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Density functional theory study of azobenzene derivatives
as potential materials for wettability switching

In this study, density functional theory (DFT) is employed to analyze the properties of 16 azobenzene deriva-
tives, assessing their potential as wettability switching materials. Inspired by K. Ichimura’s 2001 report on
azobenzene-modified surface wettability, we explore the impact of photoisomerization-induced changes in
molecular dipole moments between cis and trans configurations of different azobenzene derivatives. In parent
azobenzene molecule this process transforms non-polar molecule into a more hydrophilic cis form. The con-
trol of surface wettability holds immense potential across diverse domains, such as industry, medicine, mi-
crobiology, electronics, and materials science. By harnessing this control, we can unlock the potential to cre-
ate innovative materials, elevate functionality, and boost efficiency. It enables to enhance product perfor-
mance, improve adhesion, and achieve precision in liquid handling. Our investigation delves into the structur-
al, electronic, and molecular aspects of all studied molecules utilizing the hybrid B3LYP functional with
DFT-D3 dispersion correction and a 6-31++G(d, p) basis set, presenting promising azo-type structures for
surface wettability manipulation. Two azobenzene derivatives emerge as potential candidates, exhibiting
transformations during cis-trans photoisomerization — one towards increased hydrophilicity and the other in
the opposite direction.

Keywords: azobenzene derivative, wettability switching, photoisomerization, dipole moments, cis-trans con-
figurations, DFT, B3LYP functional, 6-31++G(d, p) basis set, photoswitchable materials, hydrophilicity

=Corresponding author: Saidakhmetov Pulat, timpf_ukgu@mail.ru

Introduction

Wettability is a significant property of solids, governing the spreading behavior of liquid drops on a sol-
id surface. This phenomenon is quantified through the measurement of contact angle (CA), classifying sur-
faces as either hydrophilic or hydrophobic. Superhydrophobic surfaces, of particular interest, are intricately
connected to both fundamental science and practical applications.

Examples of superhydrophobic surfaces can be found in nature, namely are observed in various plants
and insects. Lotus leaves, for instance, are characterized by their ability to repel water, resulting in a self-
cleaning effect, while water striders feature hydrophobic legs to stay above the water surface [1]. This has
spurred significant interest in constructing novel bio-inspired hydrophilic or hydrophobic surfaces. The ap-
plications of such surfaces are diverse, with notable uses in antifogging, self-cleaning glasses (lotus effect),
transparent electronics and nanomedicine [2, 3].

6 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa
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Various methods exist for manipulating wettability of solid surfaces, encompassing temperature gradi-
ents, electric fields, chemical surface modification, pH alterations, solvent influences, and light irradia-
tion [1, 4, 5]. Benefiting from a non-contact mode and acting as a precise stimulus, light can be accurately
directed to the target region for the controlled manipulation of chemical reactions and physical properties,
providing a more elegant design and intelligent control. Materials suitable for light-induced wettability con-
trol exhibit two fundamental properties under irradiation: a switch between bistable states and a change in
surface energy [6]. Among inorganic compounds, titanium dioxide (TiO,) stands out, transitioning to a high-
ly hydrophilic state (0° contact angle for water) under ultraviolet irradiation (UV) [2]. Within the realm of
organic compounds, azobenzenes, spiropyrans, and cinnamates are notable, showcasing a typical change in
chemical configurations between two states. The advantages of organic compounds over inorganic ones in-
clude their amenability to chemical modification, adaptability, and greater reaction diversity [6].

The pioneering work on wettability control of a surface modified with azobenzene was introduced by
K. Ichimura [7]. The concept revolves around the photoisomerization of azobenzene during irradiation,
transforming the nonpolar trans-azobenzene into the polar and more hydrophilic cis-azobenzene. Following
this discovery, azobenzene and its derivatives underwent extensive examination as the base for molecular
switches, developing fabrication of the light-responsive surfaces [8-11]. Subsequent investigations focused
on the fundamental aspects of cis-trans isomerization, including solvatochromic behavior [12—14], solvent-
dependent kinetics, intermolecular and surface interactions, and their effect on wettability switching [15-17].

The present research aims to facilitate the fast and simple design of molecules suitable for creating
monolayers and functionalized surfaces with controlled wetting properties, responsive to external light irra-
diation. Through the analysis of structural, electronic, and molecular properties of 16 azobenzene derivatives
using the density functional theory (DFT), we evaluate their potential as materials capable of wettability
switching. This endeavor is consistent with the broader goal of improving the understanding and application
of photosensitive surfaces to control wetting characteristics individually and effectively.

Methods

For the properties characterization the ab-initio calculations were carried out using the Gaussian 16 [18]
program within DFT and hybrid B3LYP30 functional with DFT-D3 dispersion corrections. Additionally,
water solvent effect was estimated using polarizable continuum model (PCM). The energies of the structures
were calculated with a self-consistent field (SCF) convergence of 10 a.u. for the density matrix. All struc-
tures were optimized using the Berny algorithm [19] with the convergence criteria being a maximum force
less than 45x10° and a rms force less than 3x10™*. We used a 6-31++G(d, p) basis set which is the most ap-
propriate in terms of accuracy and computational time for the determination of electronic properties [20].
Geometry parameters for each structure were free of constraints and allowed to relax during the optimization
process.

In contrast, our previous research [21] utilized an older computational scheme, focusing on only seven
molecules, several of which are reexamined in this study. This shift not only allows for a more comprehen-
sive understanding of molecular interactions but also highlights the advancements made in computational
methodologies. The incorporation of these modern techniques provides a clearer insight into the molecular
behaviours in aqueous environments, underscoring the significance and originality of the current findings.

The common structure of studied molecules is presented in Figure and includes the following
azobenzene derivatives:

1. Azobenzene as a parent molecule;

2. Azobenzene substituted with electron donating groups NH,, SO,-NH,, N(CHs),, known as
aminoazobenzenes;

3. Azobenzene substituted with electron acceptor groups OH, NO,, CH,—CH,—OH, F, CF3, CgHs;

4. Azobenzene substituted with electron acceptor groups in more, than one positions of hydrogen atoms
of a phenyl ring;

5. Azobenzene derivatives of the pseudostilbene type.

These derivatives are essentially modified with an electron acceptor at one end of a phenyl ring and an
electron-donating group at the other end of another phenyl ring. This type is commonly referred to as push-
pull azobenzene, owing to the intriguing charge transfer that occurs within the molecule.

Cepusa «dusmka». 2025, 30, 2(118) 7
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Figure. Structure of trans configuration of studied molecules.
Blue atoms are nitrogen, dark gray atoms are carbon, white atoms are hydrogen

The full list of considered molecules is itemized in Table 1.

Table 1

Short names, functional groups R1 and R2, corresponding SMILES specificities
and structural forms of the studied azobenzene derivatives

The structural
Short name R; R, SMILES formulas of studied
compounds
7N
AB H H clecc(cel)/N=N/clcceeel Q”\\N @
HO— N
HOAB OH H Oclcee(cel)/N=N/clceeeel QN—@
Ho—¢ N
O,
FHOAB OH F Oclccec(ccl)/N=N/clccec(F)cl Q
.
o,
N
CH;HOAB OH CH, Cclccee(cl)/N=N/clcee(O)ccl Q
CH,
§rs
o
CH;OHOAB OH O-CH;, COclceec(cl)/N=N/clcee(O)ecl HOO'”\\N @
HO@'"\\
CF;HOAB OH CF; Oclccec(-n:n-c2cce(cc2)C(F)(F)F)ccl NQH
‘aurs
0
C¢HsHOAB OH CeHs Oclcec(ccl)/N=N/clccee(cl)-cleececl S\ﬁ )
Ho
CH,CH,HOAB H CH,-CH,-OH OCCclece(cel)/N=N/clcceecl @@\/\
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Continuation of Table 1

The structural
Short name R; R, SMILES formulas of studied
compounds
MY H N-(CH5), C[n](C):clcce(-n:n-c2cccec2)ccl =N ;_ .
DO3 NO, NH, [nH2]:clcce(-n:n-c2cce(ce2)-n(:0):0)ccl & )
—/’;’ SN, ==\
AAB NH, H Nclcce(-n:n-c2ccccc2)ccl =)
NS(=0)(=0)clcce(-n:n- HZN@”\\N =\
SONH,AB NH, SONH, 2cee(:[nH2])cc2)cel @
ADAB NH, N(CHj3), CN(C)clcee(-n:n-c2ccc(N)cc2)cel =/ ﬁ;P
DRI NO N(CH,CHs,) CC[n](CCO):clcce(-n:n-c2ccc(cc2)- ox~_) N SN
2 (CH,CH,O0H) n(:0):0)ccl -
The structural
Short name R; R, Hi SMILES formulas of studied
compounds
F(HO);AB F | OH H’;, H’,—OH Oclcee(cel)/N=N/cicc(O)c(F)c(O)cl k”\N_Q_OH
Ho—</ A N, F_F
FsHOAB | OH | F | Hy, H, Hg, Hy —F | Oclccc(-n:n-c2¢c(F)c(F)c(F)c(F)c2F)ccl "N
F F
OH
72 Y
HO3AB OH | OH | H’,H’,— OH Oclcc(O)c(-n:n-c2ceecc2)c(O)cl HOQH\\N@

We analyzed both trans and cis forms, along with all potential arrangements of functional groups for
each molecule. Verified stationary configurations were determined through vibrational frequency analysis,
exclusively using configurations with real frequencies for calculations. In the case of multiple options, the
most stable configuration was chosen for subsequent analysis. Boltzmann statistics were applied to deter-
mine the probability and, subsequently, the average value of the desired property for each configuration.

The chemical potential (p), absolute hardness (1), and electronegativity () were determined through the
finite-difference approximation based on the ionization potential (1) and electron affinity (A). The energy of
the last occupied Kohn-Sham orbital corresponds to the highest occupied molecular orbital (HOMO) associ-
ated with —I. Similarly, the energy of the first unoccupied Kohn—Sham orbital is often used as an approxima-
tion for the energy of the lowest unoccupied molecular orbital (LUMO) and can be equated with —A, despite
the crude nature of this approximation due to DFT being a ground state theory.

Optimized structures

Results and discussion

The characteristic lengths of bonds, distances, torsion angles, and dihedral angles describing the opti-
mized molecules in their trans and cis configurations are presented in Table 2.
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Table 2

Optimized geometrical parameters (angles in degrees, bond length in A) for the trans and cis configurations
of studied molecules obtained from B3LYP-D3 6-31++G(d, p) calculations in the gas phase and water solvent

trans cis
Molecule N2N1 | NIN2 N2N1 | NIN2 |CIN1|NIN2| N2N1
N1C1|N1N2|N2C1|C4C4 c1 c1 N1C1 | NIN2 | N2C1 | C4C4 c1 c1 IN2cilcics| cico
AB 1.418|1.258(1.417|9.080 | 115.1 | 115.1 |1.435|1.249 | 1.435 |6.314| 123.0 | 123.0 | 8.8 | 50.7 | 50.7
1.418(1.259(1.418|9.091 | 115.4 | 115.4 | 1.436| 1.252 | 1.436 |6.297| 123.0 | 123.0 | 9.1 | 50.8 | 50.8
HOAB 1.417(1.260(1.411|9.079| 115.1 | 115.3 | 1.434|1.251 | 1.431 |6.391| 123.1 | 123.6 | 9.4 | 42.2 | 53.9
1.418(1.261(1.409|9.090 | 115.2 | 115.8 | 1.435| 1.254 | 1.429 |6.377| 123.1 | 123.7 | 9.8 | 41.8 | 53.8
FHOAB 1.409(1.260(1.417|9.081 | 1155 | 114.8 | 1.429| 1.251 | 1.434 | 6.403| 123.7 | 123.2 | 9.3 | 55.1 | 40.8
1.407 |1.261|1.417|9.092 | 115.9 | 115.0 | 1.427| 1.254 | 1.435 |6.400| 123.9 | 123.1 | 9.6 | 55.4 | 39.7
CH;HOAB 1.411|1.260(1.418|9.071| 115.3 | 115.1 | 1.432| 1.252 | 1.434 |6.345| 1235 | 123.1 | 9.2 | 53.7 | 42.2
1.410(1.261(1.418|9.082 | 115.7 | 115.3 | 1.429| 1.255 | 1.435 |6.333| 123.7 | 123.1 | 9.7 | 53.2 | 418
CH,0OHOAB 1.411(1.260(1.417|9.070| 115.3 | 115.1 | 1.432| 1.252 | 1.435 |6.287 | 123.3 | 123.0 | 9.0 | 515 | 446
1.409(1.262(1.418|9.080 | 115.9 | 115.2 | 1.429| 1.255 | 1.436 |6.332| 123.7 | 123.1 | 9.5 | 527 | 416
CF,HOAB 1.408|1.260|1.418|9.066 | 1155 | 114.7 | 1.428 | 1.251 | 1.431 |6.379| 1235 | 1232 | 9.3 | 571 | 57.1
1.406(1.262|1.418|9.072| 1159 | 1149 | 1.425| 1.254 | 1.433 |6.380| 123.7 | 123.2 | 9.8 | 40.3 | 39.2
C.H-HOAB 1.411)1.259|1.418|9.072| 115.3 | 115.0 | 1.434 | 1.252 | 1.436 |6.148| 122.8 | 1225 | 8.0 | 48.1 | 48.1
65 1.409(1.261(1.418|9.082 | 115.8 | 115.2 | 1.431| 1.255 | 1.436 |6.206| 123.2 | 122.7 | 8.7 | 48.6 | 45.6
CH,CH,HOAB 1.418|1.258(1.416|9.101 | 115.1 | 115.2 | 1.435| 1.250 | 1.434 |6.327| 123.0 | 123.0 | 9.0 | 49.2 | 51.2
1.418)1.259|1.416|9.111| 1154 | 1155 | 1.436| 1.252 | 1.433 |6.316| 1229 | 1230 | 9.3 | 486 | 519
MY 1.417)1.263|1.403|9.121| 1149 | 115.7 | 1.432 | 1.255 | 1.423 | 6.487| 123.2 | 124.2 | 10.0 | 35.8 | 56.5
1.416(1.268|1.397|9.137 | 115.0 | 116.4 | 1.433 | 1.262 | 1.413 |6.542| 123.1 | 125.2 | 10.4 | 29.7 | 58.9
DO3 1.3971.265(1.413|9.060 | 115.9 | 114.4 | 1.418| 1.254 | 1.422 | 6.493| 124.0 | 124.1 | 11.0 | 59.1 | 32.2
1.386(1.273|1.408|9.065| 116.6 | 114.3 | 1.406 | 1.261 | 1.418 |6.574| 124.7 | 1245 | 12.8 | 59.2 | 26.6
AAB 1.417)1.262|1.406|9.101| 1149 | 115.6 | 1.433 | 1.253 | 1.427 |6.458| 123.2 | 1240 | 9.7 | 38.0 | 55.6
1.417)1.266|1.399|9.119| 115.1 | 116.4 | 1.434| 1.259 | 1.419 |6.497| 123.1 | 123.7 | 10.3 | 33.3 | 574
SO,NH,AB 1.401(1.263(1.416|9.069 | 115.8 | 1145 | 1.421| 1.254 | 1.427 |6.455| 124.2 | 1235 | 9.8 | 59.3 | 33.1
1.392(1.269(1.414|9.077 | 116.5 | 1145 |1.411|1.260 | 1.427 |6.517| 124.9 | 123.6 | 10.9 | 60.1 | 29.1
ADAB 1.408 |1.264|1.406|9.143 | 115.3 | 1155 | 1.430| 1.256 | 1.427 |6.510| 123.5 | 123.7 | 11.2 | 42.8 | 45.8
1.407|1.269|1.402|9.165| 115.7 | 116.1 | 1.427 | 1.263 | 1.421 |6.564 | 123.7 | 124.3 | 12.4 | 38.7 | 44.8
DR, 1.409|1.259|1.419|9.023| 115.4 | 1149 | 1.430| 1.251 | 1.436 |6.334| 123.7 | 1229 | 9.2 | 55.8 | 41.6
1.408(1.261(1.419|9.037 | 115.8 | 115.1 | 1.427| 1.254 | 1.437 |6.344| 124.0 | 122.9 | 9.5 | 55.3 | 40.0
F(HO),AB 1.409(1.259(1.419|9.023 | 115.4 | 1149 | 1.430| 1.251 | 1.436 |6.334| 123.7 | 122.9 | 9.2 | 55.8 | 41.6
1.4081.261|1.419|9.037 | 115.8 | 115.1 | 1.427| 1.254 | 1.437 |6.344| 124.0 | 122.9 | 9.5 | 55.3 | 40.0
F.HOAB 1.405|1.264|1.403|9.106 | 114.8 | 116.1 | 1.419 | 1.250 | 1.439 |6.412| 1236 | 122.2 | 9.4 | 625 | 40.8
1.403|1.266|1.402|9.116| 115.2 | 116.2 | 1.413 | 1.255 | 1.436 |6.502| 124.7 | 1226 | 9.5 | 60.8 | 35.3
HO,AB 1.410(1.276(1.372|9.078 | 116.7 | 117.5 | 1.425| 1.260 | 1.404 |6.892| 122.9 | 128.8 | 11.0 | 36.2 | 49.6
1.410(1.276(1.373|9.079| 116.8 | 117.3 | 1.428 | 1.261 | 1.405 | 6.833| 122.8 | 128.2 | 10.6 | 37.8 | 49.3

