation during combustion of biodiesel and diesel at different gas temperatures
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Figure 7 shows graphs of droplet temperature distribution at 3 ms. The turbulent motion of the gas flow
imparts additional kinetic energy to the droplets of both biodiesel and conventional diesel, accelerating them
toward the exit of the combustion chamber. As a result of this rapid movement, the droplet temperature rises
to over 600 K, promoting active chemical reactions.
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Fig.7. Temperature distribution of diesel and biodiesel droplets along the height of the combustion chamber at t=3 ms

Biodiesel droplets, in particular, exhibit higher mobility and respond more readily to the turbulent eddies
within the chamber, leading to enhanced mixing with the surrounding oxidizer. This intensified interaction
improves the local combustion environment, facilitates more uniform heating, and promotes near-complete
combustion of the fuel droplets. Consequently, the dynamic behavior of biodiesel under turbulent conditions
contributes to more efficient energy release and a reduction in unburned fuel residues, highlighting its
advantages over conventional diesel in terms of combustion performance. In the case of combustion of a fuel-
oxidizer premixed system, the temporal evolution of the biodiesel flame front is illustrated in Figure 8. The
figure clearly demonstrates that both the shape and the size of the flame are strongly influenced by the degree
of mixing between the fuel and the oxidizer. At 3 ms after ignition, the flame core extends from approximately
0.6 cm to 1.25 cm along the vertical axis of the combustion chamber. This elongation is attributed to elevated
temperatures, which cause the boundary between the flame core and the ignition zone to expand, enhancing
the propagation of the combustion front.
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The flame morphology is inherently dependent on the properties of the flammable mixture and the
characteristics of the injection system employed. Importantly, the combustion behavior of biodiesel indicates
that it can be utilized in conventional internal combustion engine units without requiring modifications to the
fuel delivery or injection system.

Beyond combustion performance, biodiesel exhibits a significant tribological benefit: its inherent
lubricating properties reduce engine wear by approximately 60%, thereby extending the operational lifespan
of critical engine components, including the fuel injection system, combustion chamber, and exhaust assembly.
This combination of favorable flame dynamics and mechanical advantages underscores biodiesel’s potential
as a sustainable and efficient alternative to conventional petroleum diesel in automotive applications.

Figure 9 illustrates the distribution of heat flux in both biodiesel and diesel fuel mixtures reacting with an
oxidizer. The visualization corresponds to the early stages of the ignition process, at a moment when the fuel
has not yet fully reacted with the oxidizer. At this initial stage, the Nusselt number ranges between 1 and 2,
reflecting the early development of convective heat transfer. Higher Nusselt numbers, in contrast, indicate
regions of intense convective heat flux, which are characteristic of turbulent flow conditions.

=
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Fig.9. Visualization of heat flow intensity in a reacting mixture of biodiesel and oxidizer

As shown in Figure 9, the axis of the combustion chamber exhibits pronounced mixing of the fuel and
oxidizer, driven by the temperature gradients within the flame core. For both biodiesel and diesel, this mixing
plays a critical role in determining flame structure and combustion efficiency. However, due to differences in
droplet mobility and fuel properties, biodiesel demonstrates more rapid and uniform mixing compared to
conventional diesel, promoting earlier and more complete combustion. Additionally, the curvature of the flame
front, previously observed in Figure 8, disrupts the formation of a flat, laminar combustion zone, leading to
the development of a fully turbulent flame. This effect is more pronounced for biodiesel, where enhanced
droplet dispersion and higher reactivity accelerate the transition from laminar to turbulent combustion,
improving heat release rates and overall energy conversion.

Figure 10 illustrates the results of computational simulations tracking the temporal evolution of the Sauter
mean diameter (SMD) of biodiesel droplets as a function of distance from the injector. These results are further
compared with experimental data for conventional diesel fuel reported by [20], allowing for a direct evaluation
of differences in atomization behavior between the two fuels. The Sauter mean diameter represents a key
volumetric-surface parameter that characterizes the size distribution and atomization quality of liquid fuel
droplets. Consequently, analysis of SMD provides critical information for the selection of injector design,
optimization of fuel injection pressure, and determination of effective fuel flow rates necessary to achieve
uniform droplet sizes throughout the combustion chamber. Such detailed characterization ensures improved
fuel-air mixing and more efficient combustion, which is particularly important for enhancing engine
performance and minimizing pollutant formation.

Analysis of Figure 10 indicates that the computational simulation results are generally in good agreement
with the experimental data, with the exception of the region located approximately 10 mm from the injector



Eurasian Physical Technical Journal, 2026, 23, 1(55) ISSN 1811-1165 (Print); 2413-2179 (Online) 75

nozzle at 0.5 ms. In this zone, the calculated Sauter mean diameter (SMD) of biodiesel droplets reaches a peak
value of 136 um, whereas the experimental measurements report a maximum SMD of 110 um.
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Fig.10. Comparison of time distributions of the Sauter mean diameter of droplets of diesel
and biodiesel fuels at a distance of 10 mm from the injector nozzle

The observed discrepancies can be attributed to the proximity of the droplets to the injector, where end
effects and localized flow disturbances are most pronounced. These phenomena inherently lead to deviations
between the idealized conditions of numerical simulations and the complex dynamics captured in experimental
observations, particularly in the near-nozzle region.

4. Conclusions

From the results of the computational experiments of biodiesel and fossil diesel fuel droplets sputtering
and combustion, the key findings regarding combustion efficiency, emissions, and droplet dynamics can be
summarized as follows:

1. Biodiesel, specifically rapeseed methyl ester (RME B100), demonstrates significant potential as an
alternative to conventional petroleum diesel. Its higher oxygen content, lower sulfur and aromatic compounds,
and better lubricity contribute to more complete combustion, reduced emissions of soot and carbon monoxide
(CO), and decreased engine wear. Computational results confirm that CO emissions from biodiesel are
substantially lower than from fossil diesel fuel under identical operating conditions, highlighting its
environmental and health advantages;

2. The combustion of biodiesel droplets in a turbulent gas flow shows enhanced mobility, improved
mixing with the oxidizer, and more uniform heating compared to diesel droplets. This leads to near-complete
combustion, higher local temperatures (up to ~3100 K), and accelerated transition from laminar to turbulent
flames. The shape and size of the flame front depend on fuel-oxidizer mixing and injection system
characteristics, yet biodiesel can be utilized in standard diesel engines without modifications;

3. Visualization of heat flux indicates that biodiesel achieves more efficient convective heat transfer in
the combustion chamber due to enhanced droplet dispersion and higher reactivity. Turbulent mixing promotes
rapid flame propagation and effective energy release, contributing to higher combustion efficiency compared
to fossil diesel fuel;

4. Analysis of the Sauter mean diameter (SMD) of fuel droplets shows that biodiesel exhibits slightly
larger droplets near the injector due to end effects, but overall droplet dispersion and atomization are favorable.
SMD analysis provides critical guidance for injector design, fuel injection pressure optimization, and uniform
droplet formation, ensuring better fuel-air mixing and efficient combustion for both biodiesel and diesel;

5. The combined results of computational simulations and experimental comparisons indicate that
biodiesel offers both environmental and operational advantages. Its use can reduce harmful emissions, improve
engine lifespan due to natural lubrication, and provide a sustainable alternative in regions suitable for rapeseed
cultivation, such as Kazakhstan. These findings support the broader adoption of biodiesel in internal
combustion engines as part of a strategy to transition toward cleaner and renewable energy sources.
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EVALUATION OF THE EFFECTIVENESS OF THE NON-KILNED
ASH-SLAG GRAVEL STRUCTURE UNDER THERMAL IMPACT
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Abstract. The article presents an analysis of the stress-deformed state results for gravels based on ash-slag
mixtures, with the same specified composition, but different in structure and density under the thermal impact with
temperature 500 °C. The evaluation of the gravels structure was carried out in a numerical simulation of the
thermostatic structural analysis process. According to the results, the two — component gravel structure shows
greater thermal stability. Separation into two component structure leads to a more even distribution of iso Surfaces,
which in turn eliminates the possibility of stress surges leading to sharp changes in the structural characteristics of
materials accompanied by degradation processes. In two component structure, there is a reduction of a stress
intensity resulting from sudden stresses surges and leading to the formation of material failure points. The maximum
stress intensity of two component gravel for aboutl.8 -10° Pa in compare of single component for about 2.1-107 Pa.
The higher thermal viability of two-component gravel is demonstrated by thermal deformation due to a reduction
in shear stress, which is (max) 9.03-10° Pa, in compare of single component (max) 1.11-10” Pa. Such conditions of
the stress-deformed state indicate a greater reserve of thermal resistance for two — component gravel in compare
of single component gravel and the possibility of its use as a heat protection in the composition of heat-resistant
panels or independently in the temperature range up to 500 C.

Keywords: gravel, structural, ash-slag mix, cement, thermal, deformation, strain, stress.
1. Introduction

The range of materials that can withstand high temperatures today is wide enough. There are lot of
materials are available for use in different temperature ranges and operating conditions. However, materials
that can withstand high temperatures are usually based on natural components, such as basalt, asbestos,
different kinds of clay and so on. Moreover, such materials are usually subjected to high temperature
technologies such as roasting, fusion and other (ceramic, pottery, etc.) At the same time, the trend of increasing
environmental and economic attractiveness of heat-resistant materials technologies dictates conditions for the
need to use production wastes, especially non-utilized waste, reducing costs and minimizing the technological
burden on the environment through recycling. One of the most promising areas is related to the specific
application of techno-genic waste from energy generation, especially, waste ash-slag mixes, having in its
composition both active and inert components. Ash-slag waste is currently widely used for structural
lightweight concrete, road construction and as a filler with enhanced thermal insulation properties [1-3]. Today
kilned and non-kilned ash-slag gravels are successfully used as fillers. Kilned ash-slag gravel, at bulk density
not more than 600 kg/ m? can successfully solve the problems of providing heat protection functions, including
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heat resistance. However, the manufacture of kiln materials generally requires a significant amount of energy
in kilns at a temperature not less than 1150 °C — 1200 °C [4]. In this regard, the proportion of kilned materials
today is being reduced intensively when replaced by non-kilned materials [5,6]. Non-kilned gravel in uniform
density based on ash and slag waste is intensively used as a heat insulation material in construction production
and in many works is noted as a material with the use of various complex additives and unconventional thermal
treatment as heat resistant material [7,8]. However, the use of superplasticizers, binding fibrous materials,
wave heat treatment or other significantly increase the cost of non-burning gravel, which defines it as
uncompetitive compared to the numerous varieties of thermal insulation materials based on natural
components of the same ranges of heat and heat resistance. Of particular interest for use in heat-resistant
materials is non-calcined gravel based on ash-slag wastes from the combustion of coals with mechanical
viscosity (Coal Mv) under condition of structuring, in which the strength and heat functions are divided
according to the perception of the gravity of the power and heat engineering functions [9,10]. Furthermore,
application of ash-slag mixtures, which include refractory ash that has a melting temperature range from 1600
°C to 1800°C and high elastic- plastic properties [11,12], complements thermostable qualities and further
determines the ability to produce a material capable of withstanding significant thermal loads.

Thus, the study is aimed at determining the possibility of using a non-kilned ash-slag gravel with a two-
component structure in which the strong shell, which is ash-slag cement mix shell, accepts the deformation
load, and the inner area, performs thermal functions. Results obtained for thermal stress and high-temperature
deformation of stationary convective heat exchange (T — 500° C) was possible to evaluate the possibility of
using non-kilned, two-component gravel as a filler in heat-resistant materials and as a stand-alone material for
use in low temperature furnaces for heating, drying and heat treatment.

2. Material and Methods

The object of the study is a thermal stress-deformation parameters of the non-kilned gravel structure. The
aim of the study is to evaluate the efficiency of a structure of non-kilned gravel, based on an ash-slag mixture
under temperature impact in conditions of stationary heating in the temperature range from 22 °C to 500 °C.
To achieve this, the following objectives are being solved:

— to analyze the equivalent stress and stress intensity during the thermal impact process on single and
two component structure ash slag gravel;

— to analyze the total deformation and shear stress of non-kilned gravel with single and two-component
structure that occurs during thermal action.

Materials, which are used as samples of non-kilned ash-slag gravels of a single-component structure with
uniform density, 2000 kg/ m* and a two-component structure with density 2500 kg/ m* and a thickness of shell
not no more than 2 mm (first component) and the inner volume of a mixture consisting of ash-slag mixture
with density 1800 kg/m? (second component). Samples of gravels represented on the Fig. 1. For the production
of both samples of gravels, a ash-slag mixture from the combustion of Ekibastuz coal containing refractory
ash and Karaganda Slag Portland-cement were used (SPC) quality Class 400.

Fig.1. Non-kilned ash-slag gravels: a) — single component structure; b) two component structure.
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In this case, the double-layer gravel shell has a closed, evenly distributed porosity at relatively small grain
size, optimal for operating conditions of strength and thermal porosity [13,14]. The evaluation of the efficiency
of structured non-kilned gravels under thermal impact was carried out on the basis of numerical simulation of
thermal heating in conditions of stationary convective heat exchange with heating up to a temperature of 500°C
at specified input parameters of cement and ash mixture properties in Ansys CFX (Computational Fluid
Dynamics) software environment. For simulation were used Thermal Static and Static Structural modules.
Modelling is based on the finite element method in ANSYS APDL (ANSYS Parametric Design Language).
The simulation was carried out on physical models of non-kilned gravels in equal volumes of single-component
gravel 33510 mm?® (s1), and two-component gravel when dividing functions of volumes (s2) into the volume
of the shell is equal 19373 mm?® and internal cavity, filled with 14137 mm? of ash-slag loose mixture. The
physical models of gravel samples are shown on the Fig.2. Numerical simulation was carried out over 3600
seconds in 36-second increments under stress and strain control.

20,00 (mm)

16,00

Fig.2. Physical models of non-kilned ash-slag gravels:
a) — single component structure; b) two component structure.

Engineering data for numerical simulation of the test models s1 and s2 materials presented in tables 1 and 2.

Table 1. Physical properties

N Density, Coefficient Isotropic thermal Specific heat,
kg/m? of thermal expansion, °C! conductivity, W/m°C J/kgeC
Ash slag mix 2000 6e-06 0.2 840
Slag Portland-cement 2500 5e-06 1.2 800

Table 2. Elastic — plastic properties

N Young's Modulus, Poisson's Ratio, Bulk Modulus, Shear Modulus,
MPa Pa GPa GPa
Ash slag mix 6000 0.17 3.030 4.564
Slag Portland-cement 2500 0.133 7.356 7.149

During the experiment, a thermal load was applied, approximated to the real conditions when controlling
the thermal and stress-deformation parameters of the condition of non-kilned gravel. Heating was carried out
for one hour, with parameter control increments of 1 second for 36 seconds after reaching the granule surface

at 500 °C.
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3. Results and discussion

3.1 Analysis results of the equivalent stress and stress intensity evaluation during the thermal
impact process on single and two component structure ash slag gravels

The heat load creates an equivalent stress in the body of gravel of different intensity. Equivalent stress is
a value representing the stress arising in different directions and calculated on the basis of three main stresses
allowing to estimate, in case of thermal imp act, the resistance of the gravels when split due to temperature
action [15].

8x=%[cx—u(oy+cz)]+aAT, (D
¢, = [, ~u(o, +5.)]+aaT, @
€, Z%I:GZ—M(GX+Gy)j|+(1AT, 3)

where (oy, 0y, G;) is principal thermal stresses in direction x, y, z; p is Poisont's ratio; E is Bulk modulus; a is a
thermal expansion factor; AT — temperature difference at the moment of thermal impact and ambient
temperature.

According to Figure 3 the equivalent stress of the two-component structure gravel is less than stress of
single component gravel and it consist at temperature 500 °C approximately 1.8106 Pa. Volumetric change of
the total stress of a single-component gravel shows the change in structural characteristics with simultaneous
thermal degradation of the gravel at the moment of reaching the stress value ~ 2.1 -107 Pa (formation both on
the surface of gravel and inside isothermal surfaces with uncharacteristic density and energy). At the same
time Iso Surfaces of two-component gravel are distributed more evenly without inclusions of uncharacteristic
dimensional surfaces. Such conditions of development of tensions indicate the possible beginning of formation
of cracks in the body of one-component gravel.

. 2,1096e7 Max . 1,8029e6 Max

187597 1,6028e6
= 1,6422e7 1 1,4026e6
— 1,4085e7 1 1,2024e6

1,1748e7 : 1,0022e6
. 9,4109e6 8,0205e5
| 7.073%6 1 6,0188e5

4,7368e6 4,017e5
I 2,3997e6 I 2,0153e5
62612 Min 1352,4 Min

Fig 3. Iso Surfaces of the equivalent stress (Pa) of the single and two component ash slag gravels during the
500°C thermal impact: a — single component structure; b — two-component structure.

b)

The Stress intensity factor, as a measure of tension characterizing the potential for crack formation and
development that experiences gravel with different structure and density under thermal heating, has been
investigated to confirm the assumption of possible crack formation on the surface of gravel. Figure 4 shows
the distribution of the intensity of the tension in ash-slag gravels with different structure [16].

According to Figure 4, the maximum stress intensity at 500 °C has a single component gravel for about
1.80 -10° Pa in compare of single component 2.27 -107 Pa. The minimum stress intensity factor of single
component gravel is also greater than two-component gravel and it consist of 6.2 10* Pa in compare of two
component stress intensity factor 1.5 10° Pa.
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Fig 4. Stress intensity (Pa) of the single and two component ash slag gravels during the 500 ° C thermal impact: a —
single component structure; b — two component structure.

In addition, two-component gravel has a more even stress intensity distribution pattern, which is also
positive for even load distribution. On the other hand, in single component gravel there are zones with a sharp
increase in the intensity of stresses, which indicates a greater probability of cracks formation and possibility
flow of processes of destruction. In order to identify the nature of the stress-deformed state of gravels with
different structure, a dependence of the stress intensity and equivalent stress on the temperature in the range
of their occurrence was identified.

24,1 ——Single component structure equivalent stress
= 20,1 —— Two-component structure equivalent stress
—16,1
N
5>
< 8,1

% 4,1

0,1 :p —

440 445 450 455 460 465 470 475 480 485 490 495 500
Temperature, °C

Stres

Fig 5. Dependence Stress load (equivalent and stress intensity) of single and two-component ash-slag structure gravel
on temperature.

Fig. 5 shows that single component gravel has a greater maximum stress equivalent value of 22 MPA,
proportional to the intensity of the stresses of 21 MPA. However, the minimum value of these values for both
gravel materials is approximately at the same level and is 0.06 MPA equivalent stress and stress intensity 0.6
MPa and 0.05 MPA equivalent stress and stress intensity 0.1 MPa respectively. But at the same time, the area
of occurrence of equivalent stress of two-component gravel is shifted towards higher temperatures and its
occurrence begins at a temperature of 468 °C, in contrast to the single component where stresses arise earlier
at a temperature of 442 °C. This picture of the stressed state of the granules under thermal impact is directly
determined by the plasticity and strength of the gravel, which depends on the structure and speed of the thermal
action.

3.2 Analysis results of the total deformation and shear stress evaluation during the thermal
impact process on single and two component structure ash slag gravels

Evaluation of deformation state and shear stress of different structure gravels is necessary to determine
conditions of occurrence of irreversible degradation processes in the body of gravel material. Irreversible
degradation processes usually start when plastic deformation occurs. The beginning of the plastic deformation
is the maximum shear stress, showing the points of failure of the material from elastic deformation, in which
there is the greatest concentration of stresses and determined by the [17]:
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1
b _
Tmax - 5 |:Gmax prstress cFmin prstress :| 4 (4)
(0)

where ™ max,min prstress are principal thermal stresses for gravel.

Studies have shown that the maximum concentration of stresses occurring in the points of a single-
component gravel can be significantly greater than in a two-component gravel body. The maximum shear
stress of deformation under thermal static action for single-component gravel is more than 11 MPA, which
exceeds tensile strength for this kind of gravels according to patent author data [18] consist no more than 2.4
MPa. The mean value of the maximum shear stress in single component gravel also has a higher value. For
two-component gravel, the maximum shear stress of deformation is almost 12 times less and consist for about
0.9 MPa, as shown by the numerical experiments in Fig. 6. However, a single-component gravel has a zones
of reaction to the thermal impact, which is expressed as complete material rejection according to figure 6 (a).
This leads to sharp in Equivalent stress (von Mises stress) (figure 3(a)), the increase of which indicates rapid
plastic deformation with non-reversible loss of material properties at the point.
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Fig 6. Maximum shear stress (Pa) of the single and two component ash slag gravels at the temperature 500 ° C: a —
single component structure; b — two-component structure.

To predict the reaction of gravel to shear stresses caused by thermal action, with the possibility of
predicting failure points, a dependence was defined for maximum shear stress from temperature with account
of total deformation, represented on the Fig. 7 [19].

Deformation two component structure gravel
Deformation single component structure gravel
—— — Maximum shear stress two component structure gravel

40 — — Maximum shear stress single component structure gravel 15 é
© <
= 30 - ~
= — 10 3

- e = ]
£ =
= <
E 10 7 2
o Z
S =7 £
A 0 e e o e e e —— e —— —— —— 0 g

440 445 455 460 465 470 475 480 485 490 495 500 c;*

Temperature, °C

Fig.7. Maximum shear stress (Pa) with account total deformation of the single and two component ash slag gravels at
the temperature 500 ° C: a — single component; b — two-component.
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According to the fig.7 for single component gravel full deformation during thermal heating is less than
for two-component gravel (1.4:10°m and 36-10°m respectively). But at the same time, the maximum shear
stress of single component gravel is much higher than the shear stress of two-component gravel under the same
conditions of thermal action. (0.9-10° Pa u 11.1-10° Pa respectively). This is determined by the physical-
chemical properties of the material, primarily by the coefficient of thermal expansion, which causes a shift due
to the uneven size and density of the particles, leading to splitting during thermal heating. In addition, in two-
component gravel there is thermal contact resistance at the joint of solid phases (4) caused by violations of the
boundaries of the mortar and cement, which reduce the heat flux to the center of the gravel at the mean absolute
temperature of the conditional boundary layer during the phase separation of the cement-ash-slag mixture [20,
217:

. Tabs _ Tczbs
Rashc = Q = ’ (4)
abs 1
Tc = 2732 + E(tamhient + tc)’ (5)
1
T =273.2+ E(t‘”” +t.), (6)

c abs
where R is contact thermal resistance between cement and ash slag layers; T.™ is absolute temperature

abs
of the cement- ambient relative layer, K; Ty is absolute temperature of the cement- ash slag relative layer,

K; Q is heat flux, W/m?; tumpiens Lash, t-are the temperatures ambient, ash-slag mix and cement accordingly, °C.

Such conditions reduce the heat flow rate inwards to the center of the gravel and consequently reduce the
thermal stress state. As a result, stress-deformed state of gravel, according to the theory of maximum shear
stress (theory Tresk) [22], indicate that the strength margin determined by thermal action for single component
gravel is lower than for two-component gravel, that reacts to thermal load with the prediction of less damage
to the failure material. Thus, with less deformation of single-component gravel, its structure has material fault
zones in which the gravels are already breaking down at 465°C.

To confirm the scientific novelty of the studies, model results were compared with experimental data on
the stress-deformed state of single-component gravel. For the research, Ust-Kamenogorsk PC, Karaganda SPC
and ash-slag mixture of CHP - 2 Astana were used. Research was conducted at the Eurasian University named
by L.N. Gumilyov in the development of a fundamentally new ash-slag gravel and were selected in his thesis
for the degree of candidate of technical sciences Atiaksheva A.V. "Research and development of non-kilned
gravel based on the ash-slag mixture, removed by hydraulic means." 05.23.05 "Building materials and
constructions". The thermal stress depends on the modulus of elasticity, the coefficient of thermal expansion
and is a value less than or equal to the time resistance at tensile strength. Table 3 presents the results of
experimental data on time resistance to gravel strain with different diameters.

Table 3. Tensile strength of the ash-slag two-component gravel.
Ne Characteristic Cement

Ust-Kamenogorsk PC Karaganda SPC The investigated two-
component gravel

ravel diameter

5 10 20 40 5 10 20 40 40
1 | Tensile strength, | 3.8 | 3.6 | 3.0 3.6 3.1 3.0 2.6 2.0 2.4
MPa
2 | Young's Modulus, | 1.82 | 1.65 | 1.47 | 1.28 1.67 | 1.43 1.25 1.0 0.6
MPa- 10*

Experimental data confirm simulation studies and scientific novel of the thermal strength of two-
component gravel, its use as a heat protection in the composition of heat-resistant panels or independently in
the temperature range up to 500 °C.
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4. Conclusion

Evaluation of the effectiveness of the non-kilned as-slag gravel structure under thermal impact in
conditions of stationary heating in the temperature range from 22 °C to 500 °C shows on the following results:

1) results of the equivalent stress and stress intensity evaluation during the thermal impact process show,
that the two-component gravel has a greater viability in conditions of stationary thermal action at a temperature
of 500 °C, as it experiences equivalent stress significantly less (0.78-10° Pa in compare of single component
10.9- 10°Pa). The two-component gravel also shows a lower stress intensity value (1.12-10° Pa in compare of
single component stress intensity value 15.58-10° Pa), determining the material’s instability and limit of
fragility at the moment of thermal exposure.

2) results of the total deformation total deformation and shear stress evaluation during the thermal impact
process confirm the assumption of higher thermal stability of gravel two-component structure. Under
conditions of less deformation, the appearance of more shear stress indicates that two-component gravel has a
greater margin of thermal strength in the temperature range from 460°C to 500°C (19.94 -10° m), because its
maximum shear stress (1.14-10% Pa) caused by thermal expansion is at a level below the maximum shear stress
of single component gravel (7.23-10° Pa) taking into account the deformation of single component gravel
having less ( 1.21:10° m) in the same temperature range and under the same thermal conditions.

Consideration of results of the equivalent stress, stress intensity, total deformation and shear stress for a
given size of gravel allows to think that, the two-component structure of ash-slag gravel better accepts the
thermal effect in the temperature range from 22 to 500 C. This makes it possible to use two-component gravel
in the composition of thermal panels, fine thermal blocks and bricks for thermal protection of low-temperature
furnaces and other industrial equipment.
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Abstract. This article examines several aspects of the electrohydraulic drilling method. It presents the results
of an experimental study examining the influence of electrohydraulic drilling modes on the efficiency of breaking
stone. A brief description and diagram of the experimental setup are provided. Quantitative relationships between
the electrical parameters of the optimal mode of electrohydraulic drilling technology for breaking hard soils
samples of varying thicknesses are determined. The experimental data confirm the feasibility of achieving
significantly higher drilling speeds for vertical wells in hard soil compared to traditional methods.

Keywords: electrohydraulic drilling, hydraulic pressure, pulse capacitor, well.
1. Introduction

Traditional methods still form the basis of the drilling industry due to the well-established nature of their
equipment and technological processes [1-4]. Rotary, auger, core, and other drilling technologies remain
effective and reliable under certain studied geological conditions; they are economically viable for drilling
simple wells. New technologies, such as managed pressure drilling (MPD), are successfully used for drilling
complex wells, allowing for consideration of soil rheological properties or changes in borehole geometry [1].
To improve efficiency, alternative methods are proposed, such as centrifugal drilling or combined technologies
with additional automation, which provide more precise drilling and minimize harmful environmental impacts
[2, 3]. Indeed, the current development of the petrochemical, energy, and geothermal industries requires the
implementation of efficient and reliable well drilling methods in a variety of geological conditions. Traditional
mechanical drilling methods encounter challenges when working in hard soil or heterogeneous formations.
High mechanical loads, rapid wear of drilling tools, and significant energy consumption reduce the efficiency
of traditional drilling technologies and increase operating costs.

Analysis of the current state of drilling technologies and the formulation of recommendations in the
context of changing economic and environmental realities necessitates the integration of new technologies and
scientific research to achieve a sustainable future in the energy sector [4]. In recent years, significant progress
has been made in the development of electric pulse and hydropulse drilling technologies for the destruction of
hard soils masses and deep geothermal formations. High-voltage pulsed electrical discharges are capable of
generating powerful shock waves and plasma channels within the material structure, leading to the effective
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propagation of cracks and the destruction of crystalline formations such as granite and basalt. These
technologies ensure selective destruction of rock mass with significantly less mechanical wear compared to
traditional drilling methods and have high potential for application in geothermal energy, mining, processing
industries, and other industries [5-9]. Electrohydraulic drilling is a fundamentally new drilling method that
has not yet been widely adopted in industrial practice; therefore, the study of its potential and practical
application remains a pressing scientific challenge. One of the key advantages of this technology is the ability
to use it in spatially confined environments, such as buildings, basements, and other confined spaces, where
the use of traditional drilling equipment is often difficult due to the significant dimensions and complexity of
classic drilling rigs. In addition, electrohydraulic drilling systems ensure long-term and reliable operation due
to the absence of constant mechanical contact and friction between the system elements. Ease of maintenance
and operation is achieved through the use of an accessible cable as the active element, which functions as a
consumable electrode [10—12].

The electro-hydro-pulse (EHP) method is based on the use of high-voltage pulsed electrical discharges,
the discharge of which in a liquid medium is accompanied by the formation of shock waves, cavitation
phenomena, and high pulsed hydraulic pressures. These physical processes lead to the initiation and
propagation of microcracks, change the properties and structure of solid stone, and lead to their destruction
[13-18]. However, despite the promising characteristics of this technology, its practical implementation in
drilling processes remains limited. One of the main reasons is the insufficient understanding of the optimal
electrophysical parameters required for effective rock fracture. Furthermore, the response of geological
materials to electrohydraulic pulses depends significantly on their physical and structural properties, such as
density, mineral composition, electrical strength, and the presence of internal fracture systems. Therefore,
experimental study of the interaction of high-voltage electrical discharges with various types of hard rock is
essential for improving the efficiency of electrohydraulic drilling technologies.

This paper presents the results of an experimental study of the influence of electrophysical parameters
of the discharge circuit on the efficiency of hard soil fracture during electrohydraulic drilling.

2. Experimental unit and measurement techniques

Compared with traditional drilling methods, electrohydraulic technology provides a more efficient and
rapid destruction of hard soil formations encountered during the drilling of boreholes for the installation of
heat exchangers. This is achieved by generating high-intensity shock waves in a liquid medium [7-9]. The
electrohydraulic effect is the occurrence of a high-voltage electric discharge in a liquid medium. During the
formation of an electric discharge channel in the liquid, a significant amount of energy is released in an
extremely short time. A high-voltage pulse with a steep rise front initiates a number of physical phenomena,
including the formation of ultra-high pulsed hydraulic pressure, electromagnetic radiation in a wide frequency
range, which may include X-ray radiation, and cavitation processes [11-13].

The samples used in the experiments were solid fossilized soil fragments (of the hard soils) collected
from the experimental site in the Karaganda region. Before the experiments, the samples were sorted by size
and, if necessary, subjected to minor mechanical processing to achieve the required thickness. Electrohydraulic
pulse phenomena, which underlie various electro pulse technologies, have been investigated in previous works
by the authors [14]. Experimental studies were carried out using an electrohydraulic pulse setup, the diagram
of which is shown in Fig. 1. From a design point of view, the electrohydraulic pulse system includes several
functional units, including a control panel, a capacitor unit equipped with a protection system, and a pulse
current generator connected to a switchboard.

The capacitor is connected to the positive (+) and negative (—) terminals, which are connected in parallel
with the transformer. The alternating voltage passes through the series resistance of the transformer's primary
winding, generating a high voltage in the secondary winding. This voltage is then rectified by a rectifier, and
the resulting direct current is fed to the capacitor. As a result, the voltage on the capacitor gradually increases
to a certain level, at which point the accumulated energy is transferred through the forming gap (FI) to the
working zone of the electrohydraulic pulse drill (ED), where a high-voltage electrical discharge occurs in the
liquid medium. This process is repeated at a specific frequency determined by the operating parameters of the
electrical circuit. The pulse frequency depends on the transformer output voltage, the capacitor capacitance,
and the distance between the electrodes in the forming gap.

The experiments involved natural stone samples, that is, a material with diverse structures formed from
various natural minerals.
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Fig. 1. Electrical diagram of the electrohydraulic pulse unit:
R — discharge resistor; Tr — high-voltage transformer; V — rectifier; C — pulse capacitor;
FI — forming gap (spark gap); ED — electrohydraulic pulse drilling machine.

There are involved samples of nature hard soils (stones) placed in a circular working cell; which the
geometric parameters were determined by the design of an electrohydraulic drill. The working zone diameter
for the drill's design was 115 mm. The working group height varied depending on the size of the samples being
processed and was approximately 70-80 mm. The samples were placed in a working chamber filled with a
liquid—ordinary process water—in which a production discharge was generated, generating shock waves. The
experimental electrohydraulic drilling circuit is shown in Figure 2.
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Fig. 2. Electrohydraulic drilling scheme:
1 — positive electrode; 2 — working chamber; 3 — hard soil particles.

This study examined hard rock samples from the Karaganda region of the Republic of Kazakhstan, as
siltstone (a hard rock intermediate between clay and sandstone). The hardness of the natural rock samples
subjected to high pressure testing was approximately 5-6 on the Mohs scale [ 13]. But in these experiments, no
special methods were used to determine the structure and hardness of the soil samples. The destruction caused
by the electro-hydro-pulse discharges, as well as the structure and density of the stones, were recorded visually,
based on the actual destruction and crushing of the stones. During laboratory testing, it was necessary to ensure
optimal drilling parameters at which the high pressure at the shock wave front leads to intensive destruction of
the hard soil samples. The experiments were conducted at least three times under identical conditions.
The average measurement error was 7-9%.

3. Results and discussions

Experiments were conducted on hard stone samples with varying structure and composition. The
comparative graphs in Figure 3 (a, b) illustrate the relationship between the number of pulse discharges and
the initial voltage Uy at a constant capacitor bank capacitance for hard stone samples 60 mm (a) and 70 mm
(b) thick. Based on the results of laboratory experiments, it can be concluded that the greatest efficiency in
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breaking natural stone using electric discharges is achieved with the following operating parameters of the
high-voltage pulse generator discharge circuit: U0 =35 kV, C =3 pF, and an interelectrode distance of 12 mm.
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Fig. 3. Comparative graph of the number of shock discharges for different capacitors; thickness of the hard stone
sample: a) 60 mm; b) 70 mm.

It was found that the most effective breaking of hard stone in a borehole occurs with a discharge circuit
voltage in the range of 20-35 kV, a capacitance of 1-3 uF, and an interelectrode distance of 7-12 mm. Under
these conditions, electrohydraulic pulses generate shock waves with sufficient energy to initiate and propagate
cracks in the stone structure. The experiments determined the voltage influence (20-35 kV) discharge circuit
on mineral stones destruction, and number and frequency of spark discharges required for electrohydraulic
drilling at a given thickness of the hard stone soil layer (Figure 4).
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Fig. 4. Effect of discharge voltage on the degree of mineral destruction for different thicknesses of hard soil samples.

Based on the experiments, the range of electrophysical parameters at which intensive destruction of hard
soil, particularly natural stone, begins was determined. The optimal energy required to destroy stone is in the
range of 0.3—0.6 kJ. With an increase in discharge energy to approximately 612 J, complete destruction of the
stone samples is observed (Figure 5). Based on the results, the optimal range of electric discharge energy for
the most effective destruction of natural materials was determined. The depth of hard soil mass destruction
increases proportionally to the number of pulsed discharges, as each discharge generates a pressure pulse that
propagates through the material and intensifies the destruction of the structure and surface of hard soil. As the
discharge intensity increases, so does the generated pressure, which intensifies the destruction process and,
consequently, leads to an increase in drilling depth. The obtained results confirm that the electrohydraulic
effect provides an effective mechanism for the direct conversion of electrical energy into mechanical energy
by generating high-energy shock waves and cavitation processes in a liquid medium. A comparison with
traditional mechanical drilling technologies shows that the electrohydraulic method offers a number of
significant technological advantages. In particular, the absence of constant mechanical contact between the
drilling tool and the hard soil mass significantly reduces mechanical wear of the equipment and increases the
operational reliability of the system.
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Furthermore, electrohydraulic drilling rigs are characterized by a relatively simple design and compact
dimensions, allowing their use in space-constrained environments where the use of traditional drilling
equipment is difficult or impossible.

4. Conclusion

Based on the experimental studies, optimal electrophysical parameters were determined to initiate
intensive destruction of hard soil using electrohydraulic pressure pulses. Test experiments demonstrated that
hard soil sample destruction efficiency depends significantly on the electrical characteristics of the discharge
circuit, including the initial voltage, the capacitance of the pulse capacitor, and the distance between the
electrodes. The highest efficiency of hard soil destruction in the experiments was achieved with parameters of
the order of U0 =35 kV, C =3 pF, and an interelectrode distance of 12 mm, which ensures the generation of
powerful shock waves.

Electrohydraulic drilling technology provides high destruction efficiency, reduces specific energy
consumption, minimizes wear on drilling tools, and enables efficient operation in hard, heterogeneous soils.
Unlike traditional mechanical drilling methods, electrohydraulic technology ensures more efficient destruction
of hard soils by converting electrical energy into shock wave energy, which reduces mechanical wear on
equipment and lowers specific energy consumption. The novelty of this study lies in establishing the optimal
parameters for electrohydraulic pulse action and identifying patterns of fracture in hard soils. The practical
significance of these results lies in the potential application of this technology for shallow well drilling for
ground heat exchangers in complex geological conditions, including hard soils. The presented experimental
data can serve as a basis for further optimization of electrohydraulic drilling systems in future.
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Abstract. This article presents the results of applying a turbulent stress model to the simulation of high-
viscosity viscoelastic fluid flow in a pipe. The model is used to numerically determine averaged velocity and stress
fields within the Navier—Stokes equations. The proposed model takes into account the influence of the Sisko fluid
rheology on turbulent momentum transfer, providing a physically sound description of the interaction between
turbulence and non-Newtonian effects. Calculations for a Newtonian fluid are performed as a baseline for
evaluating the effectiveness of the proposed approach. It is shown that for Sisko fluid, the averaged velocity profile
in universal coordinates is systematically shifted upward compared to the Newtonian case, indicating weakening of
turbulent momentum transfer and a decrease in hydrodynamic drag. It is established that the level of axial velocity
Sfluctuations exceeds the Newtonian value, while radial fluctuations are lower, indicating pronounced anisotropy of
turbulent stresses. The viscoelastic properties of the fluid lead to a reduction in turbulent friction due to the
suppression of small-scale vortex structures and, as a consequence, to a reduction in the hydraulic resistance of the

pipe.
Keywords: highly viscous elastic fluid, Sisco rheological model, turbulent stresses, non-Newtonian effects.
1. Introduction

The phenomenon of drag reduction (DR), present in turbulent viscoelastic flows, has been studied for
decades [1-7]. It is well known that the addition of polymer particles to a Newtonian fluid in turbulent flow
can achieve a reduction in transfer energy of up to 80% by reducing turbulent friction [1-9]. Another effect is
the reduction in heat transfer. Both phenomena provide significant benefits in terms of energy savings for
transporting fluids over long distances, and for this reason, researchers are focusing their efforts on its use in
engineering systems. Since the discovery of the drag reduction phenomenon, numerous studies have been
conducted to understand the origin of drag reduction in turbulent flows, and several theories have been
proposed to describe this complex mechanism, but a definitive consensus has not been reached.

The two preferred theories are Lumley's theory [3, 4], known as the viscous idea, and Tabor and De
Gennes's theory [8], known as the elastic explanation. Lumley suggests that the phenomenon of drag reduction
(DR) is a consequence of an increase in effective viscosity in the region beyond the viscous sublayer and in
the buffer layer, caused by polymer stretching in turbulent flow. He also suggests that the onset of drag
reduction occurs when the polymer time scale exceeds the flow time scale. Another suggestion by Tabor and
De Gennes is that the elastic energy stored in the polymer becomes equivalent to the turbulent kinetic energy
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in the buffer layer, suppressing normal energy transfer and thickening the buffer layer where the viscoelastic
length scale is greater than the Kolmogorov length scale.

It is known that DR is associated with an increase in the effective elongation viscosity of a dilute polymer
solution, which leads to a decrease in vortex dynamic activity, according to Lumley's theory [3, 4]. Later, Lvov
et al. [10] quantitatively described the viscous scenario, showing that the additional effective viscosity
increases linearly with distance from the wall in the buffer layer. They also proposed direct numerical
simulations (DNS) of Newtonian turbulent flows, including artificial viscosity, to validate their theory [11].
This was followed by De Angelis et al. [11], who obtained the same drag reduction properties as the equivalent
viscoelastic simulation [12].

However, the DNS results between the two scenarios showed some inconsistencies when considering the
high and maximum drag reduction regimes. Recently, Dallas et al. [13] demonstrated that high drag reduction
can be achieved without a complete helix-to-stretch transition of polymer molecules, which is contrary to
viscous theories. This supports the explanation of Mina et al. [14], in which polymers in the near-wall region
extract energy from the flow due to mean-shear-induced unwinding and release some of the stored elastic
energy back into the flow by compressing as they move away from the wall.

Although DNS is a powerful tool, it is not applicable to most engineering applications involving
turbulent viscoelastic flows. It is significantly more computationally intensive and memory-intensive due to
the larger number of primary variables. An alternative approach is to use Reynolds-averaged Navier—Stokes
(RANS) models, which are less computationally intensive. Therefore, they have gained increased interest in
recent decades. Engineering calculations require turbulence models that accurately describe the
average fields and large-scale pulsations of swirling currents. The work of Horvath and Dressel
(2012) presents the results of numerical simulation of RANS for a generalized configuration - a single
subchannel with lateral periodicity. The authors tested vortex viscosity models and stress transfer
models using standard wall functions. The first attempt to incorporate the elastic effect into turbulence
models was undertaken by Pinho [15] and Cruz et al. [16].

They developed a (k-g¢)-model of low-Reynolds-number turbulence using the generalized Newtonian
fluid (GNF) equation of state. They also developed an anisotropic version that incorporates enhanced Reynolds
stress anisotropy (Resende et al., [17]), which is capable of satisfactorily predicting drag reduction. This
model is designed to describe the viscoelastic effects responsible for the Toms effect (reduction of
hydrodynamic resistance) during turbulent flow in pipelines. Modification of the Launder—Sharma
(k—€) model by taking into account the rheology of viscoelastic media and using the Cruz — Pinho
damping function made it possible to adapt it to calculate dilute non-Newtonian solutions. In this
case, the viscoelastic properties are described using a modified generalized Newtonian fluid model
(GNF). The authors [16-17] performed a direct numerical simulation corresponding to a statistically
converging turbulent fluid flow in the GN channel with a low Reynolds number of friction.

The variable viscosity is taken into account using the Carro model, while the data for the
Newtonian case are compared with the results of modeling media exhibiting dilatance and
pseudoplasticity properties. The study confirms that variable viscosity affects the internal structure
of the flow, where shear thinning dampens wall vortices and banded structures. This inhibits the
development of turbulence and leads to the effect of reducing drag.

The main changes in the flow structure include an increase in the longitudinal and suppression of the
transverse turbulence intensity, as well as a decrease in the Reynolds shear stresses. In addition, the energy
exchange between the components of the stress tensor slows down through the correlation of pressure and
velocity, which leads to an increase in the anisotropy of turbulence on small and large scales. In the center of
the channel, shear liquefaction enhances the manifestation of specific turbulent structures, which are usually
observed at low Reynolds numbers.

In this paper, the RSM model is used to describe the anisotropy of the pulsating velocity components and
the reduction of the Reynolds stress.
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2. Model mass transfer
2.1 Basic equations

The equations governing the flow are presented in vector symbols, although they are solved for
axisymmetric flow in cylindrical coordinates. The system of stationary axisymmetric RANS equations of
continuity, momentum in the axial and radial directions of a turbulent incompressible generalized Newtonian
fluid has the form [18-20]:

V-(pU)=0 (1)

V- (pUU) = =VP + V- (2epsS) + V- (—p(u'u')) + V- (20l S7) 2)

Here p, uery expressions of density, effective molecular viscosity of a fluid, respectively. U= (ux, ur)
expresses the velocity vector with components (1, = U, u, = V) fluids in axial (x) and radial (r) coordinates,
respectively; P express pressure; — p<u/ u > express the Reynolds friction stresses. Expression V - <2 ,uéf-fS/>

in equation (2) is found according to the representation [18,20]. Turbulent Reynolds stresses —p<u/ u’ > =

- p<uiu j> were found according to the Boussinesq hypothesis [21]. Turbulent viscosity ur is determined by
using the RSM turbulent stress model [22, 23].