First, it is noteworthy to highlight that the geometry optimization of the molecules under investigation
resulted in all the trans configurations being planar, as expected, with dihedral angles C1IN1N2C1,
N1N2C1C6, N2N1C1C2 equal to 180 degrees.

Upon analysis of the N1IN2 bond lengths, we observed that the smallest values were found in the AB
and CH,CH,HOAB molecules. Specifically, the trans forms of these molecules exhibited N1N2 bond
lengths of 1.258 A in the gas phase and 1.259 A in the presence of the water solution model. These bond
lengths slightly decreased for cis configurations of the molecules to 1.249 A for the gas phase and 1.252 A in
case of accounting water solution.

Dihedral angels C’ININ2CI1 of cis forms of studied molecules range from 8.0 to 11.9 degrees in the
gas phase and 8.7 to 14.3 degrees in case of accounting PCM. These minimal and maximal angle values cor-
respond to C¢HsHOAB and DR; respectively.

The C1C6 distances, characterizing relative size of a molecule, are changing in case of trans confor-
mation from 9.023 to 9.143 A in the gas phase and from 9.037 to 9.165 A in case of accounting water solu-
tion in calculations. These values exhibited by F(HO);AB and ADAB respectively. For the cis conformation
C1C6 distances range from 6.148 to 6.892 A in the gas phase and from 6.206 to 6.833 A case of accounting
PCM in calculations. Corresponding to these extreme cases molecules are CsHsHOAB and HO;AB.
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Energy

The difference in Gibbs free energies between trans and cis configurations AG and corresponding equi-
librium constants K of studied molecules are given in Table 3.

Table 3

Calculated Gibbs free energy differences AG (kJ/mole) and equilibrium constants K
between trans and cis configurations of the most stable conformations of the molecules
studied obtained from B3LYP-D3 6-31++G(d, p) calculations in the gas phase and water solvent

Molecule AG K Molecule AG K
9 10
Tl e R
HoAg “oes [ asdr | A Sisr | 10610
FHOAB oo | isoo | SONMAB | —Tip
CHHOAB 050 o ADAB =7es 26niom
cronoas  |—oool | TS0 [ oy et R
CF;HOAB 023 o FHOMAB S0 Soeitr
crrons |20 | 20T | rnoas | ST
CHCHHOAS | ——20bs g | OB | s
— X 10
My B ———

The equilibrium constants were obtained using the formula:
K =exp(-AG/RT), (1)

in which the AG is the difference in the Gibbs energies between trans and cis configurations, T is the room
temperature equal to 298.15 K and R is the gas constant.

As expected, the trans configurations of all molecules have been found to be more stable than the cis
configurations, with a stability difference ranging from 44.30 to 92.39 kJ/mol. This is evident from the val-
ues of the equilibrium constants, which show a significant difference in magnitude ranging from 5.77x10" to
1.54x10". The solvent effect is observed as decrease in Gibbs free energy differences and equilibrium con-
stants with AG ranging between 32.41 and 85.41 kJ/mol and K between 4.76x10° and 9.20x10", correspond-
ingly.

Based on our calculations, it has been determined that the molecules CsHsHOAB and FsHOAB exhibit
the smallest values of Gibbs free energy differences and equilibrium constants. Conversely, CH,CH,HOAB
and HO;AB exhibit the highest values of these parameters.

Electronic properties
It is well known that the dipole moment of molecules is determined by the formula:

p=po+ocE+%[3EE+..., (2)

in which py is the dipole moment without electric field, a is the second-order tensor of the polarizability and
B is the first term in infinite series of hyperpolarizabilities. The polarizability tensor has been diagonalized
and afterwards the mean and anisotropic polarizabilities have been obtained using the following formulas:

o

o =5 (O 0, ©
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QLanis :J(axx _aw) +(ayy —OLZZ) +(OLXX _azz) ’ (4)

2

in which ay, ayy, a,, are the diagonal elements of the polarizability matrix.

All the computed values for dipole moments their differences between the trans and cis configurations
of the most stable conformations of the molecules under investigation are summarized in Table 4, besides,
corresponding mean and anisotropic polarizabilities are listed in Table 5. As expected, the calculations ac-
counting a water solvent yielded larger values compared to those obtained in the gas phase, as water serves
as a more polarized medium.

Table 4

Calculated dipole moments u (Debye), their differences between the trans and cis configurations
of the most stable conformations of the studied molecules obtained from B3LYP-D3 6-31++G(d, p)
calculations in the gas phase and water solvent

Molecule irans eis Ap Molecule Mirans Heis An
AB 000 A7 A7 e T L T
HOAB 7% o 745 AAB oot o 215
FHOAB 273 35 Gl | SONHAB |2 de 7%
CHHOAB |53 s | APA® | s | 6%
CHOHOAB | — o8 =10 Tl DRI | —re3e 1 040|487
CFHOAB  |—g50 30T 20| FHOMAB =58 352
CHHOAB |50 oo e rHone il oo oo
CH.CHHOAB (—1o S5 Tie HOAB | 3 03t
MY oot 5o 757

As part of our endeavor to create materials with the ability to switch their wettability under light expo-
sure, we are particularly interested in molecules that exhibit a substantial difference in dipole moments be-
tween their trans and cis forms. The presence of a non-zero dipole moment indicates a polar molecule. When
the magnitude of this dipole moment decreases, the dipole—dipole interaction between the molecule and wa-
ter molecules also diminishes. Consequently, this reduction in interaction leads to a less hydrophilic state in
terms of wettability.

Table 5

Calculated mean and anisotropic polarizabilities a, and their differences between the trans and cis configurations
of the most stable conformations of the studied molecules obtained from B3LYP-D3 6-31++G(d, p) calculations
in the gas phase and water solvent

Molecule o o o o sa™ | Ao
= 183.13 202.86 157.90 79.61 7522 123.25
255.20 279.02 221.89 102.05 3331 176.98

A 194.94 23147 166.95 95.83 27.99 135.63
274.31 326.19 235.82 125.87 38.49 200.32

A 195.56 233.55 166.80 93.94 28.76 139.61
274.34 330.21 234.56 124.91 39.78 205.30

209.76 240.00 178.98 87.34 30.79 152.66

CH;HOAB 332.76 202.85 253.00 119.62 39.85 213.15
214.88 233.15 182.13 80.16 32.75 152.99

CH;OHOAB 301.28 331.79 250.11 117.96 4217 213.83
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Continuation of Table 5

Molecule e e o o Ao Ao
213.58 256.98 181.45 97.03 32.13 159.95

CRHOAB 295.52 350.02 252.94 125.42 42.58 224.60
278.39 295.65 235.08 107.25 43.30 188.40

CoHsHOAB 384.30 385.50 338.41 157.26 45.89 228.23
220.39 244.29 190.94 99.29 29.45 145.00

CHCHHOAB 300.78 315.35 262.30 113.86 38.48 201.50
MY 247.59 311.68 209.27 132.92 38.32 178.76
364.42 483.67 306.23 204.87 58.19 278.80

DO3 251.40 359.38 207.66 138.99 43.73 220.39
417.03 693.03 319.65 233.22 97.38 459.81

AAB 209.33 261.61 177.46 108.02 31.87 153.60
311.10 416.70 258.48 160.95 52.62 255.75

258.47 326.97 217.91 130.69 40.57 196.28

SONHAB 378.18 499.48 313.64 179.70 64.54 319.78
ADAB 272.01 365.74 225.31 143.98 46.69 221.75
404.38 573.73 335.62 227.97 68.77 345.76

DR1 328.69 446.52 274.75 179.75 53.94 266.76
534.16 845.84 418.08 300.55 116.08 545.29

206.37 242.27 176.38 95.62 29.99 146.66

F(HO)AB 287.45 334.48 247.43 126.17 40.02 208.31
F.HOAB 198.14 236.05 169.21 92.11 28.92 143.94
° 280.14 354.14 237.49 135.39 42.65 218.75
HOAB 211.78 257.44 181.57 131.85 30.22 125.59

3 300.51 368.79 259.57 174.61 40.95 194.18

The trans configuration of AB displayed the smallest dipole moment, measuring 0 Debye, which is
consistent with its symmetrical molecular structure. Among the azobenzene derivatives, CH;HOAB and
ADAB exhibited the smallest dipole moments of 1.13 and 1.35 Debye, respectively, in the gas phase. In the
water solvent model, these values increased to 1.60 and 2.41 Debye. It is noteworthy that these relatively
small dipole moments can be attributed to the compensating effects of the substituted functional groups.

Nevertheless, the ADAB molecule exhibited the most substantial difference in dipole moments between
cis-trans configurations, surpassing that of AB. This difference amounted to 4.89 Debye in the gas phase and
6.59 when considering water solvent in calculations, compared to 3.45 and 4.72 Debye for AB. Notably,
CH3;HOAB and C¢HsHOAB molecules can be also taken into account as the ones switching wettability from
more to less hydrophilic states, with Ap values for cis-trans configurations equal to 2.54 and 2.75 Debye,
respectively, increasing to 3.63 and 3.92 Debye in the water solvent model.

It is crucial to highlight instances of negative differences in dipole moments for DO3, DR1, and
SO,NH,AB. This suggests that the cis-trans transition may conversely result in a more hydrophilic state.
Particularly noteworthy is the case of SO,NH,AB, exhibiting the highest negative difference in dipole mo-
ments compared to AB, with —Ap values of 4.55 and 7.25 in the gas phase and water solvent model calcula-
tions, respectively.

Spectroscopic methods offer a means to determine the components of the polarizability matrix. Howev-
er, obtaining such data can be challenging due to the demanding experimental procedures, particularly for
molecules with low or no symmetry. This is where molecular modeling calculations can prove invaluable in
fulfilling this objective.

According to our computations, molecules exhibiting the lowest mean polarizability differences include
HOAB, FsHOAB and HO;AB, with respective values of 27.99, 28.76 and 30.22 au in the gas phase, and
38.49, 39.78 and 40.95 au when considering water solvent in calculations. These values contrast with AB,
which registers at 25.22 and 33.31 au, respectively. The corresponding anisotropic polarizability differences
for these molecules are 135.63, 139.61, and 125.59 au in the gas phase, and 200.32, 205.30, and 194.18 au
when water solvent is considered, compared to AB with values of 123.25 and 176.98 au.

Conversely, molecules with the highest mean polarizability differences include DO3, DR1 and ADAB,
exhibiting values of 43.73, 53.94 and 46.69 au in the gas phase, and 97.38, 116.08 and 68.77 au when con-
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sidering water solvent. The corresponding anisotropic polarizability differences for these molecules are
220.39, 266.76, and 221.75 au in the gas phase, and 459.81, 545.29, and 345.76 au when accounting for wa-
ter solvent in calculations.

Molecular properties

In the present work we have obtained the energy of the highest occupied molecular orbital (HOMO)
and the energy of the lowest unoccupied molecular orbital (LUMO) as the frontier orbitals of chemical com-
pounds play a vital role in determining their reactivity [22]. It is noteworthy that molecules with a higher
HOMO value possess the ability to donate electrons to acceptor molecules with low energy and empty mo-
lecular orbitals. Table 6 showcases the calculated HOMO and LUMO energies for studied azobenzene deriv-
atives. Notably, the trans and cis configurations of the ADAB molecule exhibit the highest HOMO and
LUMO values.

Table 6

Calculated molecular properties of trans and cis configurations of the studied molecules obtained
from B3LYP-D3 6-31++G(d, p) calculations in the gas phase and water solvent. Values are in eV

trans cis

Molecule
HOMO| LUMO fﬁgmg w | mt| x [Homo|LUMO fﬁgmg P P
B 646 | 254 | 393 | 450 | 1.96 | 450 | -6.06 | —2.29 | 3.77 | -4.18 | 1.89 | 4.18
660 | 273 | 387 | 466 | 1.94 | 4.66 | 627 | —2.48 | 3.79 | —4.37 | 1.89 | 4.37
OAD 611 | 239 | 372 | 425 | 186 | 425 | 586 | 219 | 3.68 | -4.02 | 1.84 | 4.02
623 | 260 | 3.63 | 441 | 1.81 | 441 | -6.04 | 2.40 | 364 | 422 | 1.82 | 4.22
HOAB | 627 | 259 | 368 | 443 | 184 | 443| 604 | 236 | 368 | 4.00 [ 184 4.00
631 | 272 | 359 | 451 | 1.79 | 451 | -6.14 | —2.50 | 3.65 | -4.32 | 1.82 | 4.32
CHHOAB | 005 | 233 | 372 | 410186419 581 214 | 368 | 3.0 | 1841 3.8
610 | 257 | 362 | 438 | 181|438 | 601 | 2.38 | 363 | 419 | 1.82 | 419
600 | —2.38 | 361 | 412 | 181|419 | 586 | 2.21 | 3.65 | -4.03 | 1.82 | 4.03
CHOHOAB 60261 | 354 | 431 | 1.77 | 438 | 6.02 | 241 | 360 | 422 | 1.80 | 4.22
CFHOAs |-6.14 | 261 354 | 431177438 6.02 | 241 | 360 | 422180422
638 | 283 | 355 | 460 | 1.78 | 4.60 | 621 | —2.58 | 3.64 | -4.40 | 1.82 | 4.40
CHOAB | 609 | 240 | 368 | 4.25 [ 184 [425] 590 | 224 | 366 | 4.07 | 183|407
621 | 262 | 359 | 441 | 1.80 | 441 | -6.04 | 2.44 | 3.60 | —4.24 | 1.80 | 4.24
637 | 251 | 386 | 444 | 1.93 | 444 | 6.02 | 2.27 | 3.74 | —4.14 | 1.87 | 4.14
CHCHHOAB =0 o 270 | 3.80 | 4.60 | 1.90 | 4.60 | 6.18 | —2.45 | 3.74 | —4.32 | 1.87 | 432
Ty 538 | 209 | 329 | 373 | 165|373 | 533 | -1.00 | 344 | 362 | 1.72 | 3.62
546 | 241 | 305 | 393 | 152 | 3.93 | 546 | 2.21 | 3.26 | —3.83 | 1.63 | 3.83
Coa 613 | 312 | 301 | 462 | 150 | 462 | -6.06 | —2.96 | 311 | —451 | 1.55 | 451
500 | 334 | 256 | 462 | 1.28 | 462 | -5.90 | 317 | 2.73 | -454 | 1.37 | 454
B 568 | 219 | 348 | 393 | 1.74 | 3.93 | 556 | —2.00 | 356 | —3.78 | 1.78 | 3.78
566 | 243 | 323 | 404 | 162 | 404 | 571 | 2.27 | 344 | —3.99 | 1.72 | 3.99
SONHAB | 597 | 263 | 334 [ 430 [ 167430 587 [ 236 | 350 | 412 175412
587 | 277 | 310 | 432 | 155|432 | 586 | —2.50 | 3.36 | -4.18 | 1.68 | 4.18
ADAB 502 | -1.80 | 322 | 341 | 161|341 | 501 | -1.72 | 153 | —0.95 | 0.77 | 0.95
517 | 219 | 299 | 368 | 149 | 3.68 | 517 | 212 | 1.93 | —1.16 | 0.97 | 1.16
RL 501 | 309 | 281 | 450 | 1.41 | 450 | 572 | —2.88 | 2.84 | -4.30 | 1.42 | 4.30
560 | 332 | 237 | 451 | 1.19 | 451 | 563 | 315 | 248 | —4.39 | 1.24 | 4.39
FHO)AB | 645 | 246 | 870 | 431 185[43L] 595 | -2.25 | 370 | 410185410
623 | 264 | 359 | 443 | 1.79 | 443 | -6.07 | 2.44 | 3.63 | -4.26 | 1.82 | 4.26
FHons | 698 | 294 | 864 | 476 182476 655 279 | 3.76 | 467|188 467
645 | 297 | 348 | 471 | 1.74 | 4.71 | 647 | —2.81 | 3.66 | -4.64 | 1.83 | 4.64
Hops | 016 | 272 | 344 | 444 [172[444] 603 | 255 | 348 | 4.2 | 1.74] 4.9
610 | 2.75 | 344 | 447 | 1.72 | 447 | 613 | —2.64 | 349 | 438 | 1.74 | 438

In accordance with Ref. [23] there is a linear correlation between an ionization potential (IP), an elec-
tron affinity (EA) and frontier orbitals: HOMO is associated with IP, LUMO can be equated with EA. To
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explore the connection between chemical quantities and molecular properties, chemical potential p, absolute
hardness n, the first electronic excitation energy t and electronegativity y were evaluated using following
formulas [22, 23]:

1= (ELumo ~ Evomo )/ 2, (5)
%==(ELumo * Erowo )/ 2, (6)
H=(ELovo * Enomo )/ 2, (7)
=", (8)

The results of our calculations are collected in Table 6. According to chemical potential values, that are
smaller for trans configurations of all molecules, than for cis, molecules are tending to transit from cis to
trans configuration, that is in accordance with Gibbs free energy results, showing the trans isomerization is
more stable.

The concept of hardness in the context of molecular systems is closely linked to reactivity. Specifically,
a system with a higher value of absolute hardness n tends to exhibit lower reactivity compared to a system
with a lower value [22]. Our findings indicate that the molecules AB and CH,CH,HOAB display relatively
lower reactivity, suggesting that they are less prone to undergo chemical reactions. On the other hand, the
molecules DO3, DR1, and ADAB demonstrate higher reactivity, indicating that they are more likely to en-
gage in chemical transformations.

We found that the inclusion of the water solution model led to a decrease in the energy levels of HOMO
and LUMO, as well as a decrease in the energy gap between them (ALUMO-HOMO). Therefore, we ob-
served that the chemical potential and absolute hardness values also decreased compared to calculations per-
formed in the gas phase. These findings suggest that the presence of a water solution in the calculations en-
hances the reactivity of the molecules under study. By considering the water solution model, there is a great-
er propensity for chemical reactions to occur. This highlights the importance of considering solvent effects
when assessing the reactivity of molecules, as the water solution model can significantly influence their elec-
tronic properties and overall reactivity.

Conclusion

The current research presented DFT calculations for molecules from azobenzene family. Specifically,
we investigated 17 molecules using an innovative approach that incorporates DFT-D3 dispersion corrections,
enhancing the accuracy of our results. Furthermore, we considered the effects of a water solvent by employ-
ing the polarizable continuum model (PCM), a technique that has not been applied in prior evaluations of
these molecules.

Overall, adding the solvent model (water in our case) increases dipole moments for most molecules,
with a stronger effect on highly polar compounds like SO,NH,AB, DO3, and DR1. In contrast, fluorinated
molecules and some alkyl-substituted derivatives show relatively small changes, indicating that their dipole
moments are less affected by solvation. The solvent generally enhances the contrast between trans and cis
dipole moments, making the difference more pronounced in most cases.

The dipole moment difference between the trans and cis configurations was found to be lower in all
considered molecules compared to azobenzene, except for ADAB. In the gas phase, ADAB exhibited a di-
pole moments difference of 4.89 Debye, whereas calculations including PCM vyielded a difference of
6.89 Debye.

The relative difference in the dipole moment between the trans and cis configurations was found to be
lower than for azobenzene for all considered molecules except for ADAB, for which the difference was ob-
tained equal to 4.89 Debye in the gas phase and 6.89 Debye in calculations including PCM. Hence, materials
incorporating this azobenzene derivative can be regarded as photoswitchable materials capable of transition-
ing between more and less hydrophilic states by transforming from the cis to trans configurations. This abil-
ity to switch wettability makes these materials promising candidates for various applications.

Moreover, ADAB molecule exhibited the largest mean and anisotropic polarizabilities, as well as the
highest HOMO and LUMO energies. Also, ADAB molecules have shown to be the most reactive.

The highest negative difference in the dipole moments between cis and trans configurations was found
for SO,NH,AB molecule. In the gas phase, this difference amounted to 4.55 Debye, while in the water sol-
vent model it increased to 7.25 Debye. This finding suggests that this molecule holds promise for applica-
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tions where the wettability of a surface needs to be altered under light irradiation, transitioning from a less
hydrophilic state to a more hydrophilic state. Such materials could prove valuable in various fields requiring
controllable surface properties.

These remarkable characteristics make the ADAB and SO,NH,AB molecules an intriguing subject for
further exploration and potential applications.

I'. AnpipbekoBa, I1. Cangaxmeros, P. bypranosa, U. [TusH3una,
I'. baiimaHn, I'. baybekosa, JI. Taropckuit

THIFBI3ABIKTHIH (PYHKIMOHAIBIK TEOPHUSICHI IIeHOepiHae CyJaHyAbl 63repTy
YLIiH 2300€H30J1 TYBIH/BLIAPBIH JJIeyeTTi MaTepuajiap peTiHjae 3eprrey

3epTTeyne THIFBI3ABIKTEIH (GYHKIHOHATABIK Teopmsichl (TOT) bUFaIIBUIBIKTEI ©3repPTeTiH MaTepHaaap
periHge onapiablH oJieyeTiH Oaramait oTeIpbin, 16 TybIHABI a300€H3O0JIBIH KACHETTEpiH Talfay YIIiH
kosnanbltaael. K. Munmypansiy (2001) aszoGen3zonMeH MonuHKauusulaHFaH OCTTiH CyJaHybl Typajbl
OasiHIaMachblHAaH MIA0BITTaHA OTHIPHIN, 013 a300CH30JIBIH OPTYPJi TYBIHABUIAPBIHBIH YUC JKOHE MPAHC-
KOHQUTypauusulapsl — apachlHAAFbl  MOJICKYJaNblK  JUIIOJAb MOMEHTTEpIHIH e3repyiHeH TybIHAaraH
(oTonsoMepH3alMAHBIH cepiH 3epTTedik. by mpomecc 6actankpl a300€H30J1 MOJEKYJIachlHAA MOJSIPIIBI
eMec MOJIEKYJaHbl TUAPOQWIBII yuc TYpiHEe alHaiImeIpanbl. beTTik KabaTThIH CynaHyblH Oakpuiay
OHEPKACINTIK, MEAWLUHAIBIK, MHKPOOHOIOTHS, OSJCKTPOHHKA JKOHE MaTepHalTaHy CHSAKTHl JpTYpdi
camamapia opacaH 30p oneyetke ue. Ocbl OakputayApl MaiagaHa OTBIPHII, 013 HHHOBAIMSIIBIK
MaTepHalIapAbl xKacay, GYHKIHOHAIABUIBIK MEH THIMIUIIKTI apTTHIPy QJEYeTiH alra anambl3. byl eHIMHIH
OHIMIIUIITIH JKaKcapTyFa, aAre3nsHbl JKaKCapTyFa JXQHE CYHBIKTBIKTapIbl OHIEY Ke3iHAe IOJJIIKKe KOJ
JKeTKi3yre MyMKiHaik Oepeni. Aucnepcusibk Ty3etiren DFT-D3 rubpuari ¢pysaxunonannst B3LYP sxone 6-
31++G(d, p) Ga3ayblK >KUBIHTHIFBIH HaliIaJlaHbIN, 3€PTTEIreH OapibIK MOJIECKYyJaJaplIblH KYPBUIBIMABIK,
3IEKTPOHIBI JKOHE MOJICKYJIATBIK aCTICKTIepi 3epTTeN i, OCTTIK KaOaTThIH UKEMIUTITIH OacKapyFa apHaJIFaH
MEePCIEeKTUBAIBl a30T THITI KYpPBUIBIMAApP YCHIHBUIABL OJEYeTTI YMITKep peTiHae a300CH30JABIH €Ki
TYBIHIBICHl YCBIHBUIFAH, OJlap yuc-mpanc (HOTOU30MEpIeHYyl Ke3iHae Oipi ruapOoQHIbIUTIKTIH JKOFaphLIay
OaFBITBHIH/IA, EKIHIIICI KapaMa-Kapchl OaFbITTa TYPICHIIPYIEpAi KOPCETEdi.