2.2 The RSM Turbulence model

The elliptical relaxation model of turbulent stresses RSM [22] takes into account the anisotropy of
complex turbulent flows and is computationally more complex than the known (k-¢) - turbulence model. The
RSM model shows better results than (k-&) isotropic turbulence model. The Reynolds stress components are
derived from a system of partial differential equations, and the system of governing equations of the second
moment closure model [23] is given below:

6 ( /o a C zTT /o a /o
P pU<uzu>)=p P+ i‘_gi‘ +_|:pveﬁ"é‘lm+pll—<ulum> _<ulu>
axj J J ( y y y ) axl Gk axm J
0 1 ~ 0 CT. ) /\|0e
—|(pU.e)|=—|(C_P-C e|+—| pv,, O, + ”—<uu>—
axj (p j ) TT ( &l &2 ) aXI |:p eff “lm p O'g 1 %m aX_m
x-LViyg=1. (3)
Here, P; and P= 0.513,(,( are intensity of the energy transfer from the average velocity to the fluctuating
3/2 pi
motion (stress production terms), ¢ is redistribution term [23], L, =max [? , C77 Wj and

k 1% . AN o
1, = max [—, C,,|— | are turbulent time and length macroscales, where 2k = <ul.ul.> is the turbulent kinetic
& g

energy, &;is viscous dissipation rate tensor of turbulent stresses, & =0.5&,, , and y is a blending coefficient,

and it changes from zero at the wall to unity far from the wall [23]. The constants and model functions of the
system of equations (3) are given in [23]. The effect of the rate of dissipation of the turbulent kinetic energy is
ignored in this model. This term can dominate over the mean flow viscous dissipation in a developing turbulent
flow. The NF at the inlet is fully developed and this effect can be neglected.



96 Eurasian Physical Technical Journal, 2026, Vol.23, No.1(55) Engineering

2.3 Boundary conditions

The flow diagram is shown in Fig. 1.

1. 10R .
| >
U /4
/
Ay I
| X
7}::::"""""‘) l % 0_
Y
\
\
Wall N

Fig.1. Computational domain for flow in a pipe.

On the wall surface, the conditions of no slip for the velocity are specified [23]:

r:R;UZVzul._uj:O;S:ZVW%;X:O 4)

Symmetry conditions for all variables are specified on the pipe axis.

ouu.
r=0, Y _y o, MM 02 _ox_, (5)
or or or or

At the inlet section (x = 0), distributions of all variables across the pipe cross-section are specified,
corresponding to developed turbulent flow in the pipe. At the outlet edge (x = L), soft boundary conditions are
specified for all variables. Numerical modeling of the system of equations (1)-(3) under boundary conditions
(4), (5) is presented in [21, 24].

3. Discussion of calculated data

An isothermal turbulent flow of a 0.2% XG xanthan gum solution in a pipe with an internal diameter (ID)
D=2R =0.15 m and a length L. = 3 m is considered. The average mass velocity of the liquid flow at the inlet
of the pipe was U1 = 4,0 m/s. Fluid flow density at the inlet section p; = 998 kg/m®.

The Reynolds number of the flow, determined from the flow parameters at the inlet, Re = U1 Di/vim =
8300. The axial velocity profile at the pipe inlet corresponds to a developed flow, and other characteristics of
a turbulent flow correspond to this. The Sisco model for a viscoelastic fluid (shear-thinning fluid) [25] viscosity
is determined by the formula for 0.2% XG:

-1
Hefr = Hyer (A7) + i (6)
In equation (6) urs and As — viscosity and time constant in the Sisco model, uo— shear viscosity in the
. . oU. U, .
Sisco model, y =,/25,S; =S — shear rate tensor (Table 1), S, =0.5| —+ — strain rate tensor.
ox;,  0x
Table 1. Properties of viscoelastic fluid according to [24].
Uret, Pas As, 8 o, Pa's n

58.1 1900 0.0016 0.34
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Here u. = /7y / p — friction speed, V' =yu./ Vi » ¥ = R — r — distance from the pipe wall along the

normal, 77 — shear stress, v and p — kinematic viscosity determined from the parameters on the wall and the
density of the medium.

Figure 2, a shows the averaged axial velocity profiles in universal coordinates for a Newtonian fluid (NF)
and a non-Newtonian, viscoelastic fluid (NNF). The standard logarithmic law-of-the-wall profile of turbulent
flow in a pipe at high Reynolds numbers (Re) for the Newtonian fluid is also plotted. At Reynolds number Re
= 8300, the averaged axial velocity profile for the Newtonian fluid in the laminar sublayer has the same law-
of-the-wall distribution.

——NF
-~~~ NNF-STF

1 10 100 1 10 100
y

a) b)

Fig.2. Averaged axial velocity profiles U " =U/u. (a), kinetic energy of turbulence k' =k/ uf (b) in universal

coordinates.

In the core of the current y* = yu, / vy > 50 the average axial velocity (NF) profile lies above the linear

logarithmic profile, which corresponds to the laws of turbulent flow in a pipe at low Re numbers. The averaged
axial velocity profile for a non-Newtonian viscoelastic fluid (NNF) lies even higher than the profile of a
Newtonian fluid (NF) in the turbulent core of the flow (see Fig. 2, a). This is explained by the fact that vortices
in the viscoelastic fluid accelerate the flow, causing the profile to stretch in the core of the flow.

The distribution of turbulent kinetic energy of a viscoelastic fluid shows an increase in the value in the
buffer zone of the flow compared to the distribution of a Newtonian fluid (see Fig. 2,b). As can be seen from

Fig. 2,b, the maximum value of turbulent kinetic energy is reached at a value of y* = yu, / Vi =20. Turbulent

kinetic energy in both Newtonian and viscoelastic fluids reaches its maximum value in the buffer zone (see
Fig. 2, b).

Figure 3 shows the profiles axial #* =u /u, (a) and radial vi=v/u, (b fluctuations and Reynolds
stresses <uv>+ =<u'v'>/ u; (c) in universal coordinates. The turbulent stress model (RSM) describes the
anisotropic property of turbulent flow in a pipe. As can be seen from Figure 3, the profiles axial u™ =u /u,
(a) and radial v* =v /u, (b) fluctuations have different distribution patterns. If the axial fluctuation profile
u” =u /u, reaches its maximum value at y* = yu. / Vi < 20, then, as radial fluctuation profile vi=v/u,
reaches its maximum value at y" = yu, / Vi <80, i.e. at a significantly greater distance from the pipe wall

(see Fig. 3). It should be noted that the maximum value of the axial fluctuation profile ™~ =u /u, viscoelastic
fluid is greater than Newtonian fluid (see Fig. 3, a). Then, as the maximum value of the radial fluctuation
profile v* =v /u, less than Newtonian fluid (see Fig. 3, b).
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Fig.3. Axial u'=ulu, (a) and radial vi=v'/ U, (b) profiles fluctuations and Reynolds stress <uv>+ = <u 'v '> fuz

(c) in universal coordinates.

Varied distribution of profiles axial " =u /u, and radial v* =v /u, fluctuation leads to the form of
Reynolds stress <uv>+ = <u'v'>/ u; in universal coordinates (see Fig. 3,c). Reynolds stress distribution
<uv>+ = <u'v'>/ u;  viscoelastic fluid (dashed line) passes below the Reynolds stress distribution
<uv>+ = <u'v'>/ u; Newtonian fluid (see Fig. 3, ¢). Turbulent flow friction determined by the Reynolds stress

+ 2 L . . .
<uv> = <u 'v'> /u;, , decreases in viscoelastic fluid compared to a Newtonian one.

Thus, the viscoelastic property of the fluid causes a decrease in turbulent friction and hydraulic resistance
of the flow.

4. Conclusion

The paper demonstrates that the use of a turbulent stress model allows one to accurately describe the
turbulent flow characteristics of a non-Newtonian viscoelastic fluid in a pipe without directly resolving all
turbulence scales. A comparison with the Newtonian case allowed us to quantify the contribution of non-
Newtonian effects due to the rheology of Sisko fluid to the formation of velocity and turbulent stress profiles.
It was found that the averaged velocity profile in universal wall-layer coordinates for Sisko fluid lies above
the corresponding profile for a Newtonian fluid, which is due to a decrease in effective viscosity with
increasing shear rate. It was shown that the turbulent kinetic energy profile for Sisko fluid is more elongated
compared to the Newtonian case, indicating weakening of local turbulent energy dissipation. Significant
differences between the axial and radial fluctuation velocity profiles indicate pronounced anisotropy of
turbulent stresses and confirm the model's ability to adequately reproduce this flow property. The obtained
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effect of reducing hydrodynamic resistance confirms the correctness of taking into account the viscoelastic
properties of the fluid in the proposed model of turbulent stresses.
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Abstract. Increased energy efficiency in the extraction and transportation of highly viscous oil is achieved by
reducing its viscosity through heating. Numerical modeling is a powerful tool for developing and analyzing methods
to improve heat transfer efficiency and optimize the design of heat exchange devices in the oil and gas industry. To
solve this problem, the study uses Reynolds-averaged Navier-Stokes equations supplemented with turbulence models
(k—¢, k—w SST, and Transition SST) capable of accounting for the transition from laminar flow to turbulent flow
with variable viscosity. The results of calculations of smooth and spiral pipes are compared, as well as an assessment
of the reliability and performance of turbulence models used to simulate the operation of heat exchangers with direct
and reverse heat flow. The dependences of the numbers Nu and Re of the oil flow in a washed by water pipe for all
three turbulence models are shown in comparison with the corresponding experimental result, indicating the
qualitative agreement of the numerical calculation results with the experiment. The results of the comparative
analysis showed that the kw SST model most effectively describes the flow movement in the inter-tube space. The
Computational Fluid Dynamics calculation data obtained is of practical importance for the design and optimization
of heat exchanger structures.

Keywords: heat exchanger, heat exchange, turbulence, modeling, intensification, helicoid tube, oil, hydrodynamics,
laminar-turbulent transition, viscosity

1. Introduction

The efficiency of high-speed heat exchangers is achieved due to the intensification of heat exchange,
which is provided by swirling the coolant flows. This vortex movement radically changes the hydrodynamics
of currents: it increases their kinetic energy, causes severe turbulence and intense mixing of layers, which
together significantly improves heat transfer performance. In addition, the vortex motion reduces the hydraulic
resistance of the device and promotes self-cleaning of heating surfaces from hardened deposits. The twisting
of the medium in the intertubular space is provided by the spiral seams of the housing, which, in addition to
their main function, also act as stiffeners. This method of reinforcing the structure is innovative, since
traditionally, the thickness of their walls is increased to increase the strength of heat exchangers.

In [1, 2] modeling and calculation of the hydrodynamics of heat carriers (water, oil) flowing through
smooth pipes were carried out. In these works, empirical formulas were used for heat transfer from [3]. The
information gathered during numerical modeling is used to determine the best approaches for heat transfer
intensification [4, 5]. Research indicates that the viscosity of oil has less of an impact on the pipeline's hydraulic
properties when it is transported in highly turbulent conditions.
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The curvature of the pipe has a significant effect on heat transfer and flow hydrodynamics [6]. In [7], the
characteristics of a helicoid tube's movement and heat exchange in heat exchangers of various shapes with
straight-tube heat exchangers under different operating conditions were compared. A wide range of studies on
increasing the heat transfer rate and reducing the size and cost of shell-and-tube heat exchangers is presented
in [8]. Artificial roughness using a corrugated surface improves heat transfer characteristics by destroying and
destabilizing the thermal boundary layer.

The coefficient of convective heat transfer in both helicoid and direct tubular heat exchangers under
turbulent flow conditions was experimentally determined in [9]. The overall heat transfer coefficient in helicoid
heat exchangers is much higher than in straight tube heat exchangers. Helical fins provide higher heat transfer
speeds and efficiency than straight pipes due to the development of secondary flow inside the helicoid tube
[10]. In [11], an analysis of a spiral-wound heat exchanger was carried out taking into account various
boundary conditions. Setting the boundary conditions of constant temperature or constant heat flow for a real
heat exchanger does not lead to agreement between the calculated and experimental data. To improve the
accuracy of calculations, it is necessary to take into account the coupled heat transfer. Studies of the
characteristics of a spiral tubular heat exchanger with different inner tube geometries have been devoted to
[12, 13]. [14] presents a numerical study of the characteristics of heat transfer and pressure losses in a vortex
cooling pipe with five tangential inlet nozzles and recesses on the inner surface of the pipe. The recesses on
the inner surface of the pipe lead to an intensification of heat transfer (the heat transfer coefficient increases
by 7.2%) due to the increased heat transfer area and the interaction between the swirling flow and the wall
with recesses. A numerical study of heat transfer and entropy generation during laminar flow in screw tubes
of various cross-sections is considered in [15].

By facilitating and sealing the tube bundle in support elements made of polymer materials, the maximum
possible heat exchange surface is achieved in high-speed heat exchangers [16, 17]. The dynamics of fluid flow
in the inter-tube space of heat exchangers is characterized by a high degree of complexity and is influenced by
many factors. Heating of oil and petroleum products is a widely used method to reduce energy losses during
their transportation [18]. Numerical modeling of heat exchange processes in heat exchange devices with
various designs is presented in [19]. The results of the conducted studies indicate a decrease in the influence
of the viscosity of the pumped oil on the hydraulic characteristics of the pipeline system under developed flow
turbulence conditions. The movement of liquid in the inter-tube space of heat exchangers is highly complex
and is due to a number of factors. Heating of oil and petroleum products is actively used to minimize energy
losses during their transportation [18]. Numerical modeling of heat exchange processes in apparatuses of
different configurations is considered in the source [19]. The data obtained indicate that with the developed
turbulence of the flow, the influence of the viscosity of the transported oil on the hydraulic parameters of the
pipeline is significantly weakened. A comparative analysis of the accuracy of various turbulence models used
to solve the Reynolds equations, the dynamics of heat and mass transfer processes is the object of research in
the works [20-26]. In computational practice the three turbulent models are typically employed. A sufficient
agreement between the outcomes of numerical modeling and the data collected during industrial tests can be
achieved through calculations carried out utilizing these models [2].

The present study presents the results of numerical modeling analyzing the flow and heat transfer in
helicoid-shaped pipes. These data are compared with similar indicators for smooth pipes. During the
calculations, parameters such as the degree of pipe twist, flow rate, and initial oil temperature were varied.
Special attention is paid to how the geometry of a spiral tube affects hydrodynamics and heat transfer, in
particular, flow turbulence and its role in increasing heat transfer efficiency. Various approaches have been
used to model turbulence, including the k—e, k~w SST, and Transition SS7 models (which take into account the
laminar-turbulent transition). Comparing the results of these models with data from physical experiments and
semi-empirical calculations allows us to determine the most suitable turbulence model for designing direct-
flow and countercurrent heat exchangers.

2. Model and calculation method

Method of modeling and computation The Navier-Stokes equations modified by Reynolds (RANS) are
used for numerical simulation of hydrodynamics and thermal transfer of an incompressible fluid with changing
viscosity. The three turbulence models, which takes the luminaire-turbulent transition into account, are used
to close the Reynolds equations.
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2.1. Basic equations
The equations describing the flow have the following form:
- the equation of continuity

dY;
_J_ 0;
an
- the momentum equation
99; 16p+ 0 w4 )6ﬁl
jaxj - pox; 0x; VI a

- the energy equation
196T_6 <v+vt)6T
jaxj ~ 0x; [\Pr " Pr./ox;|

In this equation, p stands for density, ¥; for velocity components in the direction of coordinates x;, p for
pressure, T for temperature, v for the liquid's kinematic viscosity, v, for turbulent viscosity, and Pr, Pr; for
the Prandtl number for laminar and turbulent flow regimes. The subsequent equations, which pertain to the
turbulence models, are sourced from [26]. For the turbulence model k¢, the dissipation of the turbulent energy
€ and the cinematic energy of the turbulence k are determined using the following set of equations:

0
a—(pk =—[( + )—]+Gk+6b pe — Yy + Sk

0 g2
a_xi(pg Z—[( + )_]+Clsk(Gk+C3sGb) Cz.spk+5

Here ¥; is the component of velocity in the corresponding direction, ¢ is the dynamic viscosity, y; is the
turbulent viscosity, Yy, is the total dissipation velocity, Gy, Gy, C1¢, Co are constants, Si, S, are user—defined
initial terms.

k2
=pC,—.
He = pLy c

Additional transfer equations for the k—o SST model have the form

aRegt 6 aRth
ﬁfa—xj = Pgr + ox; [Uet(v +ve) ox; ;

ay ay |.

635 = B~ &, +—[( )a—]

Here Py, is a derivative of the Reynolds number in terms of the thickness of the pulse loss; P, and E,, are
the conditions for the formation and dissipation of intermittency; og, and o, are the constants of the model,

y is the intermittency parameter.
The traffic sources are defined as follows:

Pyl - Flengthcalp's[ onset] 3 (1 - Cely)

where § is the strain rate magnitude; Fiep g is an empirical relation that controls the length of the transition
area; Fopgeq 18 the location of the beginning of the transition, ¢4, €1, € 3 are the constants for the intermittency
equation.

The source of destruction/relamination is defined as follows:

Ey = Ca2PY Fryrp (Ce2y — 1)

where (2 is the amount of vorticity, c,5, Coo are constants for the intermittency equation, Fr,,;, the function
that determines the fracture coefficient outside the laminar boundary layer.
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For the Transition SST model, instead of the second equation of the above system, the equation is written

9Py _ a
axj - yl_Ey1+Py2 _Eyz +8_xj[('u+

Hey Oy
oy’ 0x;j]

The definitions for P,4, Py, representing sources of transition, and E,q, E,, representing sources of
destruction or relamination, are provided below

Pyl = CalFlengthpS[VFonset]Cy3; Pyz = Ca2PyFrurp
Eyl = Celpylya Eyz = CeZPyzy

2.2. Dependence of viscosity on temperature

Unacceptable strains on the pipe walls, "solidification" of the oil, and a halt to pumping can result from a
rise in viscosity and the appearance of non-Newtonian qualities with a drop in the temperature of oil pumping.
The Walter formula is used in the oil business to determine temperature-dependent kinematic viscosity [3].

lgllg(v; + ©)] = a + blgT

where a, b and c are the empirical coefficients characterizing the oil under study, which are located at three
experimental points. In this case, for the possibility of applying the Walter formula based on two experimental
points, ¢ = 0.8 is often assumed.

The coefficients a and b in the above formula are from the relations

a = lg[lg(v, + 0.8)] — blgT

_ lg[lg (v; + 0.8)] — Ig[lg (v, + 0.8)]

b 1gT; —1gT,

Here v; and v, are the values of the kinematic viscosity of the liquid at temperatures T; and T,.

2.3. Computational procedure

The values obtained using the logarithmic average temperature pressure method are compared with the
results obtained using numerical methods of hydrodynamics. The conditions of stationary and axisymmetric
flow are accepted. In calculations, oil is assumed to be a Newtonian liquid with constant density and varying
thermophysical parameters. The modeling and calculations were done using the Ansys Fluent program. This
is supported, by the consistency and dependability of the flow, which considers mathematical models of
physical processes, the discretization of space in CFD, which splits continuous real space and the
computational domain into a discrete set of cells that are constant fields and medium properties.

The finite volume method, which enables working with grids of different complexity (unstructured), and
the SIMPLE algorithm, which is intended for pressure correction, are the two primary techniques used to
discretize the equations. Viscous fluxes are calculated using a centered second-order scheme, whereas inviscid
flux components are calculated using the MUSCL scheme. By linking centered second-order finite differences
with a dissipative term, the MUSCL scheme, which was founded on conservation principles, ensures the
monotonicity of the solution and enhances its spatial accuracy. A flow limiter based on characteristic variables
is used to accomplish the alternation between these elements. The resulting system of discrete equations is
solved using an effective geometric multigrid approach.

2.4. Coefficients of friction and heat transfer
For the laminar flow regime at Reynolds numbers up to 2320, the coefficient of friction A was determined
by the Poiseuille formula.
1= 64
" Re’
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Since both laminar and turbulent regimes are possible in the Reynolds number range of 2320 to 4000, no
comparison was done in this range. There are no well recognized analytical calculation formulas in the
literature, and the experimental points vary significantly. Within the Blasius formula was used to calculate a
turbulent flow regime with Reynolds values ranging from 4x10° to 10°.

0.31644
~ TRe025

The Nusselt number is determined by a semi-empirical formula

Nu = 0.023 Re®8 pro43,
3. Geometry of the tube and heat exchanger

When considering a heat exchanger with a continuously varying temperature of the heat carriers, direct-
flow and counter-flow devices are distinguished (Fig.1). Cold oil passes through the central pipe, and the
surrounding outer pipe is filled with hot water. The heat exchange process is carried out in such a way that oil
moves inside the system through a narrow channel, and a stream of hot water flows around it from the outside,
providing the necessary temperature regime. The external surface of the heat exchanger is thermally insulated.
In a direct-flow type heat exchanger, hot and cold heat carriers flow in the same direction parallel to each other.
In a countercurrent type heat exchanger, two heat carriers flow parallel to each other, but in the opposite
direction.

Thermal insulatio
oil

e
water

15

water water

water

a) b)
Fig. 1. Schemes of direct-flow (a) and counter-flow (b) types of heat exchange devices.

Figure 6 shows the dependences of the Nu number on the Reynolds number (Re) for the cases of smooth
and helicode tubes. It can be seen from the figure that for Re numbers up to 2.0x10%, the heat transfer intensity
is higher in the case of a smooth tube than for a helicoid tube. And at values of the Re number above 2.0x10%,
the heat transfer intensity is higher for the helicoid tube. This can be explained by the fact that with this
Reynolds number, a laminar-turbulent transition occurs in the flow and it is pronounced precisely in the case
of a helicoid tube. The inner diameter of the cold coolant pipe is 12 mm, the outer diameter is 14 mm. The
diameter of the pipe through which the hot coolant passes is 20 mm. The temperatures of the heat carriers at
the inlet are: cold — 303 K, hot — 423 K. The mass flow rates both of the heat carriers are 0,3814 kg/s and
0,6386 kg/s, respectively, at an inlet flow rate of 4 m/s in each case.