Kinm ce30ep: a300€H3011 TYBIHABICHI, BUIFAIIBUIBIKKA aybICy, (OTOM30MEPHU3ALHsI, TUMOIb MOMEHTTEpi, Cis-
trans kouduryparusiiapsl, DFT, B3LYP ¢yukunonanapik, 6-31++G(d, p) 6asanbik »xuHarsl, (GOTOOTKI3IIII
Martepranaap, TuApoQuIbAiTIK

I'. Ansip6exoBa, I1. Caugaxmeros, P. bBypranosa, U. [Tusin3una,
I'. baitman, I'. bay6ekosa, JI. Tatopckuit

HUccienoBanue npou3BoIHbIX 2300€H30J1a B pAMKaX TeOPHH (GyHKIHMOHAJIA IITIOTHOCTH
KaK NOTeHIHAJIbHbIe MATePHAJIbI VA NMIePeKIIYeHUs] CMAYHBAEMOCTH

B stom uccnenoBanuu Teopus Gyukimonana miotHoctd (DFT) ucnonb3yercs A aHanu3a CBOUCTB 16 mpo-
M3BO/IHBIX a300€H30J1a, OLCHUBAsl MX IMOTCHIMAl B Ka4eCTBE MATEpPHAIOB, M3MEHSIOIINX CMAaYyHMBaeMOCTb.
BroxHoBneHnsie noknanom K. Muanmypsr (2001) o cMaunBaeMOCTH MOBEPXHOCTH, MOJHU(DHUIIMPOBAHHON a30-
OCH30JI0M, MBI H3y4aeM BIHSHUE (OTOM30MEPH3ANNH, BRI3BAHHON N3MEHEHHEM MOJEKYJISIPHBIX TUTIONBEHBIX
MOMEHTOB MEXAY yuc- U mpaHc-KOHPUTYpalsIMU Pa3IndHbIX TPOU3BOIHBIX a300eH30ma. B ncxomHol Mo-
JIeKyJie a300€H30I1a ATOT MPOIIecC MPeodpa3yeT HEMOSIPHYIO MOJIEKYTY B Ooiee THAPOQMIBHYIO yuc-GopMmy.
KoHTpoip cMaunBaeMOCTH OBEPXHOCTH MMEET OOJBIIOE 3HAUYCHHE B PA3IMYHBIX OOJIACTSX, TAKUX KaK MpO-
MBIIJICHHOCTh, MEIUIIMHA, MUKPOOHOJIOT Y, JJIEKTPOHHKA U MaTepHanoBeaeHue. VIcrnomp3ys 3TOT KOHTPOJIb,
MBI MOXKEM PaCKpBITh MOTEHIMAN /I CO3JAaHHs MHHOBALMOHHBIX MaTepHalOB, IMOBBINICHHS (YHKI[HOHAIIb-
HocTH U 3ddexTnBHOCTH. OH MO3BOJSIET YIYUIINTh IKCIUTYaTAMOHHBIE XapaKTEPUCTHKU MPOAYKTa, YIIyd-
IIUTh a[re3HI0 U JTOCTUYh TOYHOCTH NMPH OOpALICHHU C XKHUAKOCTAMH. Hamu M3ydeHbl CTPYKTYpHBIE, dICK-
TPOHHBIC M MOJIEKYJISIPHBIE ACTIEKTHI BCEX MCCIIEOBAHHBIX MOJIEKYJ C TIOMOIIbIO THOPUIHOTO (DyHKIIMOHAA
B3LYP ¢ mgucnepcnonnoii xoppekimeit DFT-D3 n 6asnucuoro Habopa 6-31++G(d, p), mpeacTaBuB nepcnex-
TUBHBIE CTPYKTYPHI a30TUCTOTO THIIA JJIsI MAaHWUIYJIHPOBAHHS CMAuyWBAEMOCTBIO MOBEPXHOCTH. J[Ba MmMpom3-
BOJIHBIX 2300€H30J1a BBICTYNAIOT B KAYECTBE IMMOTEHIIMAIbHBIX KaHIUIATOB, IEMOHCTPUPYS TpaHCHOPMAIIUH B
nporecce yuc-mpanc HOTOM30MEPU3ALUN — OJJHA B CTOPOHY YBEIHMUYCHUs TUAPO(UIBHOCTH, Apyras — B
IPOTHBOIIOJI0KHOM HAMPaBICHHH.

Kniouegvie crosa: mpon3BogHOE a300€H3071a, MEPEKIIOUCHIE CMaYNBAEMOCTH, (OTOM30MEpH3aLHs, TUIONb-
HbIE MOMEHTSHI, yuc-mpanc kKoudurypauuu, DFT, ¢pynkuronan B3LYP, 6a3osslii HaGop 6-31++G(d, p), do-
TONEPEKIII0YAEMbIC MAaTePHAIIbl, THAPO(YUILHOCTE
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The effect of MoSe, nanoparticles on the properties
ZnO electron transport layer of organic solar cell

This study investigates the impact of MoSe, nanoparticle doping on the structural, optical, and electrical
properties of the ZnO electron transport layer (ETL), as well as its effect on the efficiency of organic solar
cells (OSCs). ZnO:MoSe, composites were synthesized using the sol-gel method, and their morphology was
analyzed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Optical stud-
ies revealed an increase in the bandgap width and enhanced defect-related emission, indicating improved
charge carrier dynamics. Electrical measurements confirmed increased conductivity and reduced charge re-
combination with the addition of MoSe,. Organic solar cells based on ZnO:MoSe, demonstrated enhanced
photovoltaic performance compared to pure ZnO devices. The optimal device was achieved at MoSe, concen-
tration of 8 %, where the short-circuit current density (Jsc) increased from 7.25 mA/cm? to 10.02 mA/cm?, the
fill factor (FF) improved from 0.37 to 0.52, and the power conversion efficiency (PCE) rose from 0.7 % to
3.3 %. These results confirm the potential of ZnO:MoSe, nanocomposites for high-performance optoelectron-
ic and photovoltaic devices.

Keywords: ZnO, MoSe,, composite film, surface morphology, optical and impedance spectroscopy
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Introduction

Enhancing the performance of photovoltaic devices can be achieved by incorporating 2D materials,
which exhibit unique optical and electronic properties. Due to their ease of fabrication and processing, envi-
ronmental friendliness, stability, and chemical compatibility with other materials in composites, 2D materials
are widely used in photovoltaics as efficient transport layers. Among these 2D structures, transition metal
dichalcogenides (TMDs) stand out due to their high charge carrier mobility (10-10° cm?V~*s™), transpar-
ency in the visible spectrum, and direct bandgap at the monolayer level. Integrating such structures into or-
ganic solar cells enables tuning of the bandgap, physical and chemical properties, and formation of van der
Waals heterojunctions with other materials used in solar cells. These advantages make TMDs promising
candidates for composite photovoltaic devices [1-5].

The 2D TMDs such as MoS,, MoSe,, and WSe, offer the possibility of tuning the bandgap and
chemical properties and creating various van der Waals heterostructures with other materials. Due to their
unique monolayer structure, the unshared electron pairs of S and Se atoms can facilitate fast charge transport,
thereby increasing charge carrier mobility [6, 7].

However, using MoSe, nanoparticles alone does not form a continuous layered structure. Thus, we in-
corporated them into a ZnO layer synthesized via the sol-gel method to create a suitable composite electron
transport layer for high-performance photovoltaic devices. The effect of ZnO doped with 2D TMD nanopar-
ticles on the morphological, optical, and electrical transport properties remains insufficiently studied.

In this study, nanocomposite structures of ZnO doped with MoSe, were fabricated. The resulting
Zn0O:MoSe, thin films were used as electron transport layers (ETL) in organic solar cells (OSCs). The
influence of MoSe, content, morphology, and nanocomposite ETL structure on charge transport and
photovoltaic properties was thoroughly investigated. Few studies have been published on the fabrication of
solar cells based on ZnO:MoSe, nanocomposite films. This work demonstrates that adding MoSe;
nanoparticles to the ZnO-based ETL significantly improves solar cell efficiency.
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Experimental

The ZnO precursor solution was prepared by dissolving 98.7 mg of zinc acetate (Zn(CH3COO)2,
99.9 % purity, Sigma-Aldrich) in 1 ml of isopropanol (99.9 % purity, Sigma-Aldrich). To enhance the
solubility of zinc acetate in isopropanol, 75 pul of monoethanolamine was added to the solution. The final
solution was stirred at 60 °C for 2 hours and then left at room temperature for 24 hours.

MoSe, nanoparticles were obtained by ablation using a solid-state Nd:YAG laser (SOLAR LQ 529,
A =532 nm, E =193 mJ, T = 20 ns) in isopropanol. The concentration of MoSe, powder was 0.5 % of the
total alcohol volume. Ablation times ranged from 10 to 30 minutes. To create ZnO:MoSe, nanocomposite
films, nanoparticles were added to the ZnO solution in various concentrations from 2 % to 10 %. The nano-
particle concentration in the solution was calculated based on the density of the material according to the
formula:

mMoSe2
C C VM
CNp — MoSe, _ MoSe, _ sol Moze2 (moI/I) , (1)
Myp - N, PMose, Ve Ny Prsse. 4nr N,
o0Se, 3

where: Cyp — nanoparticle concentration; C,,s, — concentration of the substance in solution before laser
ablation of the substance MoSe,; m,, — average nanoparticle mass; N — Avogadro’s number; Pose, —
the density of matter is MoSe;,; V,, — the volume of an average nanoparticle; m,,,s, — weight of the sub-

stance MoSe,; V., — volume of solvent used in laser ablation; MMOSez — molar mass of a substance MoSe;

r — the radius of the average nanoparticle.
The ZnO:MoSe; nanocomposite films were deposited on substrates by spin coating at 4000 rpm. The
films were annealed at 150 °C for 10 minutes to ensure complete solvent evaporation.

Results and discussion

Figure 1 shows the SEM images of pure ZnO and ZnO:MoSe, nanocomposite films deposited on a glass
substrate. The nanocomposite structures exhibit a uniform distribution of nanoparticles across the ZnO sur-
face, indicating high synthesis quality and sample homogeneity. The average nanoparticle size ranges from
30 nm to 80 nm.

»
d =37.81 nni

.
d=74.06nm

Figure 1. SEM images of surface morphology (a) ZnO and (b) ZnO:MoSe, nanocomposite film

Morphological analysis revealed that the grain structure of pure ZnO differs significantly from that of
the doped composites. In pure ZnO, the grains exhibit a well-defined crystalline structure, while in the doped
samples, the ZnO grains become smaller. Smaller grains and increased grain boundary density enhance light
scattering, increasing its path length and absorption probability, thereby improving photogeneration efficien-
cy. Doping with MoSe, nanoparticles increases the number of nucleation sites, enhancing the distribution of
active sites and improving electron and hole generation.

The quantitative content of MoSe, nanoparticles in ZnO was determined using EDX analysis (Fig. 2).
The composite film contains elements such as Mo, Se, Zn, and O. As the nanoparticle concentration
increases, the corresponding element concentrations also rise.
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Figure 2. EDX analysis of nanoparticles MoSe,

Figure 3 presents TEM images of ZnO:MoSe, nanocomposite films, revealing that the incorporation of
MoSe, nanoparticles improves the ZnO film’s morphology and topology. The nanoparticles are well-
distributed and possess good monodispersity with sizes ranging from 3 to 6 nm.

Figure 3. TEM images of (a) pure ZnO and (b) ZnO:MoSe, nanocomposite films

The microstructure, morphology, and distribution of MoSe, nanoparticles in ZnO nanocomposite films
have been analyzed by transmission electron microscopy (TEM). Figure 3 (a and b) shows TEM images of
pure ZnO and nanocomposite ZnO films doped with MoSe, nanoparticles with a concentration of 8 %. Fig-
ure 3a shows an image of pure ZnO, which have a spherical shape, which is also confirmed by the results of
the SEM analysis. Figure 3b shows that nanocomposite films of ZnO doped with MoSe, nanoparticles have a
particle size in the range of 3-6 nm and have good monodispersity.

Figure 4 shows an AFM topographic image of ETL ZnO nanocomposite films doped with MoSe, nano-
particles. As can be seen from the figure, the MoSe; nanoparticles reduce the surface roughness.

500 nm
—

a) b)

Figure 4. AFM images of (a) pure ZnO and (b) ZnO:MoSe, nanocomposite films

AFM topographic images (Fig.4) demonstrate that adding MoSe, nanoparticles reduces surface
roughness (Ra). The Ra decreases from 2.8 nm to 0.8 nm with an 8 % MoSe, concentration, indicating
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improved surface uniformity. However, at 10 % concentration, Ra significantly increases to 5.2 nm due to
nanoparticle aggregation caused by Van der Waals forces [8].

Surface roughness reduction enhances molecular contact between the ZnO film and the active layer,
improving interfacial dipole formation and reducing charge recombination.

The absorption spectra of ZnO and ZnO:MoSe, nanocomposite films are shown in Figure 5. As the na-
noparticle concentration increases, the absorption intensity rises due to film thickness changes. Using Tauc
plots, it was determined that the optical bandgap decreases from 3.24 eV to 3.07 eV as the MoSe; concentra-
tion increases up to 8 %, indicating improved crystallinity and reduced defect density.

At 10 % concentration, the bandgap widens to 3.26 eV due to increased structural defects and non-
radiative recombination. These changes can be explained by an increase in the number of structural defects
and nonradiative recombination that occur at high concentrations of nanoparticles. According to the
study [9], such defects and recombination have a negative effect on the band gap. In addition, the possible
formation of dichalcogenide clusters leads to phase separation and deterioration of the optical properties of
the composite. Also, a high concentration of impurities can significantly change the ZnO crystal lattice,
which further reduces the band gap [9].
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Figure 5. (a) Absorption spectra and (b) Tauc plots of ZnO:MoSe, nanocomposite films

The introduction of MoSe, nanoparticles can lead to an increase in the absorption coefficient of the
composite, which causes enhanced absorption in the visible and near-infrared ranges [10]. It can also have an
effect on the intensity and position of the ZnO luminescence bands.

The photoluminescence spectra of nanocomposite films were measured using an LQ529B laser as an
excitation source with a wavelength of A = 325 nm and an angle of incidence of 45° relative to the normal to
the sample. The spectra were recorded using an Avantes AvaSpec-ULS2048CL-EVO spectrometer.

Figure 6 shows the change in the intensity of the photoluminescent (PL) peak at a concentration of 8 %
of 2D TMDs nanoparticles obtained at room temperature (300 K).

It can be seen from the figure that the obtained samples show luminescence in the visible region. For all
samples of nanocomposite films, a narrow band in the visible region of the spectrum in the range of
370-400 nm is observed in the photoluminescence spectra, which has a high luminescence intensity.

Zn0
MoSe, in ZnO

Intensity [a.u]

350 400 450 500 550 600 650
A, nm

Figure 6. Photoluminescence (PL) spectra of nanocomposite films of ZnO doped with MoSe, nanoparticles
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Visible radiation, known as green luminescence (PL) ZnO, was observed in all photoluminescence (PL)
spectra, with a maximum at a wavelength of about 540 nm. The cause of EVIL is considered to be radiative
transitions caused by deep energy levels of intrinsic defects, in particular oxygen vacancies.

Due to trap radiation or surface recombination, it appeared near 560 nm. Very few oxygen defects were
present in the ZnO layers [11]. Therefore, we assumed that the effect of oxygen defects in the ZnO layers on
the overall performance of the device would be negligible.

The photoluminescence intensity of a ZnO film containing a small number of dichalcogenide nanoparti-
cles apparently decreased with increasing nanoparticle content, MoSe, nanoparticles with a concentration of
8 % are the lowest, which leads to better electron transfer to the FTO. Reducing the trap content in ETL solar
cell devices would reduce the likelihood of interphase carrier recombination, and increase the Jsc and FF,
thereby increasing the PCE of the device.

To study in detail the effect of MoSe, nanoparticles on the kinetics of electron transport and
recombination in Oss, the OSCs impedance spectra were measured. The fitting and analysis of the spectrum
parameters were carried out using the EIS-analyzer software package. Using this software, the values of the
capacitance C and the values of R; and R, were calculated. The analysis of the impedance measurement
results was carried out according to the diffusion-recombination model [12].

Further, Figure 7 shows the impedance spectra for nanocomposite ZnO films doped with MoSe, nano-
particles. According to the results of the study, the resistance of R; and R, for MoSe, nanoparticles also
shows a significant decrease with an increase in the concentration of MoSe, nanoparticles to 8 %. As can be
seen from Table 1, an increase in the concentration of MoSe, nanoparticles also leads to a decrease in re-
combination resistance.
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Figure 7. Effect of dichalcogenide nanoparticles on ZnO film impedance spectra

Table 1
The effect of MoSe, nanoparticles on the electrical transport characteristics of the ZnO film
Sample Ry, Ohm | R,, Ohm| C,10*F o ¢ (Cgffz_l) (e e
ZnO 131 5816 1.04 0.013 2.2:10° 0.8-10°
10 pul (2 %) MoSe;, in ZnO 188 3446 2.3 0.043 6.7-10 2.6:10°
20 ul (4 %) MoSe, in ZnO 143 2239 2.8 0.040 7.2:10° 2.8:10°
30 ul (6 %) MoSe, in ZnO 137 1810 33 0.045 6.4-10 7 2510°
40 pl (8 %) MoSe, in ZnO 89 954 5.4 0.048 6.0-10 2.310°
50 ul (10 %) MoSe;, in ZnO 146 13892 1.0 0.014 1.9-107° 0.7:10°°

The analysis of the obtained data revealed a critical nanoparticle concentration (8 %) in the film at
which the electrical transport properties of the ZnO:MoSe, composite film exhibit optimal performance. At
this concentration, the film resistance and the charge transfer resistance at the ZnO/electrode interface
decrease by 2 and 3.6 times, respectively, while the effective charge carrier mobility increases by 2.8 times.

It follows from the fitting data of the impedance spectra that T has a maximum value for ZnO films.
ZnO:MoSe, with a nanoparticle concentration of 8 %. The impedance analysis data is correlated with the
VAC data. OSCs with ZnO:MoSe, 8 % of nanoparticles form ETL films with improved conductivity and less
structural defects. A sharp deterioration in the photovoltaic parameters of OSCs with a ZnO concentration of
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over 8 % of the MoSe, nanoparticle may be due to a violation of the integrity of the film, which causes holes
and voids to form in the film, through which current leakage occurs.

In order to determine the effect of MoSe, nanoparticles on electronic transport, a polymer solar cell
with an inverted structure was assembled in a polymer solar cell. Upon photoexcitation of the photoactive
P3HT:IC60MA layer, an electron-holepair is formed, which then forms at the ZnO interface
Zn0O:MoSe,/P3HT:IC60MA and P3HT:IC60MA/PEDOT:PSS decay into free charge carriers. Electrons are
injected into the ETL layer of ZnO:MoSe; and the hole in the HTML layer is PEDOT:PSS.

Further, nanocomposite films of ZnO doped with MoSe, nanoparticles were used as electronic selective
electrodes for organic solar cells based on the photoactive layer P3HT:IC60MA. The voltage curves of the
obtained organic cells are shown in Figure 8.

J(mA/em?)

0,0 0,2 0,4 0,6 0.8
uv

Figure 8. Volt-ampere characteristics of an organic solar cell
of the structure FTO/ZnO:MoSe,/P3HT:IC60MA/Ag

Table 2 shows the photovoltaic parameters of OSCs calculated on the basis of the VAC. As can be seen
from Figure 8 and Table 2, the BAX parameters depend on the concentration of MoSe, nanoparticles. As the
concentration of MoSe, increases to 8 %, the parameters of the VAC increase. A further increase in the
MoSe, concentration leads to a decrease in the values of the VAC parameters. The data obtained correlate
with the results of the morphology of the surface of composite films.

Table 2 shows the photovoltaic parameters of organic solar cells. All organic cells with MoSe, nanopar-
ticles in the composition of ZnO showed improved values of Jsc and PCE compared to the ZnO based cell.
Among them, the most optimal device was one in which the concentration of MoSe, nanoparticles was 8 %.
Jsc increased from 7.25 mA/cm? to 10.02 mA/cm?, FF increased from 0.37 to 10.52, and PCE increased from
0.7 to 3.3 %.

Table 2
Volt-ampere characteristics of organic solar cells
Sample Uoe (V) | Jc(MA/CM?) | Umax (V) | Imax (MA/CM?) FF PCE %
Zn0 0.27+0.01 | 7.25+0.05 | 0.27+0.01 4.07+0.05 | 0.37+0.01 | 0.7+0.05

10 ul (2 %) MoSe, in ZnO 0.45+0.01 | 8.19+0.05 | 0.31+0.01 4.76+0.05 0.40+0.01 | 1.4+0.05
20 pl (4 %) MoSe;, in ZnO 0.54+0.01 | 9.29+0.05 | 0.38+0.01 5.78+0.05 0.43+0.01 | 2.1+0.05
30 pl (6 %) MoSe; in ZnO 0.62+0.01 | 10.1+0.05 | 0.42+0.01 5.78+0.05 0.42+0.01 | 2.6+0.05
40 pl (8 %) MoSe, in ZnO 0.64+0.01 | 10.2+0.05 | 0.49+0.01 7.02+0.05 0.52+0.01 | 3.3+0.05
50 pl (10 %) MoSe; in ZnO 0.21+0.01 | 5.31+0.05 | 0.21+0.01 3.25+0.05 0.33+0.01 | 0.3+0.05

The incorporation of MoSe, nanoparticles into ZnO significantly improves the morphological, optical,
and electrical properties of the ETL in OSCs. The optimal performance was observed at an 8 % MoSe, con-
centration, where surface roughness was minimized, and conductivity was enhanced, resulting in a power
conversion efficiency of 3.3 %. Further increasing the concentration to 10 % led to performance degradation
due to nanoparticle aggregation and increased defects. These findings highlight the potential of ZnO:MoSe,
nanocomposites for advanced photovoltaic applications.
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Conclusions

The effect of MoSe, nanoparticles on the electron transport properties of the ZnO layer in polymer solar
cells was studied. At the critical concentration of 8 % MoSe, nanoparticles in the ZnO:MoSe, nanocomposite
films, the recombination rate at the ZnO:MoSe,/photoactive layer interface decreases, while the transport of
injected electrons improves. As a result, the power conversion efficiency (PCE) of the polymer solar cell
with the FTO/ZnO:MoSe,/P3HT:IC60MA/MoOx/Ag structure reached 3.3 %. The higher efficiency of the
PSC with the ZnO:MoSe; electron transport layer containing diselenide nanoparticles compared to disulfide
nanoparticles is attributed to the relative alignment of their conduction band positions.
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T.E. CeiicemberoBa, A.K. Aiimyxanos, A.K. 3eitnuaenos, A.M. Anekcees, /[.P. Abeyos

MoSe; HaHO00eJ/IeKTePiHiH OPraHMKAJIBIK KYH 3JIeMeHTTePiHiH
ZnO 3j1eKTPOH TachIMAJIay bl KA0ATHIHBIH KacHeTTepiHe dcepi

Maxkananga MoSe, HaHoOemmekTepiMeH gonupiaeHreH ZnO  3IEKTPOH-TachIMalIayIlibl  KaOaThIHBIH
KYPBUIBIMIBIK, ONTHKAJBIK JKOHE JJICKTPIIK KacHeTTepiHe, COHIai-aK OpraHMKaJbIK KYH 3JIEMEHTTEpiHiH
ThHimMatirine ocepi 3eprrenai. ZnO:MoSe, KOMITO3HTTEpl 30JIb-TeNlb OICIMEH CHHTE3ICTIIN, OJapIbIH
Mopdonorusicel TEM sxone COM MHKPOCKOMHSCHI apKbLIbl TajagaHabl. ONTHKANBIK 3€pTTeyJep THIABIM
CallBIHFaH aiMakTBIH €HI KEHEWinm, akaylblK COyNeNeHYAiH KYIIEHreHiH KepceTTi, OywI 3apsg
TachIMaJIayIIbUIApAbIH TUHAMHUKACBIHBIH JKaKcapraHblH Oinmiperni. Dnekrpdusukansik eimeyiep MoSe,
€HIi3y apKbLIbl OTKI3TILITIKTIH apTybl MEH 3apsiTaplblH PEKOMOWHALMACHIHBIH TOMEHACYIH pacTalpbl.
ZnO:Mo0Se, Herizinzeri OpraHUKaiblK KyH 9ieMeHTTepi Ta3a ZnO Herizinaeri KypbUIFbLIapMEH
CAJIBICTBIPFAH/Ia JKOFapbl (DOTORJIEKTPIIK cunaTraMaiap kepcerri. MoSe, koHueHtpauuscsl 8 % OonraH
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KYPBUIFBI €H OHTAMJIbI JeT TAHBUIBI, MYH/IAa KbICKA TYHBIKTAY TOTBIHBIH THIFBI3ABIFEI (Jsc) 7,25 MA/cM?-neH
10,02 MA/cm?-re aeitin, Toateipy kodddunuenti (FF) 0,37-men 0,52-re neifiH, ajq SHEpPTUsiHbI TYPIACHAIPY
tuimainiri (PCE) 0,7 %-nan 3,3 %-ra neiiin apTTel. AnblHFaH HOTIReIep ZnO:MoSe, HaHOKOMIO3UTTEPiHIH
JKOFaphl THIMJI ONTOAJIEKTPOHIBIK >KOHE (OTOTalbBaHMKANBIK KYPBUIFBLIApAa KOJJaHyFa THIMII €KeHiH
pacTaisl.

Kinm ce3z0ep: ZnO, Mo0Se,, KOMIO3HUTTIK IUICHKA, OCTTIK MOpP(OJIOTHs, ONTHKAIBIK >KOHE HMIICAHC
CHEKTPOCKOIUSICHI

T.E. CeticemberoBa, A.K. Aiimyxanos, A.K. 3eiinuaenos, A.M. Anekcees, /[.P. Abeyos

Bausinue HaHOYaACTHI MOSEZ Ha CBOIiCTBa IJICKTPOHOTPAHCIIOPTHOI'0
cjaost ZnO OPraHu4e€CKoro COTHECYHOro 3JIeMEHTa

B crartbe uccnenoBano BIUSHUE AOMHMPOBAaHMS HaHOYACTUIIAaMU MoSe; Ha CTPYKTYpHBIE, ONITHYECKHE U 3JIEK-
TPUYECKHE CBOWCTBA 3JIEKTPOHHO-TpaHCHOpTHOro ciosg ZnO, a Takke Ha 3(Q(EKTHBHOCTH OpraHUYECKUX
COJHEYHBIX eMeHToB. Kommo3uts! ZnO:MoSe, ObUTH CHHTE3UPOBaHBI METOJIOM 30JIb-T'€Jb, HX MOPdoIorus
IpoaHalu3upoBaHa ¢ ucnojib3oBanueM TEM u COM muxpockonuu. OnTHueckue UccIeJOBaHUs MOKa3aiIu
YBEJIMYCHHE IIVPHHBI 3alPEeNIEHHON 30HbI M YCHIICHUE IeEeKTHOH IMUCCHH, YTO CBUCTENLCTBYET 00 YIIyd-
LIEHHOH AWHAMUKE HOCHUTENEH 3apsaga. DIeKTPOU3NUECKIE W3MEPEHHS MOATBEPANIN YBEIHYCHUE MPOBO-
JIUMOCTH U CHIDKCHHE PEKOMOWHAIINH 3apsiioB IPpH BBeAeHHH MoSe,. OpraHu4ecKre COJHEYHBIC IIEMEHTH
Ha ocHOBe ZnO:MoSe, npoJeMOHCTPUPOBATH HOBBIIIEHHBIE (POTONEKTPUIECKUE XapPAKTEPUCTHUKHU 10 CPaB-
HEHHIO C YCTPOWCTBaMHU Ha ocHoBe ymcToro ZnO. Hambosee onTHManbHBIM OKa3aJOCh YCTPOHCTBO C KOH-
nentpameir MoSe, 8 %, rae MIOTHOCTh TOKa KOPOTKOTO 3aMblkaHus (Jsc) yBenuumnachk ¢ 7,25 MA/cM? 1o
10,02 mA/cm?, koo dunment 3anonuenus (FF) ¢ 0,37 no 0,52, a 3¢ GekTHBHOCTE MpeoOpa3oBaHus SJHEPTUH
(PCE) ¢ 0,7% no 3,3 %. I[lonyueHHbIE pe3yabTaThl MOATBEPIKIAIOT MEPCIEKTHBHOCTH HAHOKOMITO3HTOB
ZnO:MoSe; s mpUMeHeHHs B BBICOKOA()(EKTHBHBIX ONTOIEKTPOHHBIX U ()OTOralbBaHUYECKUX YCTPOUCT-
Bax.

Knioueswie ciosa: ZnO, M0Se,, KOMIIO3UTHAs TUICHKA, MOP(OIIOTHS TIOBEPXHOCTH, ONITHIECKAsT U UMIISIaHC-
Hasl CHEKTPOCKOITUS
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Study of Mn,Si; Silicide Alloys Produced Under Different Conditions
Using an X-ray Diffractometer

Mn,Si- silicide crystals obtained by hot isostatic pressing (HIP) and diffusion methods were studied. As a re-
sult of the research, 11 peaks were identified in the Mn,Si; crystal obtained by the HIP method, and 14 peaks
in the Mn,Si; crystal obtained by the diffusion method. The crystal size of Mn,Si; silicide (Dy;p) was estab-
lished from 8.8:10° m to 3.6:10® m, (Dpjr) from 6.2:10° m to 9.1-10® m. It has been established that the
lattice tension between the atoms of the Mn,Si; silicide crystal (eyp) varies from 0.01 to 0.41, (epis) from
0.31 to 3.71. The dislocation density on the crystal surface (8yp) turned out to be from 3.5-10*° to 3.2:10"%,
(8pirr) from 1-10™ to 3.2-10™. The degree of crystallization of Mn,Si; silicide obtained by the (HIP) method is
7.02 %, the degree of amorphy is 92.98 %. It has been established that the Mn,Siy silicide obtained by the dif-
fusion method has a degree of crystallization of 9.3 % and a degree of amorphism of 90.7 %. (COD-1530134)
(d). It has been established that the degree of crystallization of high-manganese silicide Mn,Si; is low, and the
degree of amorphy is high due to the fact that Mn and Si are bound in a non-stoichiometric state.