Applying the method of variable viscosity for a cold coolant and offering an improved geometry of the
inner tube, in order to comprehensively apply various turbulence models in direct-flow and countercurrent
devices, as well as in heat exchangers with a helicoid surface, heat transfer and flow dynamics of coolants are
studied taking into account the laminar-turbulent transition. The inner tube of the heat exchanger with a smooth
surface is shown in Fig.2a, and a helicoid tube with coils and a design grid is shown in Fig.2b. The number of
coils on the surface of the tube is determined by the number of twists N, which in calculations take values from
5 to 40 with an interval of 5 twists.

As part of this task, it is assumed that oil fields are located at a depth of 0.9 to 2.4 km. The density of oil
is 844-874 kg/m3, viscosity is 3.4—8.15 MPa-s, sulfur content is 0.16—2%, paraffins are 16-22%, resins are 8-
20%. These parameters correspond to the characteristics of the Uzen oil and gas field located in Kazakhstan.
These parameters make it possible to accept Uzen oil in the form of a Newtonian fluid [26]. Velocity and
temperature profiles corresponding to laminar flow in a circular tube are set as boundary conditions in the inlet
section. On the walls of the pipe, sticking conditions are used for speed. In the outlet section of the pipe, mild
boundary conditions are applied (zero gradients of the desired functions). Boundary conditions of the second
kind are used as boundary conditions for surface temperature.
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a) b)
Fig. 2. View of smooth (a) and helicoid (b) design tubes.

The calculated grid contains 705,795 nodes and 657,696 elements. When y* is the dimensionless wall
coordinate, the mesh cells are compressed close to the pipe walls so that y'<2. The following initial parameters
of the problem were also used for calculation: the radius of the unicode pipe is R=0.006 m, the radius of the
groove is r=0.001 m, the flow velocity 9 =4 m/s, the temperature at the pipe inlet T=303 K, the heat transfer
coefficient a=16685 W/(m?-K). The associated problem of heat exchange and hydrodynamics is solved for
the heat exchanger. Boundary conditions of the 3rd kind are used on the walls of pipes. The temperature
profiles of water and oil (cold and hot coolants) along the heat exchanger's length were produced using the
widely recognized average-logarithmic temperature difference (LMTD) approach, as shown in [26], in order
to validate the computation findings.

4. Discussion of the modeling results of flow in the helicoid tube

Based on the calculation results, distributions of hydrodynamic and thermal parameters for smooth and
helicoid pipes are obtained. Figure 3a shows a graph of the dependence of the average mass temperature of oil
at the outlet of a pipe with a length of 1 m on the number of coils. With an increase in the number of swirls,
the oil outlet temperature increases, i.e., heat exchange between the heat carriers intensifies. With a tube length
of 1 m, the maximum change in oil outlet temperature is approximately 3 degrees. Data analysis in Fig. 3b
demonstrates that the heat flow through the surface of the pipe in contact with the washing liquid increases in
proportion to the number of twists. This indicates that a larger number of twists contributes to increased heat
transfer.

Q,w
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3200 |-
317 |
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2800 |
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315 1 1 1
0 10 20 30 40
2200 L
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a) b)

Fig. 3. Dependence of the average mass temperature of oil at the outlet of the pipe (a) and heat flow (b) on the
number of twists with a pipe length of 1 m.

The observed increase in the average oil temperature at the pipe's output (Fig. 3a) and a rise in heat flow
with an increase in the number of twists in the pipe are due to the turbulence of the flow caused by the twisting
process itself. The turbulence of the flow enhances the diffusion of liquid particles and, as a result, the
intensification of heat exchange between them. The efficiency of this process is directly proportional to the
number of twists in the pipe. In further calculations of oil parameters for smooth and helicoid surfaces, the
pipe length was assumed to be 4 m, and the number of coils was 40. The data for a smooth pipe are taken from



Eurasian Physical Technical Journal, 2026, Vol.23, No.1(55) ISSN 1811-1165; e-ISSN 2413 - 2179 107

previous studies [26]. For a helicoid tube, heat exchange occurs more intensively, which is associated with an
increase in the surface area of the heat exchange (in the presence of coils), and there is also an increase in heat
exchange due to the diffusion process.

Figure 4 shows the dependence of the overpressure along the entire length of the tube. In the case of a
helicoid pipe (line 2), a more drastic pressure drop is observed than in the case of a pipe with smooth walls.
Additional flow resistance in the helicoid tube is associated with the development of vortex structures and
increased friction caused by a violation of the linearity of the flow. Such effects are a consequence of the
curved geometry and are accompanied by an increase in hydraulic losses. The coefficient of friction along the
pipe was illustrated in Figure 5. It can be seen that the helicoid tube (line 2) exhibits a higher average coefficient
of friction than the smooth tube (line 1). The flow and heat exchange in a pipe with spiral grooves are
characterized by a number of distinctive features compared to smooth pipes. The presence of spiral grooves
on the inner surface of the pipe induces a swirling flow movement, which leads to the formation of stable

secondary vortex structures.
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Fig. 4. Changes in oil overpressure along the length of a
pipe with a smooth (line 1) and a helicoid (line 2)
surface.

X, m
Fig 5. Changes in the coefficient of friction of oil along
the length of a pipe with a smooth (line 1) and a helicoid
(line 2) surface.

These vortices disrupt the laminar flow structure and contribute to a more uniform temperature
distribution across the pipe section. An increase in the level of turbulence is already observed at relatively
small values of the Reynolds number, which provides an increase in the intensity of heat transfer between the
pipe surface and the moving medium. The grooves create the effect of pseudo-vortex mixtures, enhancing heat
transfer and destroying the thermal boundary layer. The flow and heat exchange in a pipe with spiral grooves
are characterized by a number of distinctive features compared to smooth pipes. The presence of spiral grooves
on the inner surface of the pipe induces a swirling flow movement, which leads to the formation of stable
secondary vortex structures. These vortices disrupt the laminar flow structure and contribute to a more uniform
temperature distribution across the pipe section. As a result, turbulence increases significantly, even at
relatively low values of the Reynolds number, which contributes to the intensification of heat exchange
between the pipe wall and the flowing medium. The grooves create the effect of pseudo-vortex mixtures,
enhancing heat transfer and destroying the thermal boundary layer. However, along with the increase in heat
transfer, there is an increase in hydraulic resistance due to increased friction and vortex formation losses. Thus,
the use of pipes with spiral grooves requires optimal design of the geometry of the grooves (depth, pitch, angle
of inclination) in order to achieve maximum efficiency with acceptable energy consumption.

Figure 6 shows the dependences of the Nusselt number on the Reynolds number (Re) for the cases of
smooth and helicode tubes. It can be seen from the figure that for Re numbers up to 2.0x10%, the heat transfer
intensity is higher in the case of a smooth tube than for a helicoid tube. And at values of the Re number above
2.0x10%, the heat transfer intensity is higher for the helicoid tube. This can be explained by the fact that with
this Reynolds number, a laminar-turbulent transition occurs in the flow and it is pronounced precisely in the

case of a helicoid tube.
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Fig 6. Dependence of the Nusselt number on the Reynolds number for the inner tube with oil.
1 - smooth tube, 2 - helicoid tube.

5. Comparison of the model and experimental analysis of the flow in the heat exchanger

Figures 7 and 8 show changes in the temperature of the heat carriers along the tubes. The graphs are
constructed for three turbulence models, covering the forward and countercurrent flow patterns in smooth
pipes. Triangular markers indicate calculations performed by the LMTD (Log-Mean Temperature Difference)
method [26].
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Fig.7. Temperature changes of water (a) and oil (b) along the axial coordinate in a direct—flow heat exchanger for
models k—o SST (lines 1), k-¢ (lines 2), Transition SST (lines 3).
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Fig.8. Temperature change of water (a) and oil (b) along the axial coordinate in a countercurrent heat exchanger
for models k— SST (lines 1), k—¢ (lines 2), Transition SST (lines 3).

In the case of direct flow (Fig. 7), all three turbulence models demonstrate a similar pattern of temperature
changes: the temperature of the hot coolant (water) decreases, and the temperature of the cold coolant (oil)
increases in the axial direction. An analysis of the results shows that for all the turbulence models studied, the
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temperature differences between the heat carriers become more pronounced as they approach the outlet section.
In particular, the k—¢ model demonstrates a lower heating temperature of the cold coolant along the pipe
compared to the other two models. On the other hand, the most intense cooling of the hot coolant is observed
when using the Transition SS7 model. For the counterflow circuit (Fig. 8), the temperature of the cold coolant
increases along the pipe in the direction from the inlet section to the outlet for all three turbulence models.
However, stronger heating occurs for the Transition SST model compared to the direct-flow case. Unlike direct
flow, the flow of hot coolant is directed from the outlet section of the heat exchanger towards its inlet section,
therefore, cooling of this coolant occurs from the outlet section towards the inlet section. In this case, cooling
occurs more slowly for the k&—¢ model, whereas for the direct current, such a change occurs for the SST model.

A comparison the cold coolants’ (oil’s) temperature variation for two instances of coolant flow shown in
Figures 7 and 8 shows that for the considered turbulence models, the oil heating temperature is higher in the
countercurrent case than in the direct-flow scheme with a relatively uniform cooling rate of the hot coolant.

The temperature field in a pipe with grooves is characterized by reduced unevenness compared to a
smooth pipe. Due to the intensified mixing, a more efficient destruction of the thermal boundary layer is
observed, which leads to a significant increase in the heat transfer coefficient. This effect is especially
pronounced in laminar and transient flow regimes, where grooves play the role of an active element of heat
exchanger. Figure 9 shows comparative graphs of the calculated and experimental dependences of the Nu
number on the Re number for three cases of the turbulence model, namely the &~ SST, k-¢ and Transition
SST models. The calculation results were compared with the experimental results in [27, 28]. This experimental
work provides an analysis of the thermohydraulic characteristics and energy efficiency of shell-and-tube heat
exchangers with a longitudinal flow in a counterflow.
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Fig.9. Comparative graphs of the dependences of the numbers Nu and Re in a tube with oil washed by water for
all three models and experiment: 1- k- SST, 2 - k—¢ model, 3 - Transition SS7 model, 4 - experimental data.

It can be seen from the figure that all three turbulence models give results close to each other, which are
qualitatively consistent with the recalculated experimental results (due to different fluid densities). Naturally,
one should not expect a quantitative coincidence of the results here, since the Nusselt tabular number for water
is an order of magnitude higher than for oil. Nevertheless, the qualitative agreement of the calculated and
experimental curves indicates an adequate description of the computational model used in this process.

Despite the physical differences between the cold coolants (water in one case and oil in the other), there
is a qualitative agreement between the calculated curve and the experimental one. Naturally, one should not
expect a quantitative coincidence of the results here, since the Nusselt table number for water is an order of
magnitude higher than for oil. Nevertheless, the qualitative agreement of the calculated and experimental
curves indicates an adequate description of the computational model used in this process.

Thus, the presence of spiral grooves makes it possible to significantly increase the efficiency of heat and
mass transfer, however, this is accompanied by an increase in energy costs for overcoming resistance.
Optimization of the geometry of the grooves (angle of inclination, pitch, depth) allows to achieve the best ratio
between the intensification of heat exchange and pressure losses.

Data Availability Statement: The data presented in this study are available upon request from the author.
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6. Conclusion

Numerical studies of heat exchange and hydrodynamic characteristics in pipes of various geometries
(smooth and helicoid) have revealed a number of fundamental features due to the shape of the channel. The
use of a helicoid tube contributes to a significant intensification of heat exchange. The use of swirled tubes
with coils leads to a noticeable increase in the oil outlet temperature and the local Nusselt number compared
to a smooth pipe. The main reason for this is the turbulence of the oil flow caused by windings, which
intensifies the heat exchange between the liquid layers through diffusion. In addition, a slight increase in the
surface area of the tube due to the recesses also contributes to an increase in oil temperature, increasing the
heat flow. These conclusions are confirmed by comparative graphs of the dependence of the oil outlet
temperature for smooth and helical tubes with swirls.

The characteristic behavior of temperature curves is observed for the k—, k~w SST, and Transition SST
turbulence models: along the pipe's length, the hot coolant's temperature drops and the cold coolant's
temperature rises of the pipe. In the countercurrent mode of movement of heat carriers, intensive heating of oil
is observed compared to direct flow, which indicates a higher efficiency of the countercurrent circuit of the
heat exchanger. The Transition SS7 model shows the greatest heating of the cold coolant in both modes, while
the k—¢ model demonstrates a smooth and linear behavior of the temperature profile.

In addition, the k~w SST model most effectively identifies the laminar-turbulent transition that occurs in
the range of 3-3.5 m from the inlet section and is confirmed by changes in key parameters such as the Reynolds
number, heat transfer coefficient and coefficient of friction.
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Abstract. This study investigates the dynamic behavior and surface integrity optimization of low-frequency
hydraulic impulse systems operating under cyclic loading conditions. Particular attention is paid to the
performance of the hydraulic module rod, which is subjected to repeated dynamic impacts during system operation.
The influence of surface roughness, residual stresses, and microhardness on vibration stability and durability of
friction pairs is analyzed. A dynamic mathematical model describing pressure variation, piston motion, and energy
transfer within the hydraulic impulse chamber is developed. The model is implemented in the MATLAB/Simulink
simulation environment for numerical analysis of transient processes. Experimental studies were conducted on
cylindrical rod-type specimens made of 30KhGSA alloy steel processed using rotary multi-blade turning
technology. The experimental results demonstrate that optimization of machining parameters significantly improves
surface quality and reduces vibration amplitude of the hydraulic impulse system. The proposed modeling approach
enables prediction of system dynamic behavior and provides a basis for improving operational stability. The
obtained results confirm that the integration of advanced machining technologies with digital modeling tools can
increase the reliability and efficiency of hydraulic impulse systems used in industrial applications.

Keywords: Hydraulic impulse system, mechanical processing, surface roughness, dynamic load, mathematical
modeling, system stability.

1. Introduction

Hydraulic impulse systems operate by converting the impulse energy of a working fluid into mechanical
work within an extremely short period of time [1]. This conversion process is governed by the fundamental
equations of hydrodynamics, including the momentum conservation equations, Bernoulli’s law, and the
equations of motion of an incompressible fluid. During operation, a sharp pressure gradient dp/dt is generated
in the pulse chamber of the hydraulic system. The magnitude of this gradient ¢ is determined by the inertial
properties of the working fluid and the propagation velocity of the pressure wave

where K is the bulk modulus of the fluid and p is its density.
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According to [2], cyclic variable loads arising during hydraulic impacts lead to a complex stress state in
the rod of the hydraulic vibration module. These stresses can be described using Hooke’s law, Hertz contact
theory, and o—N fatigue diagrams. Repeated cyclic loading causes plastic deformation of the rod material,
which significantly influences its durability and operational reliability.

The quality of machining, including surface roughness, microstructure of the surface layer, and residual
stresses, plays an important role in the efficiency of energy transfer in hydraulic impulse systems. As shown
in the work [3], rotational friction processing leads to the formation of local temperature fields described by
Fourier’s heat conduction equation. These thermal processes promote the formation of a strengthened surface
layer with increased microhardness due to recrystallization phenomena.

In recent years, the development of hydraulic impulse systems has increasingly involved digital modeling
approaches. The concept of a digital twin, introduced [4], and further developed in the work [5], links changes
in dynamic system parameters with fundamental physical laws governing pressure, velocity, momentum, and
temperature distributions in space and time. [6] proposed a mathematical model of a hydro-impulse mechanism
based on the Navier—Stokes equations, taking into account viscosity effects, turbulence, and the rate of pressure
change in the working chamber. In the [7], the elasticity of the chamber walls was considered, requiring the
use of wave equations describing the interaction between solid bodies and fluids. Work [8] analyzed the
dynamics of multi-mass impulse systems using Lagrange equations of the second kind, considering stability
factors such as damping coefficients, stiffness parameters, and inertial characteristics of the system elements.
[9] investigated optimization of hydraulic system parameters in construction machinery based on energy
balance equations W,, = p -V and pressure loss relations losses Ap = f(4,L/D), where A is the friction
coefficient and L/D represents the geometric characteristics of the flow channel. These parameters significantly
affect the amplitude and frequency of pressure pulses in hydraulic impulse systems. The physical mechanisms
of surface strengthening during finishing operations are described in [10, 11]. Induction hardening is based on
the interaction between high-frequency electromagnetic fields and the metal surface layer, where Foucault
currents generate heat according to Joule—Lenz’s law. Subsequent rapid cooling leads to martensitic
transformations that improve the mechanical properties of the material.

Thermo-frictional processing methods investigated [12—14] were numerically modeled using the ANSYS
Workbench software environment. These models describe the distribution of temperature fields, stresses, heat
flows, and deformations using the Fourier—Kirchhoff heat conduction equations and the von Mises plasticity
criterion. [15] demonstrated that the dynamic behavior of hydraulic impulse systems is determined by the laws
of conservation of energy and momentum. In this context, the elastic properties of the working elements play
an important role, influencing the natural frequency of the system ® according to the relation

where k is the stiffness coefficient and m is the mass of interacting elements.

Despite the significant number of studies devoted to hydraulic impulse systems, several important aspects
of their operation remain insufficiently explored. In particular, the relationship between the surface integrity
of critical mechanical components and the dynamic stability of low-frequency hydraulic impulse mechanisms
has not yet been fully clarified. Most existing studies focus either on hydrodynamic processes occurring in the
working chamber or on the mechanical properties of individual structural elements. However, in real operating
conditions these factors interact simultaneously and significantly influence the overall performance of the
system. Surface quality parameters, including roughness, residual stresses, and microstructural changes
formed during machining, may directly affect vibration behavior, friction conditions, and the efficiency of
energy transfer within the hydraulic impulse chamber. Nevertheless, the combined influence of machining
quality, dynamic loads, and hydraulic parameters on system stability has not been sufficiently investigated. At
the same time, the rapid development of digital technologies creates new opportunities for advanced modeling
and optimization of complex hydraulic systems. Modern simulation environments make it possible to analyze
transient processes, predict system behavior under variable loads, and evaluate the influence of technological
parameters on system performance.

Therefore, the objective of this research is to investigate the physical and mechanical factors affecting
the operation of low-frequency hydraulic impulse systems and to develop a dynamic model for analyzing their
operating parameters. Particular attention is paid to the influence of surface integrity and machining
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technologies on vibration stability and energy efficiency of hydraulic impulse mechanisms. The scientific
substantiation of operating parameters for complex engineering systems is an important research problem in
modern applied mechanics and instrumentation [16].

2. Methodology and experimental section

In order to investigate the dynamic behavior of the hydraulic impulse system and evaluate the influence
of machining parameters on the operational stability of the mechanism, a combined experimental and
numerical research methodology was applied. The methodological framework of the study includes
experimental investigation of the surface integrity of the hydraulic module rod, development of a mathematical
model describing the dynamic interaction of hydraulic and mechanical elements, and numerical simulation of
transient processes in the working chamber. The experimental part of the research was aimed at determining
the influence of machining parameters on surface roughness and mechanical properties of the processed
components. At the same time, the mathematical model was developed to describe pressure variations, piston
motion, and energy transfer processes occurring in the hydraulic impulse chamber during cyclic loading.
Numerical simulations were performed to analyze the dynamic response of the system and to identify the
optimal operating parameters ensuring stable operation of the hydraulic impulse mechanism.

Such an integrated methodological approach allows combining theoretical modeling with experimental
validation, which significantly increases the reliability of the obtained results and provides a deeper
understanding of the physical processes occurring in low-frequency hydraulic impulse systems.

2.1. Object and experimental equipment

The research was carried out on cylindrical “rod-fype” specimens with a diameter of 60 mm and a length
of 120 mm, made of alloy steel 30KhGSA, which provides high strength and heat resistance. Machining was
performed using the multi-blade rotary turning method, which reduces the thermal load in the cutting zone and
ensures uniform wear of the cutting edges [16]. The operating parameters were selected experimentally within
the following ranges: n = 600-900 rpm, S = 0.10-0.30 mm/rev,t = 0.50-1.00 mm. The average surface
roughness R, is determined by the formula:

1 L
Ra=1 [ 1yGoldx
0

where y(x)is the deviation of the surface profile from the mean line and L is the sampling length.

The obtained Ra values ranged from 0.63 to 1.25 pum, confirming the efficiency of rotary turning
compared to classical longitudinal cutting [17-18]. To ensure reliability of the obtained experimental results,
each measurement was repeated five times. The average values of the measured parameters were used for
further analysis. Statistical processing of the experimental data was performed using standard deviation and
confidence interval estimation methods.

2.2. Mathematical Model of the Hydraulic Impulse System
The system dynamics are described by a set of motion equations for the working piston, taking into
account damping and the variable pressure in the chambers:

d?x dx
MW-I_CE-I_KJC = PA(I‘_') —PB(I‘_') —FC,

where: M — equivalent mass of the moving elements; C — viscous damping coefficient; K — stiffness of the
return spring; P_A(t), P_B(t) — pressures in the working and return chambers; F_c — friction and sealing losses.
The chamber pressures are defined as:

Py(t) =Py + det—P dx
A(t) = Po ‘Ocdt’ s () = Py pcdt'
where p is the fluid density and c is the speed of sound in the medium.

The energy of a single impact is given by:
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E—lM 2
_2 ve,

dx . . . .
where v = d—f is the piston velocity at the moment of impact.
During optimization, the system aims to minimize the loss function:

J =min fOT[(PA — Pg)? + av?]dt,
where « is a weighting coefficient representing energy losses.

2.3. Digital simulation

The model was implemented in MATLAB/Simulink and Python SciPy, using the fourth-order
Runge—Kutta integration method to solve the system of differential equations numerically [19].

The boundary conditions were defined as:

x(0) = 0,v(0) = 0,P,(0) = Pz(0) = P, = 10 MPa.

Based on the results, dependencies of x(t), v(t), and P(t) were obtained, along with the dynamic force
diagrams. Model verification was carried out by comparing the experimental vibration and pressure data with
the calculated curves (see Fig. 3).

2.4. Parameter Optimization Algorithm

At the cognitive layer of the digital twin, a combination of Gradient Descent and Random Forest
Regressor algorithms was applied to identify parameters that ensure minimum surface roughness under
acceptable load conditions [19]. The optimization function was defined as:

Rq

P Ay .
b =w, +w, o + wy Y0 min,

aref ref Are f

where w;, w,, waare the weighting coefficients for quality criteria; R, is the surface roughness; Py, qiS
the maximum pressure; and A,,;;1s the vibration amplitude.