Keywords: diffusion, crystallization, nonstoichiometric, dislocation density, lattice tension, amorphous, ag-
glomeration

*ICorresponding author: Imanova G.T., gunel_imanova55@mail.ru

Introduction

Currently, the demand for electricity is growing every day, so a number of scientists are conducting re-
search on the production of silicide materials with thermoelectric properties by various methods. As a result
of the introduction of Mn atoms in the vapor phase into silicon atoms by the diffusion method, a liquid solu-
tion is formed, and after solidification, a high-manganese silicide is formed [1, 2]. In addition to the diffusion
method, there are other methods, in which it is possible to form not only high manganese silicide, but also
other semiconductor structures in the state of a thin film [3-12].The diffusion coefficient D(T) on the man-
ganese-silicon surface is determined by (1) below.

D(7) = Do exp (—Em/KT), 1)
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where D(T) is the solubility of manganese in silicon. D(T) = 5-10%*exp [(6.94 — 2.78) /kT] cm>and diffusion
Do = (6.9 £2.2)'10* cm*s™, activation energy E,,= (0.63 = 0.03) ¢V, D(T) diffusion coefficient from 10 to
3-10° cm?/s [3]. Mn,Si; — Si film growth mechanism varies depending on the crystallization tempera-
ture [11]. A coating of manganese silicide Mn,Si; was obtained in an ampoule at high temperature [13]. It
was found that the distribution of Mn diffusion in Si sharply reduces the concentration of manganese at a
depth of 15-20 microns [14]. Using high-energy photoelectron spectroscopy and synchrotron radiation, it
was discovered that the growth of a manganese film on the Si(111)7x7 surface after the deposition of ~6 A
Mn leads to the formation of a manganese silicide film when a thin coating is applied, annealed at tempera-
tures up to 600 °C [15]. An increase in the germanium concentration to 1 % in Mn,Si- leads to the destruc-
tion of layered deposits and significant changes in thermoelectric properties [16]. The composition of Si_
»wMn, coatings grown using a pulsed laser must be chemically homogeneous [17]. In (MnSiy71-175) nickel
diffusion is reduced, the use of chromium for diffusion is effective [18]. The quality factor of Mn,Si;_/Si in
the temperature range T =300-600 K is ZT = 0.59+0.06 [19-23]. Our work examines the preparation of
high-manganese silicides Mn,Si; by the diffusion method and the study of the resulting samples using an X-
ray diffractometer (XRD-6100) SHIMADZU.

Experimental

As a result of the interdiffusion of Mn atoms with Si atoms at high temperature, a thin coating of high-
manganese silicide Mn,Si; was formed. The Py, calculation of the mass of manganese used to form Mn,Si;
during the diffusion process [1] is found from (2) below.

Pmn = Gt'S. 2

Here G — evaporation rate (mg/(cm®s), S — evaporation surface (cm?), t — evaporation time
(minutes). Taking this ratio into account, the mass of manganese consumed for evaporation was calculated
(Pwmn = mg). Growth temperature of fine Mn,Si; coating was chosen to be 1100 °C. The growth rate of a thin
Mn,Si; layer is determined by Mn and Si diffusion (Fig. 1A). As a result of experiments, it was established
that on a Si surface with a size of 1 cm? and a thickness of 0.5 cm, a thin layer of Mn,Si; is formed, the
thickness of which depends on temperature. HIP (hot isostatic pressing) was carried out under isostatic pres-
sure at a temperature of 1100 °C in an argon atmosphere [2] (Fig. 1B).

Figure 1. Mn,Si; crystals obtained by diffusion and HIP methods

Results and Discussion

As a result of studying Mn,Si; silicide crystals obtained by diffusion and (HIP) hot isostatic pressing on
an X-ray diffractometer (XRD-6100) SHIMADZU, peaks corresponding to Mn,Si; silicide crystals (COD-
1530134) were found in the database [21]. 14 peaks from the Mn,Si; silicide crystal obtained by the diffu-
sion method (Fig. 2A) and 11 peaks from the Mn,Si- silicide obtained by the hot isostatic pressing (HIP)
method (Fig. 2B) were defined. The results obtained using an X-ray diffractometer may be due to the effect
of mutual agglomeration Mn and Si atoms at high temperature.

28 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



Study of Mn4Sir Silicide Alloys ...

5000 T T T L T T

-
5 ! -
- Diffusion method -Mn4Si7 = o
m 'ni gy i
- o
- [ T« 2 i
£ 4000 2 = -
= - S 4 )
= U - - < X Q .
> - ) - - S Y
E [ g 7 g b= 23 i
- - “ i =8 k2 sb -
. “ ) s H S W,
£°3000 - — 2 > o 39 21
2 - o a4 ° Tk = b
E | : 9 2 : 3
S | ! 3
L A - 3
2000 £ ¢
1000 k
10 20 30 40 50 60 70
2 Theta
- -
0g00 F Hot Isostatic Pressing (HIP) - Mn4Si7 2
- 4 .
- - “©
- i
- g =
= Jo00 T
‘g -
= -
£ : »
= 5000 F - - bz -
r” - =4 - = = ula
2 2 B § = . 83
g f I 2 i:
= 3000 F : % g .
1000 F
10 20 30 40 S0 60 70
2 Theta

A — obtained by the diffusion method; B — obtained by the hot isostatic pressing (HIP)
Figure 2. X-ray diffraction analysis

The difference in interatomic distance (4d) of Mn,Si, obtained by diffusion method is small from
0.01 A to 0.14 A compared to the interatomic distance (d) reported in the database (COD-1530134). The dif-
ference in interatomic distances (4d) of Mn,Si; obtained by hot isostatic pressing was found to be in the
range from 0.01 A to 0.05 A (Table). This is apparently due to the influence of agglomeration and non-
stoichiometric bonds at high temperatures, which can lead to an expansion or reduction of the distance be-
tween the atoms of the silicide Mn,Si; (d) [20].

Table

The difference in interatomic distances of Mn,Si; obtained by hot isostatic pressing
and obtained by the diffusion method

COD-1530134 () A | Diff(d)A | Diff(Ad)A | HIP(d)A | HIP(Ad)A

3.42 3.39 —0.03 3.43 +0.01
3.24 3.10 ~0.14

2.76 2.74 ~0.02 2.77 +0.01
2.44 2.39 —0.05 2.39 +0.05
2.27 2.26 ~0.01 2.28 +0.01
2.15 2.14 ~0.01 2.15

1.94 1.94 1.95 +0.01
1.85 1.86 +0.01
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Based on X-ray diffraction analysis of Mn,Si; silicide samples, the size of Mn,Si; crystals was deter-
mined using the Scherrer equation [10] (3).

Kx
~ BcosO

Here K-0.9 is a constant depending on the shape of the crystallites, the angle at the center of the ®-peak,
L — 0.15406 (nm) is the X-ray wavelength. In the p-half, the peak width of the diffraction profile is deter-
mined by calculating the maximum height of the D-size of the crystallites, which is influenced by their small
size. FWHM or By (full width at half maximum) respectively is a mathematical way of defining a peak. This
method is used to generate “peaks” which can be used to calculate the resolution of the mass spectrometer
determining the spectrum being analyzed. B,,, = B: + Ba p: — linewidth obtained from the external dimension

of the crystal (4), B, is the line broadening due to interatomic lattice tension (5) [11].

©)

K
Bt = LCCOS(G) , (4)
B. =4etg(6) . ®)

This line broadening can be used to measure crystal size and lattice voltage. The size (D) of crystals of
high-manganese silicide Mn,Si; obtained by the diffusion method ranges from 6.2:10° m to 9.1-10 % m.
(HIP) The size (D) of Mn,Si; silicide crystals obtained by hot isostatic pressing has been established to be
from 8.8:10°m to 3.6:10°m.

It has been established that the size of Mn,Si; crystals obtained by the (HIP) method is approximately
3 times smaller than that of Mn,Si; silicide crystals obtained by the diffusion method. Lattice deformation or
strain between Mn and Si atoms during crystal formation occurs due to high temperature and agglomera-
tion (6).

— Bhkl
4*%tg0

Here () lattice strain [3] between the atoms of Mn,Si; silicide crystals obtained by the diffusion method
varies from 0.31 to 3.71. It was found that the lattice strain (g) between the atoms of Mn,Si; silicide crystals
obtained by hot isostatic pressing (HIP) varies from 0.01 to 0.41 (Fig. 3).

(6)
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Figure 3. Dependence of Mn,Si; crystal size on lattice strain obtained by the diffusion (A)
and obtained by hot isostatic pressing method (B)

By comparing the results obtained in cases where high temperature alone was not sufficient to minimize
lattice deformation, it was found that lattice deformation was greatest for silicides prepared by the diffusion
method. It has been established that for silicides produced together with high temperature and high pressure,
lattice deformation is 15-20 times less. Lattice dislocations arise as a result of the formation of crystals of
high-manganese silicide Mn,Si,, which have different sizes during formation and deformation in the crystal
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lattice. Types of dislocations include edge and screw dislocations. The density of dislocations is determined
(7) [4].

1
=2 7)

The dislocation can be moved by the sliding method and the diffusion method; Dislocations perpen-
dicular to the displacement vector move by diffusion, causing growth or compression of the plane as a result
of expulsion by diffusion. The dislocation density (8) on the surface of high-manganese silicide Mn,Si; ob-
tained by the diffusion method ranges from 1-10™ to 3.2:10™. It has been established that the dislocation
density of Mn,Si; silicide (8), obtained by the (HIP) method, ranges from 3.5-10" to 3.2-10" (Fig. 4).
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Figure 4. Established that the dislocation density of Mn,Si; silicide,
obtained by the diffusion method (A) and obtained by the (HIP) method (B)

The degree of crystallinity of the Mn,Si; was calculated using the program (Match-3!). Calculations
showed that the degree of crystallization of Mn,Si; obtained by the diffusion method is 9.3 %, the degree of
amorphism is 90.7 %, the degree of crystallization of Mn,Si; obtained by the (HIP) method is 7.02 %, degree
of amorphy 92.98 %. Mn,Si; has five positions for Mn atoms and four for Si atoms as indicated by (mp-
680339), which is the reason for its high degree of amorphism. 1) Mn®*" is bonded to ten Si+1.71 atoms. Mn—
Si bond distances range from 2.27-2.71 A.

Mn** is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. Mn-Si bond distances range from
2.27-2.56 A. Mn** is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. Mn-Si bond distances
range from 2.28-2.52 A. Mn*" is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. There are four
shorter (2.36 A) and four longer (2.38 A) Mn-Si bonds. 5) Mn®** is bonded to eight Si+1.71- atoms in an
8-coordinate geometry. There is a spread of Mn—Si bond distances within the range of 2.32-2.44 A. For Si
there are four equivalent states Si+1.71.

In the Si+1.71- state, Si+1.71- is bonded to five Mn** atoms in a 4-coordinate geometry. In the Si+1.71-
state, Si+1.71- is bonded to four Mn** atoms in a 4-coordinate geometry. In the Si+1.71- state, Si+1.71- is
bonded to five Mn** atoms in a 5-coordinate geometry. In the Si+1.71- state, Si+1.71- is bonded to five Mn?*
atoms in a 5-coordinate geometry. According to the data obtained, Mn,Si; silicides are formed using non-
stoichiometric Mn and Si bonds. Based on this, the Mn,Si;, obtained by the diffusion and (HIP) method, has
a high degree of amorphism and a low degree of crystallization, therefore the Mn,Si; silicide alloy has a gen-
erally polycrystalline structure. Consequently, Mn,Si; polycrystals are isotropic due to the random orienta-
tion of individual crystals and have the characteristics of an amorphous material [8]. This is shown by X-ray
diffraction analysis (XRD-6100) (Fig. 5).
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Figure 5. Degree of crystallization of silicide Mn,Si; obtained by the (HIP) method (A)
and obtained by the diffusion method (B)

Crystallization requires the interaction of Mn and Si particles and the formation of crystalline bridges
between the particles as a result of agglomeration at high temperature. After this process, a stable particle or
agglomerate is formed. Due to the formation of Mn,Si; silicides using non-stoichiometric bonds, they exhibit
electrophysical properties characteristic of semiconductors.