The minimum of the objective function was reached at: n = 860 rpm, S = 0.21 mm/rev,t = 0.70 mm.
Under these conditions, a balance is achieved between surface quality and hydraulic pulse stability.

2.5. Hardware-software Implementation

To synchronize the physical object with the virtual model, the MQTT protocol was employed, enabling
real-time data exchange between sensors (pressure, temperature, vibration) and the simulation system. The
data flow was visualized using the Node-RED Dashboard, while the computational results were
automatically updated in MATLAB Live Script [20-21].

3 Results and discussion

The obtained results indicate that the dynamic stability of the hydraulic impulse system is significantly
influenced not only by hydraulic parameters but also by the quality of mechanical processing of the working
elements. In particular, the surface condition of the rod plays an important role in the formation of friction
forces and vibration behavior of the system during cyclic loading. Improved surface integrity contributes to a
more uniform distribution of stresses and reduces the probability of local stress concentration zones.

The experimental data confirm that optimization of machining parameters leads to a noticeable
improvement in the operational characteristics of the hydraulic impulse mechanism. When the optimal cutting
conditions were applied, the surface roughness decreased, which resulted in a reduction of friction losses and
more stable piston motion in the hydraulic chamber. As a consequence, the energy transfer efficiency between
the hydraulic and mechanical subsystems increased. The numerical simulation results also demonstrate that
the proposed mathematical model adequately describes the transient processes occurring in the hydraulic
impulse chamber. The calculated pressure fluctuations and piston displacement curves show good agreement
with experimental observations. This confirms the applicability of the developed model for analyzing the
dynamic behavior of similar hydraulic systems operating under cyclic impulse loading conditions.
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In addition, the application of digital modeling tools makes it possible to analyze the influence of
technological and operational parameters at the design stage of hydraulic equipment. This approach
significantly reduces the need for expensive experimental testing and allows engineers to evaluate different
operating scenarios before implementing the system in real industrial conditions. The research results
confirmed the effectiveness of integrating a digital twin with a physical hydraulic pulse module. During the
work, a three-level system structure was built (see Fig. 1), combining mechanical, hydraulic, and cognitive

levels.

Energy Source Hydraulic Pump

Pulse Chamber

Digital Twin

e Controller === Sensors l S Digital Twin
- 1

Fig. 1. Architecture of a hydraulic pulse module with a digital twin system (energy source — hydraulic pump —
transmission — pulse chamber — sensors — controller — digital twin)

">I->

(
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
[}
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
\

In the experimental part, the optimal parameters for rotary turning of the rod were determined (speed n =
870 rpm, feed S = 0.23 mm/rev, depth t = 0.75 mm). The obtained data were processed and visualized as a

three-dimensional dependence of roughness on cutting parameters (Fig. 2).
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Fig. 2. Dependence of surface roughness Ra on speed n and feed S (the 3D graph shows the minimum Ra
values in the range of high speeds and low feeds)

Numerical modeling has shown that the use of digital control significantly reduces pressure fluctuations
in the working chamber (Fig. 3). The classic system exhibits increased pulsation, whereas when using a digital

twin, the fluctuations stabilize with rapid attenuation [22].
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Analysis of vibration activity showed that optimization of parameters led to a reduction in vibration
amplitude by approximately 22% (Fig. 4). This reduces dynamic loads and extends the service life of the
equipment.
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Fig. 3. Pressure changes in the pulse chamber over time (comparison of classic and digital control)
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Fig. 4. Vibration amplitude before and after optimization (Digital Twin)
(After implementing the digital twin, the amplitude decreases from 1.00 to 0.78 units.)

To verify the strength of the structure, stress distribution along the rod was calculated (Fig. 5). The highest
values are observed in the fastening area and transition sections, which corresponds to the results of
calculations in ANSYS Workbench [23].
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Fig. 5. Stress distribution along the rod (numerical simulation results)
(Red areas — zones of maximum stress, blue areas — zones of minimum stress)

Overall, the results showed that the use of a digital twin can reduce peak pressures by 15—-18%, improve
surface quality by =20%, reduce system vibration activity, and optimize the energy balance between hydraulic
and mechanical elements. The developed model confirms the possibility of implementing intelligent control
of hydraulic impulse systems with real-time parameter prediction [24-26].
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4. Conclusion

This study presents a comprehensive approach to improving the performance and reliability of hydraulic
impulse systems through the integration of intelligent digital twin technology and advanced machining
optimization methods. The combination of rotary multi-blade turning and adaptive numerical modeling
enabled achieving high surface quality (Ra = 0.63~um) and uniform strengthening of working surfaces.

The developed mathematical and digital models accurately reproduced the system’s transient dynamics,
with less than 5 % deviation between experimental and simulated data. The results confirmed that real-time
synchronization between the physical and virtual modules provides stable control of pressure and vibration
parameters during operation. The adaptive correction algorithms embedded into the digital twin allowed
continuous self-learning and optimization of system parameters under variable external loads. This approach
ensured energy-efficient operation, reduced vibration amplitude by 22 %, and improved the service life of
mechanical components. The obtained outcomes indicate that combining digital twin technologies, Al-based
parameter optimization, and rotary machining can significantly enhance the operational stability of hydraulic
impulse systems. The developed methodology can be further extended to other classes of dynamic hydraulic
machines, including impact drilling and high-frequency vibration systems, supporting the transition toward
intelligent, data-driven manufacturing environments. The obtained results demonstrate that the proposed
approach can significantly improve the operational stability and efficiency of low-frequency hydraulic impulse
systems and can be applied for further optimization and digital monitoring of hydraulic equipment in
engineering practice.
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Abstract. Alpha decay half-lives of selected heavy and superheavy nuclei with atomic number greater than 82
are systematically investigated using three quantum tunneling approaches. The calculated half-lives are compared
with evaluated experimental data compiled in international nuclear data libraries. The predictive performance of
each approach is assessed using the root-mean-square deviation of the logarithm of half-life values. The analysis
indicates that the model based on Coulomb interaction with nuclear surface proximity effects provides the closest
overall agreement with experimental values, with a deviation of 0.46 in logarithmic units. The unified fission-type
approach shows intermediate agreement with a deviation of 0.63, while the semiclassical tunneling approximation
shows the largest deviation of 0.88. These results highlight the importance of including nuclear surface proximity
effects in barrier penetration calculations for reliable prediction of alpha-decay lifetimes in heavy and superheavy
nuclei.

Keywords: Alpha decay, Quantum tunneling, Heavy nuclei, Coulomb and Proximity Potential Model, Wentzel-
Kramers—Brillouin, Unified Fission Model.

1. Introduction

Nuclear physics studies the parts, interactions, and changes that happen to atomic nuclei. Nuclear decay
is a very important part of nuclear physics. An unstable atomic nucleus becomes more stable when it lets out
particles or electromagnetic radiation. Alpha (a), beta (p), and gamma (y) decay are the three types of nuclear
decay [1-3]. When an unstable atomic nucleus makes particles or electromagnetic waves, it becomes more
stable. This is what happens when nuclear decay happens. This change could happen in a number of ways,
such as through alpha (o), beta (), or gamma (y) decay [4-5]. It takes energy away from the nucleus.

Nuclear decay processes, particularly alpha decay in heavy nuclei (Z > 82), play a fundamental role in
determining nuclear stability and guiding the synthesis of superheavy elements [1-2]. Alpha decay occurs
when an unstable nucleus emits an alpha particle (“He), reducing its atomic number by 2 and mass number by
4. This process is governed by quantum tunneling through the Coulomb barrier—a phenomenon first explained
by Gamow and Gurney and Condon.

Heavy nuclei, such as uranium, thorium, and radium, possess an excess of protons, resulting in mutual
repulsion. These nuclei really need alpha decay. The nucleus loses its atomic and mass numbers when it
makes an alpha particle, which is made up of two protons and two neutrons. This makes the nucleus more
stable [6-8]. Alpha decay is a very important part of figuring out how stable nuclear things are, how long
they will last, and how nuclear events will happen on Earth and in space [9—-14].
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Alpha decay is more likely to happen to heavy nuclei, like uranium-238 and thorium-232. This is because
they have a lot of protons, which makes it easier for them to move away from each other. There are two
protons and two neutrons in an alpha particle. The atomic number (Z) goes down by 2, and the mass number
(A) goes down by 4:

a-decay: Z"A X — {Z-2}"{A-4} Y+ 2”4 He
For comparison, other decay processes include:

B-decay: Z"A X — {Z+1}NAY +e +ve
Bt-decay: Z"A X — {Z-1}"AY +e'+v.
y-decay: ZMAX* —» ZMA X +y

The half-life (Ti/2) is the time required for half of a given sample of nuclei to decay, and it is
mathematically related to the decay constant (A) by:

Til = In(2) / A

Quantum tunneling has a lot to do with alpha decay. The alpha particle is held in place by the nuclear
potential well, but it can get out by going through the Coulomb barrier. This process, first described in [11], is
how we get theoretical estimates of half-life.

Quantum tunneling is a phenomenon in quantum mechanics in which a particle traverses a potential
energy barrier that it cannot surmount via classical methods. The Coulomb barrier pushes the alpha particle
out of the heavy nucleus during alpha decay, while the nuclear potential well keeps it in place [15]. Even
though the alpha particle doesn't have enough energy to go through the barrier the normal way, quantum
tunneling lets it do so. This means that tunneling is the main way that alpha particles get out of heavy nuclei
[16]. Correct half-life predictions are crucial for theoretical and experimental nuclear physics, as they enable
the validation of nuclear models, guide the synthesis of superheavy elements, and aid in nuclear safety
assessments, radiometric dating, and astrophysical nucleosynthesis modeling [17-18].

Accurate prediction of alpha decay half-lives is essential for nuclear structure studies, superheavy element
synthesis, nuclear safety assessments, radiometric dating, and astrophysical nucleosynthesis modeling [19].
Despite decades of theoretical development, existing quantum tunneling models vary significantly in their
predictive accuracy across different nuclear regions. Simple semiclassical approaches such as the WKB
approximation neglect nuclear surface effects and short-range interactions, leading to systematic deviations
for superheavy nuclei. More sophisticated models incorporating proximity potentials and fission-like
treatments have been proposed, but comprehensive comparative assessments remain limited.

This study addresses the need for rigorous benchmarking of modern quantum tunneling models against
experimental data. We systematically compare three approaches the Wentzel-Kramers—Brillouin (WKB)
approximation, the Coulomb and Proximity Potential Model (CPPM), and the Unified Fission Model (UFM)-
--using statistical performance metrics. Our goal is to identify which physical ingredients (surface effects,
deformation, short-range interactions) are most critical for accurate half-life predictions in heavy and
superheavy nuclei. the research deficiency concerning the imperative for a comparative physical evaluation of
modern quantum tunneling models employed for heavy nuclei. There are a lot of different models, ranging
from simple guesses about how well a barrier can be crossed to more complicated microscopic treatments.
However, there are still not enough rigorous experimental benchmarking and cross-model performance
assessment for current radiological scenarios.

Previous studies have reported varying levels of success for different alpha decay models. The WKB
approximation, while computationally simple, has been shown to systematically overestimate half-lives for
superheavy nuclei (Z > 114) due to its neglect of nuclear surface diffuseness and proximity effects [20—22]. In
contrast, models incorporating the proximity potential, such as CPPM, have demonstrated improved agreement
with experiment by accounting for the gradual decrease in nuclear density at the surface. The Unified Fission
Model (UFM) treats alpha decay as an asymmetric fission process and shows particular strength for deformed
nuclei, but its performance degrades for spherical heavy isotopes. Discrepancies between models arise
primarily from differences in barrier shape parameterization, treatment of nuclear surface effects, and inclusion
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(or omission) of deformation and pairing corrections. No single model has been established as universally
accurate across all nuclear regions, motivating the present systematic comparison.

In this work, the alpha-decay half-life of heavy nuclei is investigated within the framework of quantum
tunneling models. The decay constant is evaluated from the assault frequency and barrier penetrability, and
the corresponding half-life values are calculated and compared for the selected nuclei.

2. Methodology
2.1. Selection of Nuclei

A representative set of heavy and superheavy nuclei will be selected, focusing on isotopes with atomic
number Z > 82 where alpha decay is the dominant mode of radioactive transformation. The selection will
include both well-characterized isotopes with experimentally measured half-lives and recently synthesized
superheavy elements. "Experimental half-life data will be obtained from evaluated nuclear databases such as
the Evaluated Nuclear Structure Data File (ENSDF) and the Atomic Mass Evaluation (19).

A representative set of heavy and superheavy nuclei was selected for analysis, including isotopes such
as:

- Uranium-238 (***U)

- Thorium-232 (**2Th)

- Radium-226 (***Ra)

- Rutherfordium-261 (*'Rf)

- Copernicium-285 (**°Cn).

These isotopes were chosen because alpha decay is their dominant decay mode.

2.2. Framework

Alpha decay will be modeled as a quantum tunneling process, where the alpha particle penetrates the
Coulomb barrier. The constant decay is related to the half-life (Experimental half-lives were collected from
the ENSDF and AME2020 nuclear databases) by:

Computational Implementation Details:

For the WKB approximation, the tunneling probability P is calculated by integrating the action over the
classically forbidden region:

P =exp(-2] {ri}"™{r:} V2u(V(r) — Q a)/#?] dr)

where 11 and 2 are the classical turning points determined by V(r1) = V(r2) = Q_a (the alpha decay Q-value),
u is the reduced mass, and V(r) is the total potential (Coulomb + nuclear). Integration was performed using
adaptive Gauss-Kronrod quadrature with relative error tolerance of 107%.

For the CPPM model, the proximity potential ®({) was calculated using the universal function tabulated
by Blocki et al., where { = (s — Ci — C2)/b represents the dimensionless separation, s is center-to-center distance,
Ci and C: are the spherical radii, and b = 1.0 fm is the surface diffuseness parameter. Nuclear radius parameters
were taken as R = 1.28A"(1/3) — 0.76 + 0.8A"(—1/3) fm. For the UFM model, the fission-like barrier was
constructed using liquid-drop model parameters with shell and pairing corrections from the finite-range droplet
model. All calculations were implemented in MATLAB R2023a with convergence verified by varying
integration step sizes until results changed by less than 0.1% in logio(T1/2).

The quantum tunneling probability will be calculated using three models:

1. WKB Approximation — is a mathematical method used to find approximate solutions to linear
differential equations, particularly in quantum mechanics, where it helps in semiclassical calculations. The
decay probability is computed by integrating the action over the classically forbidden region of the potential
barrier [20-22].

2. Coulomb and Proximity Potential Model (CPPM) — Incorporates the Coulomb interaction and the
proximity potential to account for nuclear surface effects [23].

3. Unified Fission Model (UFM) — Treats alpha emission as a special case of nuclear fission, using
barrier penetration theory [24].

Numerical calculations will be implemented in MATLAB and Python due to their flexibility in handling
complex integrals and large datasets [25]. The models will be coded to allow variation in nuclear parameters
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such as deformation, Q-value, and barrier shape. Nuclear properties (masses, Q-values) will be sourced from
the Atomic Mass Evaluation (AME2020) dataset [26, 27].

2.3. Validation and Comparison

The theoretical half-lives derived from each model will be juxtaposed with experimental data utilizing
statistical metrics, including Root Mean Square Deviation (RMSD), a statistical tool employed to assess
forecast accuracy. It denotes the square root of the mean of the squared deviations between the expected values
and the actual values. It is mathematically represented as:

RMSD = sqrt (Z (T _exp - T_calc)*/ N)

Relative Deviation (RD) is used for model consistency assessment. It represents the percentage standard
deviation, showing how much the data values in a set are distributed around the mean. In other words, it
indicates whether the standard deviation is relatively small or large when compared to the mean of the dataset
[28-30].

RD=(T calc-T exp)/ T exp

Graphical comparisons will be presented, plotting log(T1/2) values for calculated vs. experimental data to
visually assess agreement.

3. Results and Discussion

Table (1) presents the comparison between experimental and theoretical half-life predictions for heavy
and superheavy nuclei. Among the three models, CPPM demonstrated the best performance, achieving an
RMSD of 0.46, while WKB overestimated lifetimes for nuclei with high Coulomb barriers. The UFM showed
moderate accuracy, particularly for deformed isotopes.

Table 1. Comparison of Calculated and Experimental Alpha Decay Half-Life Predictions for Heavy and Superheavy

Nuclei.
Model RMSD Best performance Range Weaknesses Overall
(log1o T112) Accuracy
WKB Approximation 0.88 Nuclei with moderate Q-values Overestimates half-life for
(7-9 MeV) superheavy nuclei (Z > 114) Low
CPPM 0.46 Heavy & superheavy nuclei, Heavy & superheavy nuclei,
both spherical and deformed both spherical and deformed High
UFM 0.63 Deformed heavy nuclei Less accurate for spherical Moderate
nuclei

The calculated alpha decay half-lives for the selected heavy nuclei (Z > 82) using the WKB, CPPM, and
UFM models are summarized in Table 1. Experimental half-lives were obtained from the Evaluated Nuclear
Structure Data File (ENSDF) [31] and Atomic Mass Evaluation 2020 [32]. RMSD values indicate the model’s
deviation from experimental data, with lower values representing higher predictive accuracy.

The WKB approximation, a semiclassical tunneling approach, provides reasonable estimates for isotopes
with moderate Q-values (7-9 MeV). However, it consistently overestimates half-lives for superheavy nuclei
(Z = 114) because it neglects nuclear surface effects and short-range interactions [30]. The CPPM model
yielded results that were closest to experimental values for both heavy and superheavy nuclei, with a root mean
square deviation (RMSD) of less than 0.5 in logio(T1/2) units. The UFM model showed better agreement for
nuclei with higher deformation but less accuracy for spherical heavy isotopes that conclude with [33].

Show the comparison between calculated and experimental logio (Ti/2) values. The CPPM predictions
clustered closely along the y = x line, indicating strong agreement with experimental data. illustrates the RMSD
values for the models. CPPM provides significantly lower deviations, confirming its reliability. Figure 2
compares experimental and predicted half-lives on a log scale. CPPM predictions cluster closely along the y=x
line, while WKB deviates strongly for Z > 114. This indicates that the proximity potential correction in CPPM
is crucial for accurate modeling of superheavy nuclei. The WKB results deviated for isotopes with large
Coulomb barriers, suggesting that the simple barrier penetration formalism does not fully capture nuclear
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surface effects [33]. The discrepancies highlight the limitations of WKB, which neglects short-range nuclear
effects. In contrast, CPPM’s inclusion of nuclear surface effects significantly enhances predictive capability.
UFM’s moderate performance suggests it is suitable for deformed nuclei but less effective for spherical heavy
isotopes.

The RMSD values for the three models reveal that the Coulomb and Proximity Potential Model (CPPM)
is the most accurate at predicting a-decay half-lives (RMSD = 0.46). The Unified Fission Model (UFM) is
next best (RMSD = 0.63). The WKB approximation, however, is the least accurate (RMSD = 0.88). This
pattern illustrates the fundamental physical principles behind each model. The UFM says that a-decay is a kind
of nuclear fission (Figures 1-3).

RMSD Comparison of Alpha Decay Models Experimental vs Calculated Alpha Decay Half-Lives
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Fig.1. RMSD values comparing the predictive Fig.2. Comparison between experimental and
accuracy of WKB, CPPM, and UFM models for alpha calculated logio(T1/2) values for selected heavy isotopes
decay half-lives. using WKB, CPPM, and UFM models.

Alpha Decay Model Accuracy (RMSD Comparison)

CPPM

ppfoximation

UFM

Fig.3. Comparative Accuracy of Quantum Tunneling Models in Alpha Decay Predictions

This is only partly true, especially for heavy nuclei that aren't completely spherical, when fission-like
behavior is more essential [28]. But it doesn't work as well for spherical nuclei since making the barrier
potential simpler makes it less useful for making predictions.

CPPM, on the other hand, is more accurate because it looks at how close the nuclear surface is and sets
the potential barrier at a short distance. This change makes the model work well for both spherical and
deformed nuclei, even for superheavy isotopes that were made recently [31]. The predictions are very close
to the line y = x that was seen. This shows that changes to the nuclear surface are needed to show a-decay
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accurately [32]. When CPPM gets better, a lot of things about the body change. The first thing it shows is
that the shape and thickness of the imaginary barrier have a big effect on how long a-decay lasts. A small
change in the conditions on the nuclear surface can greatly affect the chances of tunneling [27]. Second, CPPM
is a good way to guess how stable something will be and to guide research on superheavy materials that have
a lot of Coulomb repulsion [33]. Third, its reliability across many datasets suggests that it could be a standard
reference model in nuclear data repositories [25]. For nuclear structure theory and practical uses like reactor
safety, radiometric dating, and medical physics, especially for a-emitters used in targeted radiotherapy [30], it
is very important that CPPM can accurately predict half-lives. Adding proximity effects makes it a lot more
useful in places where people from different fields work together.

4. Discussion of Physical Implications

This study demonstrates that the CPPM provides the most precise predictions regarding the duration of
alpha decay in heavy and superheavy nuclei. It works better than UFM and WKB. Adding nuclear surface
proximity effects to CPPM makes it a useful tool for looking at nuclear data and figuring out which isotopes
haven't been found yet. The CPPM model makes it clear how important nuclear surface effects are for figuring
out tunneling probabilities, especially for superheavy nuclei that have a lot of Coulomb repulsion. It is very
important to be able to accurately predict the half-lives of new lab-made parts so that their stability can be
tested [31]. The agreement between CPPM results and experimental data confirms the model's ability to predict
the properties of new heavy isotopes, which is important for planning future heavy ion collision studies [33].

The superior performance of CPPM originates from its explicit treatment of nuclear surface proximity
effects, which become increasingly important as the alpha particle separates from the daughter nucleus. In the
WKB approximation, the potential barrier transitions abruptly from the nuclear potential well to the Coulomb
repulsion, neglecting the gradual decrease in nuclear density at the surface. This oversimplification leads to an
underestimated tunneling probability and consequently overestimated half-lives, particularly for superheavy
nuclei where surface effects contribute significantly to the overall barrier shape.

The proximity potential in CPPM accounts for the finite range of nuclear forces and the surface
diffuseness through the universal function ®((), which smoothly interpolates between the nuclear interior and
the Coulomb exterior. This realistic barrier description captures the short-range nuclear attraction that reduces
the effective barrier height and width, thereby increasing tunneling probability and reducing predicted half-
lives into better agreement with experiment.

Deformation effects, while not explicitly included in the spherical CPPM implementation used here,
manifest indirectly through the Q-value dependence. Deformed nuclei typically have lower Q-values due to
ground-state deformation energy, which CPPM handles correctly through its Q-dependent parameterization.
The UFM model explicitly incorporates deformation through the fission barrier landscape, explaining its
improved performance for known deformed isotopes (e.g., actinides) but reduced accuracy for spherical
superheavy nuclei where the fission analogy is less appropriate.

The RMSD differences (WKB: 0.88, UFM: 0.63, CPPM: 0.46) quantify the cumulative impact of these
physical ingredients across the tested dataset, confirming that realistic surface/proximity treatment is the single
most critical factor for accurate alpha decay modeling in heavy systems.

The discrepancies in WKB predictions for superheavy nuclei highlight the limitations of using a purely
Coulomb + nuclear potential without proximity corrections. This reinforces the importance of model
refinement when extending predictions beyond experimentally known isotopes [30]. Beyond the primary
evaluation, the comparative behavior of the three models suggests deeper insights into the physics of alpha
decay. The consistently superior performance of the CPPM model emphasizes the importance of short-range
nuclear interactions, which are not adequately treated in simpler tunneling approaches. This indicates that the
Coulomb barrier alone cannot capture the complexity of decay dynamics, especially in superheavy nuclei
where the balance between surface tension and electrostatic repulsion is delicate [26, 29].

In contrast, the WKB approximation, although valuable for its mathematical simplicity and historical role
in the early development of quantum tunneling theory, reveals its limitations when applied to isotopes with
very high Z values. The systematic overestimation of half-lives in such cases demonstrates that a purely
semiclassical picture neglects essential corrections arising from nuclear structure effects [24, 33].

The UFM model occupies an intermediate position, with its particular advantage lying in deformed nuclei.
By interpreting alpha decay as a microscopic case of fission, it inherently accounts for deformation in the
potential nuclear landscape. However, its moderate deviation from experimental data for spherical nuclei
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suggests that its framework is less flexible in capturing isotopic variations outside strongly deformed regions
[20, 31]. Overall, the findings reinforce that no single model is universally accurate, but rather, the choice of
model should depend on nuclear characteristics. For exploratory predictions of new isotopes, especially in the
superheavy regime, CPPM provides the most reliable baseline. Meanwhile, incorporating hybrid approaches
that merge the strengths of WKB (analytical simplicity), CPPM (surface proximity corrections), and UFM
(fission-based deformation treatment) could yield improved universal predictive frameworks [32, 26].

5. Conclusion

This systematic study demonstrates that the Coulomb and Proximity Potential Model (CPPM) provides
the most accurate predictions of alpha decay half-lives among the three tested quantum tunneling approaches
for heavy and superheavy nuclei (Z > 82). With RMSD = 0.46 in logio(T:/2) units, CPPM significantly
outperforms both the Unified Fission Model (RMSD = 0.63) and the WKB approximation (RMSD = 0.88)
when compared against evaluated experimental data from ENSDF and AME2020.

The superior CPPM performance is attributed to its realistic treatment of nuclear surface proximity
effects, which are critical for accurate barrier penetration calculations in heavy systems. The WKB
approximation's neglect of surface diffuseness leads to systematic overestimation of half-lives, particularly for
superheavy nuclei. The UFM shows intermediate performance, with particular strength for deformed actinides
but reduced accuracy for spherical superheavy isotopes.

Limitations and Applicability:

While CPPM demonstrates excellent overall accuracy, certain limitations should be noted: (1) The
spherical approximation may underperform for highly deformed nuclei where explicit inclusion of quadrupole
and higher-order deformation is necessary; (2) For very neutron-deficient or proton-rich exotic nuclei far from
stability, where pairing correlations and shell effects dominate, microscopic models may be required; (3) The
proximity potential parameterization is calibrated primarily for stable nuclear matter and may require
adjustment for extreme isospin asymmetries.

Within these understood limits, CPPM serves as a reliable and computationally efficient reference tool
for nuclear data evaluations, guiding experimental searches for new superheavy elements, and predicting
properties of yet-undiscovered isotopes in the heavy and superheavy regime. Future work should explore
hybrid approaches combining CPPM surface treatment with microscopic nuclear structure calculations to
further improve predictive capability across the entire nuclear chart..

Recommendations. Based on the findings of this study, several recommendations can be made to
improve the accuracy of alpha decay half-life predictions and guide future research in nuclear physics:

1. Model Enhancement — Future theoretical models should incorporate additional nuclear structure effects
such as deformation parameters, shell corrections, and pairing interactions. This could further reduce
prediction errors, especially for nuclei at the stability limits.

2. Extended Benchmarking — A broader dataset of experimental alpha decay half-lives, including recently
synthesized isotopes, should be used to test model robustness across different nuclear configurations.

3. Hybrid Modeling Approaches — Combining the strengths of CPPM with microscopic nuclear models
(e.g., density functional theory) may yield improved predictive performance for both spherical and deformed
nuclei.

4. Application to Undiscovered Isotopes — The CPPM model should be applied to predict the properties
of yet-to-be-discovered superheavy elements, aiding in experimental design for future synthesis attempts.

5. Integration into Nuclear Databases — Given its accuracy, the CPPM model should be integrated into
nuclear data libraries as a reference tool for experimental and theoretical studies, particularly in fields related
to nuclear safety, astrophysics, and radiometric dating.

6. Cross-disciplinary Application — The methodologies developed here can be adapted to medical physics
and radiological research, where understanding alpha-emitting isotopes is essential for diagnostic and
therapeutic applications in both human and veterinary medicine.
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Abstract. Observations of the massive star-forming region G335.79+0.17 reveal dense, hot molecular gas
toward two cores, P1 and P2, traced by methyl cyanide, its isotopologue, methyl acetylene, formaldehyde and dust
continuum emission. Only these two hot cores are detected, highlighting a chemically rich environment typical of
early massive star formation. Velocity gradients in opposite directions provide strong evidence of molecular gas
rotation. Rotational diagram analysis shows that core Pl is hotter than P2, with methyl cyanide and its isotopologue
tracing gas near the protostar, while methyl acetylene traces cooler outer layers.

Keywords: star formation, massive stars, hot molecular core, individual object G335.79+0.17.

1. Introduction

High-mass star-forming regions (HMSFRs) are among the most dynamic and chemically rich
environments in the interstellar medium (ISM), hosting the earliest stages of massive star formation. High-
mass stars (M > 8 M) form within massive (~10° Mg) and dense (10*-10° cm~) molecular clumps, typically
~1 pc in size and supported by turbulent motions [1-3]. These clumps harbor luminous, embedded infrared
sources known as high-mass young stellar objects (HMYSOs), which represent the early evolutionary stages
of individual massive stars or multiple stellar systems. Massive star formation frequently takes place in highly
dynamic environments where large-scale processes such as cloud—cloud collisions and filamentary accretion
play a central role in gas compression and clustered star formation [4,5]. These mechanisms not only enhance
star formation efficiency but can also trigger core—core interactions within dense molecular clumps, further
driving the growth of massive protostars [6,7]. Alternatively, similar morphologies may result from hub—
filament systems, where gravitational collapse and ordered accretion flows feed dense cores [8-11]. In addition
to collisional and filamentary accretion scenarios, stellar feedback from evolved systems can both trigger and
suppress star formation [12-14].

Star-forming regions are also key environments for the build-up of chemical complexity in the ISM. The
molecules found in these regions trace chemical processes that give rise to complex species. Complex organic
molecules (COMs) are generally defined as carbon-bearing species with six or more atoms [15]. Their
formation routes, whether in the gas phase or on dust grains, remain uncertain. Symmetric top molecules serve
as valuable tracers of gas temperature, with methyl acetylene (CH3CCH) and methyl cyanide (CH3CN) being
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prominent examples [16]. Formaldehyde (H.CO), a key precursor of CH3;OH in grain-surface chemistry, is a
well-established tracer of gas kinetic temperature owing to its slightly asymmetric rotor structure [17,18].
H,>CO has been widely used to probe dense gas in both nearby molecular clouds [19,20] and massive complexes
such as Cygnus-X [21]. G335.79+0.17 has been identified as a Class II methanol maser and an OH maser
source [22], and is thought to be located at a distance of 3.4 kpc [23]. Its mid-infrared Spitzer properties are
consistent with a high-mass young stellar object (HMYSO) [24]. Studying dynamic and chemically rich
regions can be guided by methods used in other rapidly evolving astrophysical systems, where early, multi-
band observations have been crucial for determining their physical and chemical properties [25].

The main aim of this work is to investigate the emission properties of CH;CCH, CH3CN and H,CO toward
the hot molecular core in G335.79+0.17. The analysis aims to constrain the physical and chemical structure of
the core by deriving gas temperature, column density and kinematic properties, thereby clarifying the
evolutionary stage of the embedded HMY SO.

2. Observations and data reduction

Archival ALMA Band 7 data (Project 2021.1.00720.S) covering the frequency range 275.596-291.491
GHz were used to investigate molecular line emission toward the G335.79+0.17 region. The observations were
carried out in April 2022 with the 12 m array. The array configuration provided baseline lengths between
25.201 m and 183.800 m, yielding a synthesized beam size of 0. "670.

The spectral setup consisted of seven spectral windows, spanning the ranges 275.612-278.080 GHz,
277.113-278.987 GHz, 289.964-290.433 GHz, 290.447-290.564 GHz, 290.615-290.732 GHz, 291.227—
291.344 GHz, and 291.370-291.487 GHz. The phase center was set at a(J2000) = 16"29™47¢ , §(J2000) =
—48°15'52", and the resulting data cube has a spectral resolution of 282.227 kHz. The systemic velocity of the
source is approximately -50 km s~!. Calibration and reduction were performed using the Common Astronomy
Software Applications package (CASA) [26]. The continuum emission was subtracted in the visibility domain
using the CASA task uvcontsub, which fits and removes continuum emission from line-free channels. The
resulting continuum-subtracted visibilities were then imaged using the CASA task tclean to produce spectral
line data cubes and continuum images.

3. Results and discussion

The dust continuum emission traces the distribution of dense material and enables the identification of
compact cores that host ongoing star formation. In contrast, the HCO emission delineates filamentary and
streamer-like dense gas surrounding the hot cores, thereby providing complementary information to the
continuum morphology. The H.CO (4,3-3,) transition at 291.238 GHz was analyzed together with ALMA
1.1 mm continuum data to investigate G335.79+0.17. Figure 1 shows the H>CO (4,3-3,,2) moment 0 map with
overlaid 1.1 mm dust continuum contours, along with several maser spots indicated: H.CO at 22 GHz (white
triangle), OH at 1665 MHz (yellow triangle), CH30H Class II at 38.2 GHz (blue triangle), and CH3OH at 6.67
GHz (black triangle). The H,CO moment 0 emission is concentrated in two peaks, corresponding to the
continuum, which are associated with the hot cores G335.78+0.17 P1 and P2. These cores were previously
reported with systemic velocities of -51 km s™! and -46 km s™! at a distance of 3.4 kpc. For consistency, the
same nomenclature is adopted, referring to them as cores P1 and P2. At this distance, their projected separation
of 12.25" corresponds to =0.2 pc. Core P1 exhibits a U-shaped morphology elongated along the east—west
direction, with an integrated H>CO intensity of 4 Jy beam™' km s™!, brighter than that of P2 (3 Jy beam ' km
s!). Their physical parameters, derived from 2D Gaussian fitting of the continuum emission with CARTA,
are summarized in Table 1.

Table 1. Derived parameters of the continuum sources in G335.79+0.17.

FWHM (")
Major x Minor

Pl [16"29™m47551 +£0.0002 48°15'48"”05+0.01" [ 2.21 +0.02 x 0.99 + 0.01 3.54+0.03 18.09 £ 0.20
P2 16M29™47513 £ 0.002  48°15'50702 +0.02" | 0.70 = 0.04 x 1.16 = 0.08 0.10+£0.01 0.19+0.02

Source RA (J2000) DEC (J2000) Peak (Jy beam ) Flux (Jy)

Figure 2 presents the molecular line spectra toward G335.79+0.17 P1, extracted from a circular region
with a diameter of 0.9" centered at (RA, Dec) = (16:29:47.3388, —48°15'52.3963"). The upper panel shows
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nine K-components (K = 0-8) of the CH;CN J = 15 — 14 transition (blue) and seven K-components (K = 0—
6) of the CH3"*CN J = 15 — 14 transition (red), along with CH;0H v,= 0, 26(3,24)-26(2,25)" at 275.663 GHz;
CH3;0CHO: v = 1, 23(4,20)-22(4,19) A at 275.766 GHz, 46(11,36)-45(12,33) E at 275.698 GHz; (CH3).CO
14(13,2)-13(12,2) EE at 275.741 GHz. The lower panel displays the CH3CCH J = 17 — 16 transition, detected
over 290.413-290.502 GHz with five K-components (K = 0—4).

%y/beam km/s 5

0 1

-48°15'46"

48"

50"

52"

DEC. (J2000)

54"

1629m47.75  47.3¢ 47.08 16.7% 16.3%
R.A. (J2000)

Fig.1. Moment 0 color map of the H,CO (42,3-32,2) emission, overlaid with contours of the 1.1 mm dust continuum
emission toward G335.79+0.17. Contours are plotted at 1o, 55, 205, 1000, and 6000, where 6 = 0.005 Jy beam ™.
The synthesized beam of the continuum (red) and H>CO (black) is shown in the lower left corner.
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Fig. 2. Molecular line spectra toward G335.79+0.17 P1, extracted from a circular region with a diameter of
0.9" centered at (RA, Dec) = (16:29:47.3388, —48°15'52.3963").

To investigate the kinematics of the molecular gas in G335.79+0.17, the emission from CH3CN and
CH;CCH was used. These molecular transitions provide a means to analyze the gas distribution and serve as
a basis for understanding the internal dynamics and evolutionary processes within the P1 and P2 cores. Figure
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3 presents the moment 0, 1 and 2 maps of the K = 3 rotational transitions of CH3CN (J = 15 — 14; upper panel)
and CH3;CCH (17 — 16; lower panel) toward cores P1 and P2.
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Fig. 3. Moment 0 (left column), moment 1 (middle column), and moment 2 (right column) maps of the CH;CN

(155— 145, top panels) and CH3CCH (175—16s, bottom panels) transitions. Superimposed are contours of the continuum
emission. Contours are plotted at 16, 55, 200, 1000, and 6006, where ¢ = 0.005 Jy beam!. The black ellipse shown in
the bottom left corner indicates the synthesized beam size.

In the moment 0 maps of CH3CN the peak intensity is ~8 Jy beam ™' km s~ !in core P1 and ~3 Jy beam ™!
km s™! in core P2. In the moment 1 maps, core P1 exhibits a velocity gradient of ~3 km s™! oriented from
northeast to southwest across all three components. The gradient direction is highlighted by the red dashed line
in Figure 3, corresponding to a position angle of 68°. A similar dual-core structure has been reported by [27],
and comparable gradients have been observed in G333.6-0.2 [28] and G301.1364-00.2249 A [29]. Core P2
also shows a velocity gradient of ~3 km s™!, oriented from northwest to southeast. These gradients provide
clear evidence of rotational motions in the molecular gas, and the gradients in cores P1 and P2 display a
symmetric configuration. _In the moment 2 maps, the velocity dispersion in the central regions of both cores
reaches ~6 km? s~2. Such high dispersions are typical of hot molecular cores, suggesting that the gas is
embedded in a dense medium with substantial turbulence.

In the moment 0 maps of CH;CCH, the peak intensity in core P1 reaches ~1.5 Jy beam ™! km s™!, whereas
in core P2 the emission is weaker (~0.7 Jy beam™! km s™!). The velocity gradients observed in the moment 1
maps for both cores are consistent with those traced by methyl cyanide (CH3CN), confirming the reliability of
the inferred kinematic structures. However, in the northern region of core P1, the methylacetylene emission
reveals additional localized velocity features. In particular, elongated streamer-like structures are identified,
exhibiting a clear south—north velocity gradient [30]. The velocity dispersion (moment 2) is enhanced in the
central region of core P1, reaching values up to 0.8 km? s™2, indicative of turbulence characteristic of hot
molecular cores [31]. These streamer-like features, visible in the moment 1 map, are not associated with
significant velocity dispersion in moment 2, suggesting relatively ordered motions rather than turbulence-
dominated kinematics.

The emission morphology of CH3;CN and CH3CCH is similar, with the integrated intensity peaks
coinciding with the dust continuum peaks toward cores P1 and P2, indicating dense gas and confirming the
presence of hot molecular cores. The inferred rotation of the molecular gas is roughly perpendicular to the CO
outflow axis, traced by '*CO (6-5) and '>CO (6-5) [32]. The detected maser emission toward both cores further
indicates compact, dense, and dynamically active regions associated with massive star formation.

The rotational temperature and total column density of the lines were derived using MAdrid Data CUBe
Analysis (MADCUBA) assuming local thermodynamic equilibrium (LTE) [33]. The physical parameters are
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calculated based on the population diagram method, where the relationship between the upper-level column
density and the excitation energy is expressed by the following rotation diagram equation:

tog (M=) = = (72) () + tow (Gg2s) »

where N, represents the column density in the upper level, g, is the statistical weight, Ty is the rotational
temperature, E, is the upper-level energy, kg is the Boltzmann constant, Nyl is the total column density, and
Q(Trot) is the partition function.

Figure 4 shows the population diagrams derived from this linear relationship: the left panels correspond
to the CH;CN (J = 15 — 14) transitions, the middle panels to CH;'*CN (J = 15 — 14) and the right panels to
CH3;CCH (J = 17 — 16). The derived rotational temperatures and column densities for cores P1 and P2 are
summarized in Table 2. The uncertainty on Ty was obtained from the standard error of the linear fit to the
rotation diagram as calculated by MADCUBA. Table 2 shows that the highest rotational temperature is
obtained from methyl cyanide (553 + 72.2 K), while significantly lower values are derived from CH3;CCH
(117.6 +17.4 K) and CH3"*CN (229.2 + 67.6 K).
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Fig.4. Population diagrams of CH;CN (J = 15 — 14; left panels), CH3'*CN (J = 15 — 14; middle panels), and CH;CCH
(J =17 — 16; right panels) for cores P1 (top row) and P2 (bottom row). The blue solid lines represent the best linear fits
to the data points.

Table 2. Rotational temperatures and total column densities derived from the population diagram analysis for
CH;CN, CH;"*CN and CH3CCH toward cores P1 and P2.

Species Trot (K) N (cm™)
Core P1 Core P2 Core P1 Core P2
CH;CN 553+72.2 419.5+ 50 1.51 x 10 5.24 x 1013
CH;3"*CN 229.2+67.6 172.9 £35.8 6.91 x 102 2.57 x 10"
CH;CCH 117.6 £17.4 115.8+47 4.57 x 101 5.24 x 1013

The discrepancies among these temperatures indicate that the molecules trace distinct gas layers within
the hot core. CH3CN desorbs from dust grains at radii closer to the protostar-where the gas is warmer-naturally
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accounting for the higher temperature measured from this species. In contrast, CHsCCH desorbs at larger radii,
corresponding to cooler regions [34]. The integrated intensity maps further support this interpretation, showing
that CHsCN emission is more compact, while CH3;CCH emission is more extended, particularly toward the
northeast. Taken together, the results demonstrate that core P1 is substantially hotter and denser than core P2.

4. Conclusion

The HMYSO G335.79+0.17 was studied using ALMA Band 7 observations. The emission of molecular
lines coincides with the dust continuum peaks, revealing two distinct hot cores: P1 and P2.

Rotational diagram analysis of CH3CN and CH3CCH yields temperatures of 553 + 72, 229 + 68 and 118
+ 17 K for P1, with corresponding column densities of 1.51 x 10! 6.91 x 10'? and 4.57 x 10'* cm™. For P2,
the temperatures are 420 + 50, 173 =36 and 116 + 47 K, with column densities of 5.24 x 10'%, 2.57 x 10'> and
5.24 x 103 cm™. These results indicate that core P1 is significantly hotter and denser than P2, exhibiting
stronger emission and a more pronounced velocity structure, highlighting its dominant dynamical activity.

Velocity gradients were detected in both cores, oriented northeast—southwest in P1 and northwest—
southeast in P2, with opposite redshifted directions, providing strong evidence of rotational motions within
both cores. The turbulence and central maser emission confirm that the hot cores are dynamically active sites
of massive star formation, whereas the nearby streamer-like structures exhibit markedly lower turbulence,
indicative of more ordered kinematics.

These results directly address the goal of this study: the observed rotational motions appear to play a
critical role in regulating gas accretion and driving the star formation process in G335.79+0.17, thereby
clarifying the evolutionary stage of the embedded high-mass young stellar object.
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Abstract. This paper investigates the role of phonon dynamics in the solid crust of neutron stars and their
connection to large-scale structural instabilities. Electron capture reactions in the dense outer layers of compact
stars generate excited nuclei, which may transfer their energy to the lattice in the form of phonons. These vibrational
modes affect the elastic response of the crust, modifying its stress—strain behavior under extreme astrophysical
conditions. Using fundamental parameters such as Young’s modulus, density, and sound velocity, we estimate
phonon frequencies, wave numbers, and lifetimes across different crustal layers. Numerical analysis indicates that
phonon excitations are capable of storing elastic energy and may act as precursors of sudden stress release events.
A special focus is given to pulsar glitches, with the Vela pulsar serving as a representative example. The comparison
between calculated phonon energies and observed glitch energetics suggests that collective phonon processes could
contribute to the mechanism of these abrupt rotational irregularities. By emphasizing the importance of lattice
dynamics in neutron star models, this work provides the first quantitative estimates linking microscopic phonon
excitations with macroscopic glitch energetics, thus contributing to a deeper understanding of how nuclear-scale
transitions manifest as observable astrophysical signals. These findings can contribute to future models of neutron
star crust dynamics and related astrophysical observations.

Keywords: neutron stars, neutron star crust, phonons, electron capture, elastic properties, starquakes, pulsar
glitches.