Conclusions

A study of Mn,Si; silicide crystals obtained by (HIP) and diffusion methods showed that there are 11
peaks of Mn,Si; obtained by the (HIP) method and 14 peaks of Mn,Si; obtained by the diffusion method. It
has been established that the size of Mn,Si; silicide crystals (Dyp) is from 8.8:10° m to 3.6:10° m, (Dpir)
from 6.2:10"° m to 9.1-10°° m. It has been determined that lattice tension between the atoms of the Mn,Si-
silicide crystal (eqp) varies from 0.01 to 0.41, (epi) from 0.31 to 3.71. The dislocation density on the crystal
surface (Syip) turned out to be in the range from 3.5:10" to 3.2:10™, (8pi) from 1-10™ to 3.2:10™. The degree
of crystallization of Mn,Si- silicide obtained by the (HIP) method is 7.02 %, degree of amorphy — 92.98 %.
(COD-1530134) Compared with the interatomic distance (d) in Mn,Si- silicide obtained by diffusion meth-
od, the interatomic distance difference (Ad) is shorter from 0.01 A to 0.14 A. (HIP) Interatomic distance dif-
ference (Ad) of Mn,Si,, obtained by hot isostatic pressing was found to be in the range from 0.01 A to
0.05 A. It has been established that the degree of crystallization of high-manganese silicide Mn,Si is low,
and the degree of amorphy is high due to the fact that Mn and Si are bound in a non-stoichiometric state.
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b.[1. Uramos, A.W. Kamapnun, JI.X. HoOues, I'.T. ImaHoBa,
N.P. bexnynaros, . X. Typamnos, H.E. HopOyraes

Pentrenaik AupakroMeTp apKbLIbI TYPJI Karaijiapaa eHaIpijarex
Mn,Si; cHIMIUAITIH KOPBITHAJIAPBIH 3epTTEY

blereik m3ocrarukansik mpecrey (BIAIT) sxoxe auddy3usiabik omicrepmeH anbiHFaH MngSi; crmunug
KpUcTangapsl 3eprrenai. 3eprrey Hotmkecinge bIMII omicimen ambiuraH MnySi; kpucransiaga 11 mibiH,
1 y3UsUTBIK oicnieH anbiuFad MnySi; kpucranbiga 14 mibiH aHeikTaagsl. Mn,Si; cumnuainin (Dyp)
KPUCTAIIBIK OJIIIeMi 8,8~10’9 M-JIeH 3,6-10’8 m-re neitin, (Dpj) 6,2~10’10 M-JIeH 9,1-10’B M-T€ Jeiin
Genrinenai. MnySi; CHIMINA KPUCTAIBIHBIH (€1p) aTOMAAPHI apachIHAarsl TOpAbIH Kepreyi 0,01-xen 0,41-re
neiiin, (epjfr) 0,31-men 3,71-re meiiin o3reperini alikpiHmamasl. Kpucramn GeTiHaeri AUCIOKAIUS THIFBI3IBIFBI
(BHip) 3,5:10'%-nan 3,2-10%%-re neiiin, (3piff) 1-10"-nen 3,2:10%-ke peiiin 60mmpL (bIUIT) omiciMeH anmbIHFAH
Mn,Si; cumuumainin kpucrangany aopexeci 7,02 %, amopdus mopexeci 92,98 %. dubdysus onicimen
anbiHFaH Mn,Si; cumMIuAiHiH KpucTanaany aopexeci 9,3 % xoHe amopdusm nopexeci 90,7 % GonaThHbI
anpikTanasl. (KOJ-1530134) (x.). Mn,Si; skorapsl Mapraser| CHIHIHIIHIH KPUCTAIIAHY J9peKeci TOMEH
kKoHe Mn xaHe Si CTEXHMOMETPHSUIBIK eMecC Kyiijae OaillaHbICKaHIBIKTaH aMOPQTHUIBIK JOPEkeci JKOFapbl
eKeH1 aKbIHIAJIbI.

Kinm co30ep: nuddysus, KpucTaiaHy, CTeXHOMETPUSIIBIK €MEC, TUCIOKAIHMS THIFBI3BIFBI, TOP/BIH Kepinyi,
amMop(ThI, arJoMeparys
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b.J1. Uramos, A.W. Kamapaun, /I.X. Ha6bues, I'.T. FimaHoBa,
N.P. beknynatos, U.X. Typamos, H.E. HopGyraes

HccaenoBanue criaBoB cuinnuaa Mn,Si;, oJlyd4eHHBIX B Pa3jJHYHBIX YCJIOBHSIX,
¢ IOMOIIIbI0 PEHTTeHOBCKOT0 AudpaKkToMeTpa

HccrenoBaHbl KPUCTAIUTBI CHIMIHAA MnySiz, TOTydeHHBIC METOAMH TOPSYETO H30CTATHIECKOTO IPECcCoBa-
Hus (TUIT) u nuddysun. B pesynbrare uccienoBanus B kpucrawie MnySi;, monydenHom meromom T'UIL,
obHapyxeHo 11 mukoB, a B kpuctaiuie MnySi;, onydensnoM metonom aubdysuu, — 14 nukos. OnpeneneH
pasmep kpuctaiuioB cunimaa Mn,Si; (Dyp) oT 8,8:10° M 10 3,610 m, (Dpiff) oT 6,210 M 10 9,1-107 m.
VCTaHOBIEHO, YTO PEIICTOYHOE HAIPSDKEHUE MEXKIY aTOMaMH KpHCTaiia cinmaa MnySi; (€yp) U3MeHsICT-
cst ot 0,01 10 0,41, (epirr) — o1 0,31 1o 3,71. TLIOTHOCTH TUCITOKAIMI HA TIOBEPXHOCTH KpHCTAa (Syp) co-
crasuia ot 3,5-10%° no 3,2:10%, a (Opif) — otT 1-10% mo 3,2-10%. Crenens KPUCTAUIM3AINH CHIHLINAA
Mn,Si;, monyuensoro merogom ([UIT), cocrasiser 7,02 %, a crenens amopdroctH — 92,98 %. Vcranos-
JICHO, YTO CTeNeHb KPUCTAIM3ALNN cHrimaa Mn,Siy, momydeHHoro auddy3noHHBIM METOIOM, COCTABUIIA
9,3 %, a crenens amopprocTH — 90,7 %. (KO-1530134) (r). YcTaHOBICHO, YTO CTEHEHb KPUCTATIH3ALNN
BBICOKOMApTaHIIEBOTro cHinimaa Mn,Si; HU3Kas, a cTereHb aMOP(HOCTH BBICOKasl M3-3a TOro, 4To Mn u Si
CBSI3aHBI B HECTEXHOMETPUIECKOM COOTHOILICHUH.

Kniouesvie cnosa: nupdysus, KpUCTALIA3AIMS, HECTEXUOMETPHUYCCKUM, IIIOTHOCTh TUCIIOKAIHA, AedhopMma-
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Electrochemical rectifying device based on polymer thin films

In this work we study the rectifying behavior of organic electrochemical transistors (OECTS). Despite OECT
devices are symmetric devices they display asymmetrical output IV curves at negative and positive drain bias
sweep. Here, we show that the asymmetry is introduced by the electrical connections with the drain (or
source) potential affecting the distribution of ion density in the channel that tunes the doping/de-doping state
of the channel and consequently modulates its conductivity. This effect is profoundly noticeable on accumu-
lation mode OECT based on Poly(3-hexylthiophene) (P3HT) channel layer. We demonstrate that accumula-
tion mode OECT can operate either as a current rectifier with the positive rectification polarity or as a current
rectifier with the negative rectification polarity by simple changing connection of the gate electrode either di-
rectly to the source or to the drain, respectively. The underline mechanism of the current rectification and
hystereses in 1V curves of OECT based rectifier are discussed. At the forward Vs sweep, the doping of the
drain region occurs due to the injection of anions driven by positive AV. During the forward scan, the channel
begins in a highly conductive state, resulting in higher forward current. In contrast, during the backward scan,
the channel is more resistive, leading to lower current. Besides the capacitive hysteresis caused by ion inertia,
the intrinsic capacitive hysteresis associated with electronic charging/discharging and polarization due to lat-
eral ion movement also contributes to the observed hysteresis.

Keywords: organic electrochemical transistor, electrochemical transistor rectifier, electrochemical transistor
diode, asymmetric IV curve, inductive hysteresis, ionic-electronic conductor, P3HT layer
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Introduction

Electrochemical rectifiers based on organic thin films represent a new class of functional devices that
harness the interplay between ionic and electronic transport mechanisms to achieve nonlinear current-voltage
(I-V) behavior [1-4]. These devices differ fundamentally from conventional semiconductor diodes, which
rely on charge carrier separation at p-n junctions to produce rectification [5]. Instead, electrochemical rectifi-
ers operate through the modulation of the charge carrier density in a semiconducting polymer by ionic spe-
cies from an electrolyte. This process, known as electrochemical doping and de-doping, provides a unique
platform for constructing low-voltage, flexible, and biocompatible electronic components using soft materi-
als [6-10].

The emergence of organic mixed ionic-electronic conductors (OMIECS) has significantly expanded the
scope of organic electronics. These materials support simultaneous ionic and electronic conduction [11], en-
abling new types of devices that bridge the gap between traditional electronics and electrochemical systems.
Among OMIECs, poly(3-hexylthiophene) (P3HT) is one of the most widely studied due to its ease of pro-
cessing, structural tunability, and well-characterized optoelectronic properties [12-14]. While P3HT has
been primarily used in organic field-effect transistors (OFETSs) [15], photovoltaic cells [16-18], and sen-
sors [19], its electrochemical properties have gained increasing attention, particularly in the context of organ-
ic electrochemical transistors (OECTSs) [20-22]. In OECTSs, the application of a gate voltage causes ion pene-
tration into the polymer bulk, modulating its conductivity via bulk electrochemical doping [23]. This mode
of operation makes OECTSs highly sensitive to ionic environments, thus ideal for applications in biosensing
and neuromorphic computing.

Interestingly, the OECT architecture can be reconfigured into a two-terminal rectifying element by elec-
trically connecting the gate to either the source or drain electrode [4]. In such configurations, the gate poten-
tial becomes fixed with respect to one terminal, and the drain potential effectively governs the electrochemi-
cal state of the channel. This results in asymmetric doping/de-doping dynamics along the channel length,
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leading to 1-V characteristics that exhibit diode-like rectification. The rectifying behavior in these organic
electrochemical systems is not due to Schottky barriers or built-in potentials, but rather to the spatially non-
uniform ionic modulation of conductivity driven by electrochemical gradients. This sets them apart from tra-
ditional diodes and brings their operation closer to that of nanofluidic diodes [24], ionic memristors [25], and
artificial synapses.

Understanding the rectification mechanisms in these soft electronic devices is essential for unlocking
their potential in logic circuits, bioelectronics, and energy conversion. However, despite recent interest, sys-
tematic investigations of electrochemical rectification in polymer-based devices remain limited. There is still
a lack of clarity on how factors such as device geometry, material morphology, gate connection scheme, and
bias polarity influence the degree of rectification. Moreover, the role of ionic dynamics in shaping the time-
dependent response of such devices — including hysteresis and inductive effects — is not fully understood.
These factors are critical for designing stable and efficient rectifiers that can operate under practical condi-
tions.

In this work, we report the fabrication and in-depth characterization of an electrochemical rectifying
device based on an amorphous thin film of P3HT, configured in an OECT-like architecture. Using
interdigitated indium tin oxide (ITO) electrodes on glass and a planar electrolyte interface, we construct a
geometry that allows us to study the asymmetric modulation of channel conductivity. We demonstrate that
when the gate is connected to the source or drain, the device exhibits strong diode-like I-V curves with recti-
fication ratios exceeding an order of magnitude at zero gate bias. This two-terminal configuration simplifies
the device operation and opens the door to integration with passive circuit elements. Our recent work [4] pre-
sents a comprehensive analytical model that captures the key physical mechanisms governing the operation
of organic electrochemical rectifiers, forming the theoretical basis for the present study.

We further investigate the origin of the rectification by combining current-voltage measurements with
impedance spectroscopy and cyclic voltammetry, we identify the contributions of ionic motion and charge
redistribution to the observed asymmetry and hysteresis in the 1-V curves. We also observe the emergence of
inductive features in impedance spectra at low frequencies, consistent with previously reported chemical in-
ductance in other mixed-conductor systems such as halide perovskites [26-28]. Our results reveal that the
dynamic electrochemical behavior of the channel is highly sensitive to both the direction and rate of voltage
sweeps, reflecting the inherent ion-electron coupling and slow ionic response.

The findings presented in this study offer new insights into the operation of electrochemical rectifiers
and provide a foundation for the rational design of next-generation devices based on organic semiconductors
and electrolytes. By harnessing electrochemical rectification in OMIEC materials, it becomes possible to
construct soft, printable diodes and memory elements that operate efficiently in aqueous or physiological
environments, paving the way for their application in wearable electronics, implantable devices, and
neuromorphic circuits.

Experimental

Organic electrochemical rectifiers with the architecture of OECT is fabricated using P3HT as the active
material in the channel. P3HT (LT-S909) was purchased from Luminescence Technology Corp. As source-
drain electrodes interdigitated pre-patterned ITO glass substrates from Ossila (S161: Width x Length: 30 mm
x 50 um) were used. P3HT solution was prepared by dissolving 25 mg of polymer in 1 ml chlorobenzene in
a glovebox with an inert atmosphere. The solution was stirred during 3 hours at 45 °C before spin-coating.
ITO patterned source-drain substrates were rigorously cleaned. First, substrates were sonicated in DI water
with a detergent for 10 mins, and then were rinsed three times by DI water, followed by a sonication in ace-
tone and IPA for 10 mins. Finally, substrates were dried by nitrogen flow and were treated by UV-0zone
(UV Ozone Cleaner with UV intensity is approximately 15 mW/cm? at 185 nm, L2002A3-EU, Ossila) for 15
minutes in order to remove any residual organics and improve wettability of the substrate surface.

P3HT channel layers were casted by a spin-coating technique. 30uL of the P3HT solution at 45 °C were
dropped on substrate spinning at rate of 2000 rpm and was kept rotating for 1 minute. As-casted P3HT films
were further used without annealing in an amorphous state. According to the works of Ginger and his co-
workers, amorphous P3HT based OECTs mostly operate in electrochemical mode [20, 21]. 20 mM KClI
aqueous solution was used as electrolyte and Ag wire served as a gate electrode. IV curves were measured by
a 2 channel Keithley source meter controlled by a customized LabVIEW program. The impedance spectra
were probed by PalmSens4 potentiostat with Impedance Analyzer.
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Results and Discussion

Rectification behavior of OECT

The simplified diagram of accumulation mode OECTs is depicted in Figure 1A. The interdigitated ITO
on a glass substrate was used as source and drain electrodes. An amorphous P3HT layer, 20 mM KCI aque-
ous solution and Ag wire were used as a channel, an electrolyte and a gate, respectively. The P3HT based
OECT, which is the accumulation mode device, is on turn off state at the absence of the gait bias (Vg = 0 V).
At Vg =0V, the P3HT channel has a negligible density of holes and as a result a low conductivity. By ap-
plying the negative gate bias relative to the source, the conductivity of the channel can be increased dramati-
cally. Under an appropriate negative Vg, anions (CI") from electrolyte are injected into the bulk of P3HT and
consequently equivalent amount of holes will be inserted from the source (at Vg < 0) in order to electronical-
ly compensate for charges of anions. This phenomenon is called an electrochemical doping. Biasing the drain
relative to the source generates an electric current in the channel (lg), the value of which depends on the ap-
plied Vg. The more negative Vg results in higher Iy at fixed Vg due to the increased channel conductivity
resulted from the electrochemical doping. However, the (de)doping of ions is driven not only by the gate bias
but in addition it is affected by the drain (or source) potential interfering the electrochemical doping.