1. Introduction

Neutron stars are among the densest objects in the Universe. Their masses slightly exceed that of the

Sun, yet they are compressed into a sphere only 10—15 km in radius [1]. They are the remnants of massive

stellar collapses. They exhibit extremely high densities on the order of p = 102 — 10'* g/cm3 comparable

to that of an atomic nucleus [2]. Their internal structure consists of ultra dense neutron matter, while the outer

layers form a solid crystalline crust composed of heavy nuclei embedded in a degenerate electron background.

The crust plays a crucial role in the star’s dynamical processes, including the mechanisms of starquakes -
sudden seismic-like events accompanied by the release of enormous amounts of energy [3].

One of the key processes governing the physical properties of the neutron star crust is electron capture

[4], which occurs in its deeper layers. As density increases, electrons acquire sufficiently high energies to be

captured by heavy nuclei, thereby transforming them into more neutron-rich isotopes. These reactions produce
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excited nuclear states that can transfer their energy to the crystal lattice in the form of phonons - quasiparticles
responsible for elastic vibrations of the crystalline lattice [2, 5]. Such processes affect the elastic and transport
properties of the crust [1, 6, 7].

The phonon dynamics within the neutron star crust determine the transport and dissipation of energy.
They may also be associated with the emergence of macroscopic deformations that lead to starquakes.
Investigating phonon spectra and their relation to the elastic properties of neutron star matter provides deeper
insight into the mechanisms of stress accumulation and energy redistribution in the crust. These processes may
play a fundamental role in the interpretation of observable astrophysical phenomena such as gravitational-
wave events, sudden changes in pulsar rotation (glitches), and X-ray bursts [3, 8]. Glitches represent one of
the few observable manifestations that provide direct information about the internal structure of neutron stars;
thus, their study is essential for understanding the physics of dense matter. Pulsar glitches are thought to
involve sudden release of crustal stresses [3, 9].

Therefore, the investigation of phonon dynamics induced by electron capture reactions constitutes an
important direction in neutron star astrophysics, enabling a link between the microphysics of dense matter and
its macroscopic astrophysical manifestations.

2. Methods and numerical experiment

The primary objective of this work is to investigate the phonon dynamics in the neutron star crust induced
by electron capture reactions and their connection to the elastic properties of stellar matter. In particular,
comparative estimates are provided for the mechanisms of phonon excitation resulting from nuclear transitions,
as described in [4], their propagation within the crystalline structure of the crust, and their possible influence
on global structural disturbances of the star, including starquakes. The investigation of phonon spectra and
their relation to the elastic characteristics of neutron star matter provides valuable insights into the mechanisms
of stress accumulation and energy redistribution within the crust.

During electron capture, excited nuclear states transfer energy to the lattice as phonons. In the crystalline
crust of a neutron star, we consider longitudinal (acoustic) phonons whose dispersion in the long-wavelength
limit is linear. In the present work we focus on longitudinal acoustic phonons as a first-order approximation,
since they are directly associated with density perturbations in the crystalline lattice. The dispersion relation

and the sound velocity are given by
b= [Fw = uk ()

where Eis the Young’s modulus of the crust, p is the mass density, V; is the sound velocity, wy, is the phonon
frequency, and k is the wave number. Typical values used in our estimates are E = 10°*°—103' dyn/cm? for the
Young’s modulus and p ~ 10"'-10"* g/cm? for the density, ranging from the outer to the inner crust [2, 10, 11].
These parameters determine the sound velocity and, in turn, the characteristic phonon frequencies. Detailed
discussions of dense matter equations of state can be found in [2, 11]. For characteristic wave numbers k ~
108 — 10'%m’!, the phonon frequencies lie in the range w; ~ 1029 — 1022s™! (see Table 1), consistent with
possible interactions with excited nuclei [2, 6]. The characteristic wave number can be estimated as k =~ w/L,
where L represents the typical spatial scale of stress redistribution in the neutron-star crust. Table 1 shows that
phonon frequencies increase with density, reflecting the stiffer lattice in the inner crust. This analysis
demonstrates how energy transfer from nuclear excitations is mediated by phonons in both outer and inner
crust layers.

Table 1. Physical parameters of neutron star crust layers.

Region of crust Density p Young’s Sound velocity | Wave vector k | Phonon frequency
(g/cm?) modulus E Vi (cm/s) (em™ o (Hz)
(dyn/cm?)
Outer crust 10°-101! 10%°-10% ~108 101 ~108-10"

Inner crust 102-10M4 1031-10%2 ~10° 10'1-1012 ~10%0-10%
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Phonons may decay due to scattering in interactions with neutrons as well as through other processes. For
an order-of-magnitude estimate of the phonon lifetime 7, we write:

T~ )

where I is the phonon damping width. For order-of-magnitude estimates we assume '~10% — 1010571,
Substituting these values gives phonon lifetimes in the range T~1078 — 107°s [1, 6].

This indicates that the excited phonons may exist long enough to participate in starquakes. Similar estimates
of phonon damping in the neutron star crust are discussed by Chamel [1], where the dispersion and damping
of collective excitations, including phonons, are studied. It is shown that, due to the strong mixing of drifting
and elastic modes, both the phonon density of states and their propagation length are significantly modified.
The aforementioned studies provide a detailed treatment of the methods for calculating phonon dispersions in
the crystalline crust, taking into account the Young’s modulus, matter density, and nuclear structure parameters
in agreement with recent estimates of crustal elasticity [1, 6]. It is demonstrated that the range of permissible
wave numbers is determined both by the intrinsic properties of the crust - such as lattice rigidity and density -
and by external conditions, including temperature, magnetic field strength, and defect distribution. These
effects have also been addressed in recent theoretical models. In particular, Baiko [12] points out that 10'2
cm', nonlinear effects in the dispersion relation begin to manifest, which may lead to local variations in
propagation velocities and enhanced scattering. These results are of considerable importance for modeling the
elastic properties of the crust and for predicting oscillation spectra under astrophysical perturbations.

The evaluation of phonon energy yields the following picture. We employ the expression

E = h-wyg. 3)

Substituting A ~ 6,582 X 10722 MeV -s and w;, =~ 10'°s™?, we obtain:

E =~ (6,582 x107%%) x (10*°)MeV ~ 6,58 x 1073 MeV =~ 6,6 X 1073 MeV =~ 6.6 keV. 4)

This corresponds to approximately 6.6 keV. Energies of this order may interact with low-energy nuclear or
lattice excitations in the neutron-star crust. Even when considering an ensemble of N=10** such phonons, the
total energy amounts to E ~ 10%°eV ~ 1,6 X 107 erg.

These estimates can be employed to discuss the potential role of phonons in starquakes, where they may
excite elastic waves in the crust and contribute to the redistribution of the stored energy.

Consider the Vela pulsar (PSR J0835-4510), a relatively young object with a rotation period P =
89 ms and a distance of ~ 800 light years. It is known to exhibit sudden spin-up events (glitches) with a typical

relative magnitude LL—V ~ 107 [3]. If a glitch is attributed to the sudden release of elastic energy stored in the
crust, the corresponding change in the star’s rotational energy can be estimated as

E ~ 21 (400 5)
where I ~ 10*° g- cm?* — is the neutron-star moment of inertia, and 42/2 ~ 107
E =~ 0,5 x 10*® x (10™° x 0)?
N =~ 2n/P = 70,6rad/s - AN =~ 7,06 X 10™° rad/s,

E

Q

0,5 x 10% X (4,98 x 10™%) ~ 2,49 x 10%¢ erg.

The comparison demonstrates that the energy of a typical glitch (~103® erg) exceeds the energy stored in
an ensemble of 10 phonons (~107 erg) by roughly 29 orders of magnitude. This indicates that, for phonons
to contribute meaningfully to the glitch energy budget, either an enormously larger number of excitations must
be involved or mechanisms of collective phonon interactions need to be invoked.



Eurasian Physical Technical Journal, 2026, 23, 1(55) ISSN 1811-1165; e-ISSN 2413-2179 141

Our calculations, summarized in Table 1, indicate that phonon oscillations may span the frequency
range 101° — 1022 Hz. The energy of a single phonon is estimated as Ephonon = 6 KeV, while the total energy
associated with phonon processes can be evaluated in terms of the accumulated stresses within the crust. The
connection between the calculated phonon oscillations and pulsar observations lies in the possibility that
stresses may accumulate in the crust due to phonon excitations [8].

In this case, the energy released during structural oscillations should be comparable to the elastic energy
stored in the crust [5]. A rough estimate of the accumulated elastic energy in the crust can be made as follows:

1
Eelast. =~ EESZV (6)

where E is the Young’s modulus, € is the characteristic strain, and V is the volume of the crust.

Using the values of the Young’s modulus from Table 1 and adopting typical parameters € =~ 1074, V ~
10'8cm® we obtain Egjqs. = 10* erg = Egjecp - which is of the same order as the energy released during a
glitch. This indicates that the elastic stresses accumulated in the crust can, in principle, account for the observed
energetics of pulsar glitches. The accumulation of elastic stresses occurs over long-time scales (months to
years), whereas phonon perturbations propagate on much shorter time scales determined by the sound velocity.
Figure 1 shows the time evolution of the total elastic energy stored in the crust under constant stress. The linear
increase suggests that stress accumulation may contribute to starquakes associated with pulsar glitches.

1032 L

0
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Fig.1. Energy accumulation in the crust of a neutron star.

Accumulation of elastic energy in the neutron-star crust over time under constant average stress, showing
potential for triggering starquakes (glitches). This model is based on the expression for the elastic strain energy
density. The accumulated energy over 10* — 10° years can reach values of 103° — 10! erg — which is
comparable to the energy released during glitches. This provides quantitative evidence that stress accumulation
processes in the neutron star crust may serve as a source of starquakes (glitches), provided that a sudden release
of energy occurs. The plot demonstrates the growth of accumulated elastic energy in the crystalline crust of a
neutron star as a function of time, under the assumption of constant average stress. The model is derived from
the relation for elastic energy density.

u= %as @)

where o is the mechanical stress and ¢ is the elastic strain.

By integrating this quantity over the crust volume, one obtains a linear dependence of the total
accumulated energy on time under the assumption of a constant strain rate. Moreover, the modeling results are
consistent with estimates derived from observational data on frequency glitches in pulsars such as PSR J0835—
4510 (Vela), reinforcing the hypothesis that elastic processes in the crust play a key role in the glitch
mechanism. Fig. 2 shows phonon frequency spectrum in the neutron-star crust, showing a peak at ~101° Hz
corresponding to lattice oscillations in ultra-dense matter. Although these frequencies are much higher than
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typical macroscopic observables such as pulsar glitches, the cumulative effect of phonon processes may
contribute to energy transport and stress redistribution within the crust.

Figure 3 shows the modeled phonon density of states compared with astrophysical scales. The comparison
demonstrates that phonon frequencies in the crust span a wide range (10° — 1022 Hz) and may contribute to
the accumulation of elastic energy.

10724
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Fig. 2. Phonon frequency spectrum in the neutron star crust.
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Fig. 3. Model phonon density of states compared with astrophysical scales.

The presented illustrations are based on the theory of elasticity, phonon dispersion, and available
astrophysical observations, and are constructed using physically motivated scaling relations applicable to
dense matter in the crust of neutron stars. While the adopted models are necessarily simplified, they reproduce
the principal dependencies between density, elastic properties, and vibrational modes. Therefore, the obtained
results should be regarded primarily as order-of-magnitude estimates rather than precise quantitative
predictions.

3. Results and discussion

Our estimates for phonon energies and lifetimes are consistent with recent microphysical studies of lattice
excitations in neutron star crusts [1, 2, 6]. Using typical lattice parameters, the energy of a single phonon in
the inner crust is on the order of 10~* —MeV, while lifetimes can reach 1078-107°s [1, 6]. These results
confirm that phonons can strongly interact with both nuclear clusters and superfluid components, leading to
complex dispersion relations and damping mechanisms.

Compared to previous studies, our work extends the analysis by evaluating the potential energetic
contribution of collective phonon excitations to pulsar glitches. Although a single phonon carries negligible
energy relative to a typical glitch (~ 103 erg), the cumulative effect of coherent phonon modes over the entire
crust volume (V~108¢m3) can contribute up to 10*erg, comparable to observed glitch energetics [3, 5].
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This suggests that microscopic lattice dynamics may act as a trigger for macroscopic structural failures,
bridging nuclear microphysics and observable pulsar phenomena [9, 13, 14].

Our findings align with [5], who highlighted the role of superfluid elasticity in storing and releasing
energy, and with [4], who modeled electron capture reactions as sources of phonon excitations. These results
are also consistent with studies of shear properties and seismic activity in neutron star crusts [15].

Moreover, comparison with observational glitch statistics [3, 8] indicates that phonon-mediated stress
accumulation may partially account for the frequency and magnitude of glitch events.

The limitations of our model include a simplified treatment of lattice parameters, neglect of magnetic
field effects, lattice defects, and coupling with superfluid components. Future work should incorporate these
factors and examine whether collective phonon processes can reliably provide the energy required for glitch
events, potentially through numerical simulations and more detailed microscopic modeling.

4. Conclusion

In this study, we investigated the phonon dynamics in the crust of neutron stars and their possible
contribution to structural instabilities induced by electron-capture reactions. Our results demonstrate that
nuclei in excited states can induce collective phonon oscillations, with their frequencies corresponding to
nuclear-scale transitions. The calculated lifetimes suggest that phonons can persist long enough to participate
in stress accumulation processes.

Although the energy of a single phonon is extremely small compared with the energy released during
observed glitches, their collective action and the associated accumulation of elastic stresses in the crust may
contribute significantly to the total energy budget. This result highlights the importance of including lattice
dynamics in neutron star models and suggests that microscopic nuclear processes may leave observable
imprints on macroscopic astrophysical phenomena such as starquakes, glitches, and possibly gravitational-
wave or X-ray bursts.

Future investigations should incorporate the effects of magnetic fields, superfluid coupling, and realistic
crust-failure scenarios. This will help to determine whether phonon processes can indeed connect microscopic
excitations with macroscopic astrophysical signals.
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Abstract. This study reports on high-angular-resolution observations of the massive star-forming region
G328.2551—-0.5321 obtained with the Atacama Large Millimeter/submillimeter Array at a wavelength of 0.89 mm.
The innermost core structure is investigated by targeting high-excitation transitions of methanol, sulfur dioxide,
and its sulfur-34 isotopologue. Analysis of the molecular emission reveals a compact and dense methanol
component located at the continuum peak, which is surrounded by more extended emission from sulfur-bearing
molecules. Kinematic analysis demonstrates a coherent velocity gradient along the major axis of the system.
Position—velocity diagrams exhibit a characteristic butterfly morphology, which is consistent with the presence of
a Keplerian rotation. Numerical model fitting provides dynamical mass estimates of approximately twenty solar
masses for the central object, confirming the existence of a massive, rotating disk-like structure. Rotational diagram
analysis of methanol transitions yields a rotational temperature of 187.9 = 23.7 Kelvin and a total column density
of 4.27 x 10" ecm™, indicating the presence of a hot molecular core. These findings suggest that a high-mass
protostar is actively accreting within a compact disk-envelope system embedded in a hot core environment. The
results contribute to the understanding of the physical conditions and gas dynamics in the early stages of massive
star formation.

Keywords: star formation, ALMA millimeter/submillimeter interferometry, hot molecular core, individual object
(328.2551-0.5321.

1. Introduction

Understanding the earliest stages of massive star formation is essential for constraining how these objects
shape the physical, chemical, and dynamical evolution of their natal environments. Massive stars profoundly
influence their surroundings through radiative, mechanical, and chemical feedback, yet the physical conditions
and internal kinematics of the dense gas from which they form remain incompletely understood [1].

Observational studies using a wide range of molecular tracers have significantly advanced our knowledge
of massive star-forming regions. Species such as NHs [2-4] and H2CO [5,6] are widely used to diagnose gas
temperature and density. Other molecules, including HNCO, SiO, and HC:N, trace shocks, outflows, and
chemical enrichment associated with massive protostellar activity [7]. These studies highlight that molecular
lines provide a powerful means of probing the physical conditions and energetics in dense molecular clouds.
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Kinematic studies play a central role in revealing the dynamical processes governing massive star
formation. Infall motions, rotation, and large-scale accretion flows are key indicators of early gravitational
collapse [8]. Many massive star-forming regions exhibit complex hub—filament networks, where converging
flows feed material into central dense cores [9-11]. Signatures of bipolar outflows, traced by molecules such
as SiO or CO, further demonstrate the dynamic nature of these systems. Feedback from nearby massive stars,
including expanding H II regions, may additionally trigger or regulate subsequent star formation. Cloud—cloud
or core—core collisions have also been proposed as mechanisms for generating dense massive cores [12,13].
Additionally, the study of high-energy phenomena such as gamma-ray bursts, including early-time optical
spectral measurements of events like GRB 200925B, provides further insights into the late-stage evolution and
explosive feedback of the most massive stars [14].

Despite this progress, the initial conditions of massive protostellar evolution — particularly in mid-
infrared-quiescent, deeply embedded clumps — remain poorly constrained. In such early phases, hot molecular
cores may already be forming, but the heating, chemistry, and kinematics at <1000 AU scales are still largely
unknown [15]. Probing these regions requires molecular lines that selectively trace warm, dense gas close to
the protostar. High-excitation transitions of SO,, CH;OH, and **SO are particularly well suited for this purpose,
as they originate in hot cores and are sensitive to rotational motions and disk-like structures.

The target of this study, G328.2551—-0.5321, provides an excellent laboratory for examining these
processes. It is the only massive object embedded within the infrared dark cloud MSXDC G328.25-00.51,
located at a distance of 2.5 kpc. The source was initially identified at 870 um in the ATLASGAL survey [16-
18] and later followed up with ALMA as part of the SPARKS project (Search for High-mass Protostars with
ALMA Revealed up to Kilo-parsec Scales. Its systemic velocity of —43.1 km s [19-20] and its mid-infrared
quiescent nature strongly suggest a very early evolutionary stage, possibly preceding the emergence of an
ultracompact H II region. Evidence for complex internal motions further indicates active mass accretion within
the core. Furthermore, ALMA observations of the environments of G301.1364-00.2249A and
(G333.0162+00.7615 have revealed compact molecular cores with clear velocity gradients, indicating that
rotational motion is a common feature of hot cores in the earliest stages of high-mass star formation [21, 22].

In this work, we present high-angular-resolution ALMA Band 7 observations of (G328.2551-0.5321
targeting highly excited transitions of SO,, CH;OH and **SO. These molecular tracers allow us to investigate
the small-scale kinematics and physical conditions of the hot molecular gas surrounding the high-mass
protostar. Our analysis aims to characterize rotational structure, identify signatures of infall or disk-like
motions, and provide new constraints on the earliest phases of massive star formation within this quiescent
infrared dark cloud.

2. Observations and data reduction

The data analyzed in this study were retrieved from the Atacama Large Millimeter/submillimeter Array
(ALMA) archive. Observations toward the star-forming region G328.2551-0.5321 (phase center: R.A. (J2000)
=15"57m59.791%, Dec. (J2000) = —53°58'00.560") were carried out under project code 2018.1.01679.S between
2019 April 16 and 21. The array configuration provided baselines ranging from 37.7 m (L5) to 281.4 m (L80),
yielding a maximum recoverable scale of 5.16” and a primary beam of 17.06". The total on-source integration
time was 1632.96 s (= 0.45 hr), resulting in a synthesized beam size of 0.487".

The correlator was configured to cover the 333.468-349.091 GHz frequency range (ALMA Band 7) with
a total bandwidth of 16 GHz and a spectral resolution of 0.977 MHz, corresponding to a velocity resolution of
0.487 km s™!. The achieved continuum sensitivity was 0.074 mJy beam™.

The raw visibility data were processed using the standard ALMA calibration pipeline (Pipeline-CASA54-
P1-B, CASA version 5.4.0-70 42254M), which applies standard bandpass, flux and phase calibrations. The
resulting calibrated measurement set was subsequently imaged and self-calibrated in the Common Astronomy
Software Applications package (CASA) [23] to improve the signal-to-noise ratio.

3. Results and discussion

The 0.89 mm continuum emission toward G328.2551-0.5321 is shown in Figure 1. Continuum contours
are drawn at 0.00267, 0.00405, 0.00615, 0.00934, 0.01418, 0.02152, 0.03267, and 0.04960 Jy beam™'. The
beam, indicated by the black ellipse in the lower-left corner, represents the angular resolution, while the white
plus marks the continuum peak. From a two-dimensional Gaussian fit to the continuum emission performed in
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CARTA, we derive a peak position of R.A. (J2000) = 15"57™59.799° and Dec. (J2000) = —53°58'00.528" +
0.0043". The fitted peak flux density is 0.0496 £ 0.0055 Jy beam™!, with a deconvolved source size of 0.099 +
0.010" x 0.134 £ 0.016" (major x minor axis). The integrated flux density is 0.141 + 0.020 Jy.

Several masers and young stellar object (YSO) candidates are overlaid on the continuum map: Class I
and II methanol masers and an OH maser are shown as colored triangles [24,25] the IRAS 15541-5349 YSO
candidate is indicated with an orange dot, the extended green object (EGO) G328.25-0.53 is shown as a green
dot and the massive core (G328.2551-00.5321-MM1 is marked with a brown dot [26]. These objects are
associated with the 0.89 mm continuum emission, but none of them coincides exactly with the continuum peak.
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Fig.1. Continuum map toward G328.2551-0.5321 at 0.89 mm.

Figure 2 shows spectra of the SOz (164,12-163,3), CHsOH (121,11—120,12 A) and **SO (75—67) molecular
lines. Spectra taken directly at the continuum peak show noticeable asymmetry, likely caused by complex
kinematic and structural effects near the emission maximum. To obtain representative line profiles, spectra
were extracted from positions slightly offset from the continuum peak. These positions correspond to the
intensity peaks of each molecular line in the integrated maps and cover regions about one synthesized beam in
size. Gaussian profiles were fitted to all detected transitions. The spectral extraction and visualization were
performed using CARTA [27]. The derived central upper-state energy (Eyp/k), velocity (Visr), peak intensity
(I,) and full width at half maximum (FWHM; AV) are listed in Table 1.

Table 1. Observed line parameters toward G328.2551-0.5321

Molecule Transition Rest frequency E. Visr I, AV
(GHz) /k (K) (km/s) (Jy beam 1) (km s
SO, 16(4,12)-16(3,13) 346.523 166 —45.5 £ 0.12 | 0.7+0.01 15+0.3
CH;O0H 12(1,11)-12(0,12)A 336.864 197 —42.7 £ 0.06 | 0.8+0.01 89+0.14
S0 7(8)—6(7) 333.902 81 —45.3 £ 0.07 [ 0.29+0.01 5.7+0.17

Spectra extracted directly at the continuum peak exhibit noticeable asymmetry, likely due to complex
kinematic and structural effects near the emission maximum. To obtain representative line profiles unaffected
by these asymmetries, spectra were extracted from positions slightly offset from the continuum peak. These
offsets correspond to the intensity maxima of each molecular line in the integrated maps and were taken from
regions approximately one synthesized beam in size.
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Figure 2 presents the averaged spectra of SO», CH;OH, and **SO together with their Gaussian fits. The
SO, line shows a slightly structured peak, with two closely spaced components, yet the profile remains broadly
symmetric around the systemic velocity. The CH30H spectrum is well reproduced by a single Gaussian,
exhibiting smooth and comparable blue and red wings. The optically thin 3*SO line displays a clean, symmetric
Gaussian profile, indicating that it traces the intrinsic velocity field without significant radiative-transfer
distortions. The generally symmetric shapes of all three lines suggest that the gas motions are dominated by
ordered large-scale dynamics rather than irregular or multi-component structures.

503 (164,12-163,13) 8 0.8 1 CH3OH (121, 11-12¢. 12) 13013450 (75-67)

-80 -70 —-60 -50 —40 -30 -20 -10 -60 -50 —40 -30 -60 55 -50

—-45 40 -35 -30
Velocity (km/s) Velocity (km/s) Velocity (km/s)

Fig.2. Molecular spectra with overlaid Gaussian fits. The blue curves represent the observed ALMA spectra, and the red
curves show the multi-Gaussian fits.

Figure 3 shows the moment maps of integrated intensity, velocity and velocity dispersion, corresponding
to moments 0, 1 and 2, of the SO2(164,12-16513), CH;OH (121,11—12012 A) and **SO (75-67) emissions toward
the G328.2551-0.5321 core. In the moment 0 map, the CH3OH emission peak is shifted 0.089" northeast of
the continuum peak, with an integrated intensity of 12 Jy beam™ km s, whereas the SO peak is offset 0.082"
to the northwest, reaching 4 Jy beam™ km s™.. The SO, emission peak coincides with the continuum peak and
extends northward, attaining an integrated intensity of 15 Jy beam™ km s!. The moment-1 maps of SO, (164,12
163,13; velocity range —51 km s to —44 km s!) and **SO (73-67; velocity range —48 km s™! to —39 km s™!) display
smooth west (blue-shifted) to east 4 (red-shifted) velocity gradients along PA = 98°, consistent with organized
rotation. The corresponding moment-2 maps show enhanced turbulence near the core centers, with values of
~4-5km? s for SO, and ~ 10—15 km? s for **SO. Both SO, and **SO show extended molecular line emission,
indicating that these molecules are distributed over a relatively large region. In contrast, CH3OH (121,11—120,12
A) exhibits compact emission coincident with the continuum peak, with a central velocity dispersion of ~7—
7.5 km? s that decreases outward, consistent with the findings of [25].

This compact morphology, spectral lines, combined with the observed velocity gradient, strongly
supports the presence of a rotating structure, such as a circumstellar disk. To verify the velocity gradient seen
in the moment-1 maps, a position—velocity (PV) diagram was extracted along PA = 98°, confirming that the
emission follows the NE-SW direction.

Figure 4 presents the PV diagrams of the massive star-forming region G328.2551-0.5321 for the CH;0H
(12111—120,12 A) and SO: (16412165 13) transitions. The velocity axes span roughly —55 km s™! to —35 kms™!
for CH;0H and —60 km s to —35 km s”! for SO,. The systemic velocities, indicated by the dashed horizontal
lines, are Vo = —45.135 km s™' for CH;0H and Vo = —49.119 km s! for SO,. Similar PV structures observed in
other massive cores, such as G333.6—0.2, exhibit clear velocity gradients along the major axis, providing strong
evidence for the presence of rotating molecular envelopes or disk-like structures [28].

The dynamical mass (Mayn) was estimated from the PV diagrams by applying the Keplerian rotation
model, according to the following equation:

v2R

=R (1

Mdy n Gsin?i

where v is the observed rotation velocity at an offset R, G is the gravitational constant, and i is the inclination
angle of the disk (taken as 53.7° in this work).
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The uncertainty in the dynamical mass was estimated by considering the propagation of errors in the main
parameters of the Keplerian model, including the rotational velocity, radial distance, and disk inclination angle.
Based on typical uncertainties in these quantities, the resulting uncertainty in the dynamical mass is on the
order of 10-15%.
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Fig.3. Moment 0, 1 and 2 maps of SO(164,12-163.13), CH;0H (12;,11—120,12 A) and **SO (7s—67) emission toward
(G328.2551-0.5321 A. Contour levels are 0.00267, 0.00405, 0.00615, 0.00934, 0.01418, 0.02152, 0.03267 and 0.04960
Jy beam™ km s!. The black ellipse in the lower-right panel denotes the synthesized beam.

The diagrams exhibit a pronounced, symmetric velocity gradient across the continuum major axis, with
redshifted emission on one side and blue shifted emission on the other, producing the characteristic “butterfly”
morphology expected for rotation. White curves on each panel represent a Keplerian disk model [29] with an
inclination of i = 53.7°, which traces the bright emission ridge well. The inclination angle was derived from
the deconvolved continuum ellipse. The fitted dynamical masses are M = 20.5 Mg for CH30H and M = 23.2
Mg for SO, indicating that the two tracers yield slightly different values. Small asymmetries in intensity and
the presence of separate bright knots in SO, suggest that the two molecules likely trace somewhat different gas
conditions or spatial regions within the rotating structure. These results are slightly higher but broadly
consistent with the 10-20 Mg range reported by [30], likely reflecting differences in tracer excitation and the
adopted inclination.

Four transitions of CH3;OH have been detected toward G328.2551-0.5321. A rotation temperature
diagram can therefore be used to estimate the rotational temperature and column density with Madrid Data
CUBe Analysis.

The spectroscopic parameters of the detected CH3OH transitions are listed in Table 2, including the
transition designation, rest frequency, upper-state energy (E,y/k) and intensity. Figure 5 presents the rotational
diagram for the methanol transitions observed toward the core.
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Fig.4. Position—velocity (PV) diagrams of the CH30H (125,11—120,12 A) and SO» (164,12—163,12) transitions toward

(G328.2551-0.5321, extracted along the major kinematic axis (i = 53.7°). The white curves correspond to the Keplerian

disk model.

Table 2. Parameters of CH;0H (vt=0-2) molecular lines used for the rotational diagram analysis.

Molecule Transitions Rest Frequency Eupk Peak intensity logio (Nu/gu)
(GHz) X) X)
CH3OH, vt=0-2 | 30,21, 334.426571 125.51 0.53 5.7106
2531242 334.679524 314.46 0.29 5.3496
221311 335.133570 1073.82 0.63 4.6465
91,0820 333.864722 44.67 0.05 5.6072
5.6
5.4
$ 52
2
850
s
48
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Trot = 187.9. 23.7K
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Eup/k ()
Fig.5. Rotational diagram of the observed CHsOH transitions.

The uncertainties in the peak intensities, expressed as logio (Nu./gu) are indicated by triangles in the
horizontal stripes of the data. The x-axis represents the upper-state energy Eu/k, expressed in Kelvin. A linear
least-squares fit was applied to the data, yielding a rotational temperature of T = 187.9 + 23.7 K and a total
column density of N = 4.27 x 10'® cm™. The uncertainty in the rotational temperature was derived directly
from the standard error of the slope in the linear least-squares fit. Equation (2) demonstrates that the logarithm
of the upper-level population normalized by its degeneracy, log (N./gu), varies linearly with the upper-level
energy E..

By plotting log (Nu/gu) as a function of E./kg, a linear fit can be applied to derive two key physical
parameters: the rotational temperature from the slope and the total column density from the intercept.

log(*i=) = =2 + log (g2s) @)

In this approach, Nu/gu is calculated from the observed line intensities using the rotational diagram method
under the assumptions of local thermodynamic equilibrium (LTE) and optically thin emission. Accordingly,

NEhin loge
g
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in the rotational diagram, the X-axis represents the upper-level energy Ey/ks (in K), while the Y-axis
corresponds to log(Nu/gu), the logarithm of the column density per statistical weight [31].

4. Conclusion

High-angular-resolution ALMA observations of emission from highly excited molecular lines of CH;OH,
34S0 and SO, toward the massive star-forming region G328.2551—0.5321 were carried out. The main results
and conclusions are summarized below.

The 0.89 mm continuum peak of G328.2551-0.5321, together with surrounding Class I and II CH3:0H
and OH masers, IRAS 15541-5349, EGO G328.25-0.53 and the massive core G328.2551-00.5321-MM 1,
reveals a complex, heterogeneous star-forming environment in which different tracers map distinct physical
conditions and evolutionary stages around a central hub.

The moment-0 maps of molecular gas show that the molecular emission peaks are offset from the
continuum peak. SO, and **SO are spatially extended across the envelope, whereas the CH;OH emission is
compact and centered on the continuum peak, indicating that methanol traces the densest and most compact
region of the core.

The moment-1 maps of SO,, CH;0H and **SO reveal smooth and well-defined velocity gradients oriented
from west (blue-shifted) to east (red-shifted) along PA = 98°, confirming the presence of an organized
rotational motion within the core.

The position—velocity (PV) diagrams reveal a characteristic “butterfly”’-shaped morphology, indicative of
Keplerian rotation around a central massive source. Keplerian model fits yield dynamical masses of M = 20.5
Mg for CH30H and M = 23.2 Mg for SO,, confirming the presence of a massive, rotating disk-like structure.

Rotational transitions of CH3OH (v: = 0-2) were detected toward G328.2551-0.5321. The rotational
temperature is Ty = 187.9 +23.7 K and the total column density is N =4.27 x 10'® cm™, indicating the presence
of warm and dense gas characteristic of a hot molecular core.

These results demonstrate that G328.2551—0.5321 hosts a hot molecular core with a rotating disk,
representing an active site of massive star formation.
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Abstract. This study aimed to cool photovoltaic panels (monocrystalline and polycrystalline) using advanced
cooling techniques with pure water and copper nanoparticles. The problem addressed by the current study is the
high temperature in solar panels, and this problem is addressed by using one of the advanced cooling methods
using nanomaterials. The high temperature harms the performance of photovoltaic panels, so cooling them is
important until the high temperature leads to a decrease in their efficiency. Nanoparticles have been identified as
one of the most effective methods in cooling photovoltaic panels because of their properties that can help improve
the efficiency of photovoltaic panels. This study aimed to cool photovoltaic panels (monocrystalline and
polycrystalline), and K — type thermometers were used to measure the side temperature. The back of each panel
every half hour and the use of a Multi meter digital to measure current and voltage per half hour and a solar
radiation meter to measure the intensity of solar radiation. In general, monocrystalline panels achieved better than
polycrystalline panels and the best improvement of output power was when using Nano fluid at a concentration of
5%. The output power of monocrystalline and polycrystalline panels (76, 81, 85, 89W) (65.48, 70, 74.5, 76W)
respectively when using distilled water and Nano fluid at a concentration of (1, 3, 5 %).

Keywords: Photovoltaic, Thermal, Cooling, Nanoparticles, Concentration, Monocrystalline and Polycrystalline
1. Introduction

Burning fossil fuels saves 81 % of energy around the world, and the combustion of fossil fuels leads to
changes in the weather, depletion of the weight layer and the emission of toxic gases that affect humanity [1].
Solar energy is an alternative to fossil fuels by generating electricity that can help reduce compared to
alternative energy sources, fossil fuels have lower running costs and require less maintenance, contributing to
global warming and other environmental concerns sources [2]. Photovoltaic panels are an important
component of global power generation and are used in a wide range of household applications. Temperature
is one of the factors most affecting the performance of photovoltaic panels [3], the performance of photovoltaic
panels in factories is tested at a 25 °C temperature and solar radiation of 1000 W/m?, which is called standard
test conditions [4]. The production of solar panels changes dramatically when any change occurs in the
surrounding environment [5] any increase in the temperature of the surrounding environment causes an
increase in the temperature of the photovoltaic panel [6]. In addition, not all light falling on the photovoltaic
panel turns into electricity [7]. A large part of the solar radiation is converted into heat that affects the
performance of the panels, so they are cooled to improve their efficiency [8]. As a result, PV/T technology
was developed to capture the extra heat produced by the cells in order to lower the temperature of the solar
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panel and increase overall energy conversion efficiency. Various fluids were utilized in the ducts on the back
of the solar panels to circulate liquids and lower the temperature of the panels. or by sprinklers [9]. In the
recent period, the use of nano liquids due to their heat transfer properties has increased significantly due to
their thermal conductivity compared to other liquids [10]. It was used in many fields in electrical energy;
photovoltaic energy has been proven effective in enhancing the photovoltaic/thermal system's efficiency in
terms of testing nanoparticle concentrations, size, type, and basic fluids [11]. Adun et al. [12] used trinity
nanofluids, a novel kind of liquid made up of three different kinds of nanoparticles combined with a base
liquid. In water, the researchers introduced nano — Al,O3 — ZnO — Fe30s4. The greatest measured electrical
efficiency was 13.75 %; the trinary PV/T system's PV panel temperature dropped by 8.81 °C. Govind S. Menon
et al. [13] worked on evaluating hybrid photovoltaic system comprising tiny tubes mounted atop a solar panel
and a plate on the back wall of the panel and cooling it using water and copper oxide nanofluids. The results
showed that the average surface temperature of the board was 68.4 °C since the test was conducted during
midday without cooling, which is the first case. At 12.98 %, the maximum electricity efficiency was attained.
The cooling system was connected to the rear plate's wall. The second instance utilized water as the coolant,
while the third case employed nano — fluid; all cases had the same operating parameters. The results showed
that employing water and nanofluids increased the electricity efficiency to 14.58 % and 17.61 %, respectively.
This study aimed to cool photovoltaic panels (mono crystalline and poly crystalline) through advance cooling
using pure water and copper nanoparticles.

2. Methods of experimental work

2.1. Study location

Experimentation and evaluation of photovoltaic (PV) panels was conducted in Baghdad Al — Dora
Governorate. The photovoltaic module (mono crystalline and polycrystalline) in this experiment was tilted at
an angle of 30 south.

2.2. Experimental work setup

The experimental setup includes two photovoltaic panels (mono crystalline and poly —crystalline). The
specifications of the panels are shown in Table 1. The purpose of using two panels is to compare the
performance of the panels and to show which one is better in terms of performance. They are fixed on iron
structures at an angle of 30°. The panels were modified by adding copper tubes coated with nano — zirconia
oxide with a grain size of 25nm.

Table 1. Specifications of the photovoltaic panel

Polycrystalline, based PV module Monocrystalline, based PV module

Maximum power 100 W 130 W

Open-circuit voltage 17V 21.24V

Short-circuit current 5.88A 8.09 A

Voltage at maximum power 215V 18V

Current at maximum power 6.55 A 7.22 A

Standard test circumstances 1000 W/m?, AM 1000 W/m?, AM

1.5,25°9C 1.5,25°C

The tubes are fixed on the back of the photovoltaic panels and measuring instruments the intensity of
solar radiation using a type of energy meter (SM — 206). Measuring the ambient temperature by a temperature
sensor type (DHT22) as well as measurement of current and voltage by means of a digital millimeter (SZ305)
and measuring the cell temperature by a digital temperature sensor with a length of 1 meter Type (DS18B20).

2.3. Study location

To create the Nano fluid, an equivalent volume of 50 nm Cupper nanoparticles (Cu) was mixed together
with clean water. To guarantee the dissociation of any aggregates, the mixes were separately guided and then
further homogenized using sonication at 100 kHz and 300 W at 25 to 30 for two hours. To chill the fluids and
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stop overheating, the flasks were placed in an ice bath while being sonicated. Table 2 indicates the properties
of nano fluids (Cu (50 nm) + DW).

Table 2. Properties of nanoparticles and distilled water

p Cp K p a
Basic fluid (kg \ m®) (J\kg. k) (W\m. k) (*10° k™ (*10°) m?/s
Distilled Water 997.1 4179 0.613 21 -
Nanoparticles
Cupper (Cu) 8933 385 401 1.67 11.7

2.4 Thermo physical properties

2.4.1. Electrical Performance
The ratio of the highest electrical power of a PV module to the generation of solar radiation and module
area. As shown in eq. (1) [15]:

P
ne ==z (1
P=1xV )

2.4.2. Electrical performance (or PV module efficiency n )
The efficiency of converting sunlight into electricity, defined as the ratio of the maximum output power
(P) to the product of solar radiation (B) in W/m? and the module area (A, in m?), is measured by the formula:

with P typically is representing P max = [ mp x Vmp.

Factors Affecting Performance: The electrical output is heavily influenced by solar irradiance, ambient
temperature, and cell temperature, which can significantly alter maximum power voltage.

Efficiency Range: Typical commercial PV module efficiency generally ranges from roughly 10% to over
20%, depending on the technology (mono crystalline vs. polycrystalline).

Performance Metrics: While efficiency is a measure of instantaneous conversion, performance ratio (PR)
is often used to assess the overall quality of a PV plant, independent of location .

This performance index is crucial for evaluating how well a solar system converts sunlight into electricity
under various environmental conditions.

2.5.3. Thermo physical properties of nanofluids

To determines the physical parameters of the nanofluids and compare the measured properties with
Nanofluids. At the bulk average temperature of nanofluids, the fluid's dynamics and physical characteristics
were approximated using the following equations [16 — 19]. The fraction's size (¢) can be used to calculate the
nanofluid characteristics. Utilizing an Equation (3):

p
@ % = —Wnpr_l'_pwa X 100 3)
Pnp Pbf

To calculate the density of Nanofluids, the following equation was used (4):

Pnr = (1 — @ )ppsr+ @ Pnp (4)

The specific heat capacity of Nanofluids was evaluated as follows:
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(L=®)Pbfcyet @ Prpcnp

CP) nf = (5)
Dnf
To determine nanofluids' theoretical thermal conductivity, the following equation was used:
Knp+2Kps+2¢ (Knp—Kpr)
Ky=Kk - 6
nf bf[ knp+2be— (p(Knp_be) ] ( )
To determine nanofluids' theoretical thermal viscosity, the following equation was used:
bt
Mnf = =25 Q)

- (1-@) 2.5
3. Results and discussion

3.1. Solar radiation and ambient temperature
Fig. 1 shows solar radiation per half hour on experimental days from 8:30 AM to 2:00 PM we notice that

solar radiation increases from early morning until it reaches a peak in the middle of the day and decreases
throughout the afternoon Fig. 2 shows the ambient temperature and the temperature begins to rise gradually
until reaches its peak at 1:30 PM.
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3.2. Effect of Nano fluidics of Temperature PV panel
The fig. 3 shows the temperatures of the cooled monocrystalline and polycrystalline photovoltaic panels.
shown that when using Cu and water, the temperature of the panel decreases. At a concentration of 5 %,

the minimum temperature is recorded, and at a concentration of 1 %, 3 % and distilled water.
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Fig.3. Monocrystalline (a) and polycrystalline (b) panel PV surface Temperature with cooling at various Cu
concentration values and distilled water

The reason for the decrease in temperature is that the addition of nanoparticles at different concentrations

leads to heat transfer due to its high thermal conductivity.
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3.3. Effect of Nano fluidics of Temperature PV panel

Photovoltaics consume about 20% of solar radiation and convert the rest into heat. Fig. 4 displays voltage
over time when cooling using distilled water and Cu (50 nm) at three concentrations of monocrystalline and
polycrystalline panels.

We notice a noticeable increase in voltage and it increases more and more than the increase in nanofluid
concentrations and less Bima when using water distilled in cooling, decrease the voltages when by increasing
temperature significantly and increase slightly with increasing solar radiation over time, and use of nanofluids
in cooling led to lowering the temperature of the board and thus increasing the voltage.
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Fig.4. a) monocrystalline and b) polycrystalline panel Variations of voltage with cooling at various Cu
concentrations values and distilled water.

Fig.5 shows the electric current when cooling with distilled water and Cu (50 nm) at three concentrations
of 1, 3, 5% mono crystalline and polycrystalline panels We note an increase in electric current for two reasons:
1 — Increasing solar radiation, which leads to the flow of more and more electrons; 2 — cooling using distilled
water and Cu (50 nm) at three concentrations of 1, 3, 5 %.
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Fig.5. monocrystalline and b) polycrystalline panel Variations of current with cooling at various Cu concentrations
values and distilled water.

The fig. 6 displays the electrical power when using distilled water and Nano fluid Cu (50 nm) at three
concentrations of 1, 3, 5 %. The electrical power also increases with the increase in solar radiation, where more
and more electrons are emitted and more current and voltages are generated, in addition to that, the addition
of nanofluids Cu (50nm) affects the productive capacity, as it increases with increasing concentration, as the
highest value of the produced capacity was at a concentration of 5 % and the lowest value when using distilled
water.
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Fig.6. Monocrystalline (a) and polycrystalline (b) panel electrical power with cooling (water and various values of Cu
concentrations nano fluid as cooling fluid).

Fig. 7 shows the electrical efficiency when cooling with distilled water and nanofluid Cu (50nm) at three
concentrations of 1, 3, 5 %
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Fig.7. Monocrystalline (a) and polycrystalline (b) panel electrical efficiency with cooling (water and various values of
Cu concentrations nano fluid as cooling fluid).

The efficiency depends on solar radiation and the panels' temperature. We note that the efficiency values
decrease over time as a result of increasing the temperature of the panel and that adding Cu (50 nm) leads to
heat withdrawal and thus improves its efficiency.

4. Conclusions

1. The comparison showed that monocrystalline panels perform better than polycrystalline panels in all
conditions.

2. Output power for mono crystalline panels was higher than that of polycrystalline panels due to cooling
by Nano fluids and distilled water

3. The results showed the performance of nanofluids in cooling the photovoltaic panels, reducing their
temperature and increasing the electrical efficiency of the three concentrations compared to distilled water due
to their high thermal conductivity.

4. The comparison showed that the best performance was achieved during the cooling of photovoltaic
panels using copper nanofluids at a concentration of 5 %.
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