The output curves of P3HT OECT are shown in Figure 1B. The output curves at various gate bias-
es (Vgs) Were measured at negative and positive drain bias (Vgs) polarities relative to the source in order to
reveal inherent rectifying feature of OECT. As can be seen from Figure 1B, OECT output curves are asym-
metrical, current values at positive Vqs sweep is higher in comparison with negative Vg sweep. This asym-
metry in the output curve is more profound at Vg = 0 V. The rectification ratios at Vq = +0.3 V for different
gate biases are listed in Table. At Vg =0V, OECT shows the highest rectification ratio, the current at for-
ward bias (Vg > 0) at least one order of magnitude larger in comparison with reversed current (Vg < 0). We
observe that the more negative gate bias noticeable mitigates this IV asymmetry due to enhanced doping of
the channel.
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Figure 1. The schematic representation of the P3HT based OECT [4] and its output curves at various gate bias.
The output curves were measured at the Vs sweep in both negative and positive values relatives to the source

Table
Rectification ratio of the drain current at different gate biases
Gate bias (Vg)/V Current (pA) at Vg: 0.3 V Current (pA) at Vg +0.3 V Rectification ratio
0.0 0.32 4.1 12.8
-0.1 1.6 6.3 3.9
-0.2 2.8 8.4 3.0
-0.3 4.1 10.3 2.5

The rectifying ratio of the OECT is more profound at Vg = 0 V, therefore it is straightforward to use
OECT as a current rectifier at Vg = 0 V, which allow simplifying the OECT into a two terminal device. The
simplest approach to maintain Vg at 0 V is to connect it directly to the source electrode, which is a common
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technique in MOSFET in order to use a transistor as a diode [29]. However it is worth mentioning that typi-
cal MOSFET contains a shunting diode, which passes current when the source and drain are shorted and
without the shunting diode MOSFET will have symmetric IV curves. The electrical connection of the OECT
with the shorted gate and source and its corresponding IV curve is represented in Figure 2. For comparison
IV curves of a pristine amorphous P3HT layer (before adding the electrolyte) and the same device without
the gate electrode is also shown. The IV characteristics in Figure 2 and in the following Figures were meas-
ured in the range of Vg4 of -0.4V to +0.6 V. It is due fact that the wider range of V4 caused irreversible
change of the channel conductivity.
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Figure 2. The schematic representation of OECT with shorted gate and source
and shorted gate and drain and their IV characteristics
(For comparison 1V of pristine P3HT and P3HT in electrolyte without gate are also plotted)

The IV curve of the device without gate is almost symmetrical, which highlights the importance of the
gate for the current rectification. Without gate electrode, in a perfectly aligned device (where the channel
length is much greater than the overlap between the interfaces of electrolyte/channel/electrode), the 1V curve
of the device would be symmetric [3]. However, in real devices, this interface overlap area is not negligible,
and this contact overlap forms an electrochemical double layer causing the electrochemical electrode cou-
pling (EEC), which can cause asymmetric IV curve in OECT devices without a gate [3]. This EEC phenom-
enon drives inhomogeneous (de)doping of ions and strongly dependents on device geometry. In the case
when the gate is presented, the rate of (de)doping of ions is governed by the potential difference between the
gate and the channel, where the potential of the channel along its length is nonuniform [30-32].

As was seen from Figure 2, OECT with shorted gate and source electrodes reveals diode like IV curve.
At the positive Vg, the device is more conductive and at the negative Vg it is highly resistive. We associate
this phenomenon with the effect of the drain on doping/de-doping of the channel (Fig. 3). At negative Vg,
sweep, we detect a low current which is comparable with a current in the pristine P3HT implying that the
channel is de-doped (Fig. 3A). Though, this de-doping is not uniform along the channel length and more pro-
found close to the drain. However, at the positive Vg sweep, the device shows a significantly higher current,
which indicate about doping of the channel during the scan (Fig. 3B). Similarly, this doping also is not uni-
form. It is worth mentioning that this highly asymmetrical 1V curve of P3HT OECT resembles the IV curve
of nanofluidic rectifiers based on nanopores [24, 33]. However, the underline rectifying mechanism is com-
pletely different.

One can argue that the enhanced drain current in positive Vg sweep can be the leakage current which
can originate between electrolyte/P3HT/drain overlap areas. However, the contribution of the leakage current
on lgs can be easily analyzed by comparing Ig with 14 (gate current) due to Iq current is the sum of the channel
charging current and the leakage current. Therefore, the origin of this diode-like 1V curve of OECT with
shorted source and gate is attributed with the effect of the drain potentials on doping/de-doping process.
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Blue dotted line shows an overly simplified channel potential (AV) along its length relative to the gate.
The gradient of the channel color is oversimplified doping state of the channel: in the case of Figure 3A
cherry red colored regions are initial low de-doped state, whereas more bleached regions are de-doped state.
Oppositely, in the case of Figure 3B, low faintly bleached regions are initial low de-doped state
and reddish regions are doped state. The charge carriers are not shown

Figure 3. Simplified diagrams of de-doping (A) and doping (B) of the channel governed by the drain potential

The potential along the length of the channel (AV) is not constant (Fig. 3). It is 0 V near the source and
either increases or decreases toward the drain, depending on the polarity of the Vg, up to the value of the
drain potential near the drain. The source and gate is shorted and the potential difference AV (Ven —V,) be-
tween the channel region near the source and the gate is 0 V and always fixed to this value. Therefore there
is no any ion driving force perpendicular to the channel near the source region, which governs doping/de-
doping process. In contrast, the situation is completely different around the channel region near the drain.
The drain region potential is changing during the V4 sweep, which causes the change of the magnitude and
the direction of the driving force of the doping/ de-doping process at that region. The AV is changing and its
sign depends on the Vg polarity.

At the negative Vg sweep, the potential of P3HT region from the drain and toward the source is nega-
tive relative to the gate and its value increases, which creates ion driving force pattern pushing absorbed ani-
ons back to the solution and pulling cations into the channel, therefore causing de-doping of P3HT. At the
more negative Vg the state of the de-doping increases and the volume of this depleted region broadens to-
wards the source, which overall contributes to the decrease of the P3HT film conductivity. In contrast, at the
positive drain bias sweep, the region around the drain becomes more conductive due to the increase of the
anion density caused by positive AV. The sweep of Vg to more positive values will further increase the anion
density and widen this enriched region toward the source. As result, the conductivity of the film increases.

As it was shown by the previous discussion, the accumulation mode OECT with shorted gate and
source electrodes function as a two terminal rectifier with the positive polarity rectification. However, the
rectification polarity can be easily reversed by changing the connection of the gate. In Figure 2, an electrical
connection of OECT with shorted gate and drain electrodes and its IV curve is shown as well. As the IV
curve indicates, the OECT with shorted gate and drain behaves as a rectifier with negative high current. At
the positive Vg sweep the current is low and is comparable to the current of the pristine P3HT device. How-
ever, at the negative Vg sweep the current is higher by at least one order.

The IV curve of the OECT with shorted gate and drain is almost mirror reflection of the 1V curve of the
OECT with shorted gate and source. The rectifying mechanism is identical; however the doping/de-doping
processes are governed by the source electrode. During Vg Sweep, AV near the drain region is 0 V (due to
Vs = Vgs) and fixed, whereas at the source region AV is changing due to change of gate potential, which is
connected to the drain. At positive Vg sweep, AV < 0, the gate is more positive relative the source, which
causes an intake of cations and pushing anions out. This causes de-doping of the channel region near the
source and widening its volume toward the drain, which leads to the decrease of the channel conductivity
and lower current at positive Vys sweep. At negative Vys sweep, near the source AV> 0, which creates the pat-
tern of ion driving force pushing anions into the channel and extracting cations. Overall, the density of holes
increases leading to the growth of channel conductivity and to enhanced .

Cepusa «dusmka». 2025, 30, 2(118) 39



Zh.Zh. Akhatova, B.R. llyassov et al.

Hysteresis in IV curves

Electrochemical devices typically have strong hystereses in cyclic voltammetry IV curves. The origin of
the hystereses can be various. In this section we will discuss the hystereses originating from sluggish ion re-
sponse on a potential perturbation. In OECTSs, (de)doping rate is limited by ion mobility in the channel,
which is significantly smaller in the comparison with the hole mobility. This ion sluggishness usually reveals
itself in cyclic voltammetry as hysteresis in varies electronic devices involving ion migration due to the ap-
plied bias [34-37]. Similarly, in IV curves of OECTs, we observe hystereses, when the current measured at
forward scan does not coincide with the current probed at the backward scan. The hysteresis in IV curves of
OECTs is inherent phenomenon and in the most cases it is caused by slow response of ions to Vg or Vg,
change [38, 39].

In Figure 4, cyclic IV curves of the OECT rectifier with shorted gate and source at positive V4 sweep
measured at various scan rates (V,) are depicted. Each IV curves at a fixed scan rate was measured at least
two times in order to make sure that observed hystereses are kinetic. We should clarify that these IV curves
on Figure 4, technically, is output curves of OECT at Vg = 0. However, due to the significant effect of the
drain on the channel doping/de-doping process, these IV curves are not measured at the steady-state gate cur-
rent. During the Vg sweep the gate current changes causing doping and de-doping of the channel. This
(de)doping of the channel during the CV measurement causes hystereses.

In cyclic IV curves of the OECT rectifier at positive Vg, we observe inductive hysteresis, which is at-
tributed with the slow response of ions to the change of AV. At the forward V4 sweep, the doping of the
drain region occurs due to the injection of anions driven by positive AV. When the Vs reaches the turning
point, the channel has been doped to some extend to a more conductive state and during the backward Vs
sweep de-doping takes place, but the channel is in the slightly higher conductive state, which causes the
higher backward current and the observed hysteresis. The doping and de-doping of the channel is not fast
and is limited by an ion drift diffusion rate.
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Figure 4. Cyclic voltammetry measurements at positive (A) and negative (B) Vs Sweep

The increase of Vg scan rate affects the hysteresis strength and the value of drain current. As can be
seen from Figure 4A the hysteresis strength shrinks by increasing V, and the overall current is decreasing
(shown in Figure 4 by a red arrow), which can be explained by the ion slow response to AV change. At faster
V., the channel cannot reach the density of anions that it can do at slower V, due to ions have less time to
dope the channel at the same Vg sweep range and therefore it is less conductive at higher V,. The collapse of
the inductive hysteresis at higher V,, we attribute with capacitive contribution of the channel. Vg also causes
lateral ion movements in the channel, which polarizes the channel [31, 40, 41]. As can be seen from Fig-
ure 4, the competition of two types of hystereses results in hysteresis-free IV curve in OECT rectifier at
higher positive V4 sweep rate.
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The cyclic 1V curves of OECT with shorted gate and source at negative Vg sweep also have hystereses.
However, in contrast to IV curves in the first quadrant (at positive V), the hystereses in IV curves in the
third quadrant at negative Vg sweep are purely capacitive (Fig. 4B and 5). lon slow response to AV change
can also cause capacitive hysteresis. It depends what occurs at the forward and backward Vgs scan: doping
and de-doping or vice versa. If it is doping at the forward scan and de-doping at the backward one, the hyste-
resis is inductive, what we have discussed earlier. Oppositely, at negative Vy sweep during the forward scan
it occurs de-doping of the channel, which is more intense near the drain and widens with the decreased inten-
sity toward to the source. Indeed, at negative Vg, the potential difference AV is 0V near the source and
growing negatively toward the drain, which causes intake of cations and extraction of anions resulting in the
channel depletion (de-doping). At the backward V4 sweep occurs doping due to AV value is decreasing and
the channel returns to its more conductive state. During the forward scan, the channel starts in a highly con-
ductive state, resulting in a higher forward current. In contrast, during the backward scan, the channel be-
comes more resistive, leading to a lower current. In addition to the capacitive hysteresis originated from ion
inertia, the inherent capacitive hysteresis related with electronic charging/discharging phenomena and polar-
izing due to the lateral ion shift can also contribute to the observed hysteresis.
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Figure 5. Cyclic voltammetry measurements at negative Vqs sweep

Additionally, as can be seen from Figure 5 more clearly, with the increase of V,, the strength of the ca-
pacitive hysteresis magnifies. It is also seen from Figure 4B that at the forward scans the current level for
each V, are approximately identical; however the backward currents at higher V, are noticeably lower in
comparison with the backward currents probed at lower V,. These both trends indicate that at higher V, other
electronic charging/discharging phenomena more profoundly contribute to the hystereses.

Inductive response in impedance spectra

Inductive hystereses in IV curves also often reported in halide perovskite based devices such as solar
cells, photodetectors, LEDs and memristors [34—-39]. In many electronic devices, hysteresis is undesired ef-
fect due to it complicates the evaluation of device performance and can result to unreliable device operation.
Though for some devices such as memristors it is intrinsic property which determines its functionality [42].
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As regards OECTS, the usefulness of hysteresis will dependent on its application. Therefore a deeper under-
standing of hysteresis originated from the slow dynamic motion of ions through the electrolyte/channel inter-
face and in the channel itself is important in order to mitigate it or oppositely enhance its strength and repro-
ducibility for specific application.

Impedance spectroscope technigue is one of the useful tools to study charge transfer processes in multi-
layered electronic devices [26, 36, 43]. In perovskite based devices, observed inductive hystereses are also
detected in impedance spectra (IS) in the form of negative loops at low frequencies [27], which obtained the
designation as a chemical inductance [28]. However in OECT, which is a three terminal device, the meas-
urement and analysis of IS not straightforward. Though in the case of OECT with shorted gate and source or
shorted gate and drain, the device becomes two terminal and the IS spectra between source and drain can be
easily measured. The small AC perturbation applied to the drain will affect both electronic current and addi-
tionally ionic current, which with some delay will affect the electronic current.

In Figure 6, the measured IS of the P3HT OECT with shorted gate and source electrodes are shown. IS
were measured at the various Vg bias from —0.1 V to +0.5 V and at the AC frequency range from 1 MHz to
10 mHz. All measured IS at different V4 compose of three arcs: large arc located in the middle of IS is clear-
ly related with channel resistance and capacitance. We observe that at negative Vg, the middle arc dimeter is
too large, whereas at positive Vg its value is decreasing (Fig. 6), which is consistent with the IV curve of the
device.
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A — Impedance spectra measured at Vy bias from 0V to + 0.5 V;
B,C,D—ISatVy4=+0.1V, V4 =+0.3V, and Vg = +0.5 V, respectively

Figure 6. Impedance spectra of OECT with shorted gate and source

At high frequencies there is a small arc in all IS, which does not depend on Vg (the inset in Figure 6A).
In the IS of pristine P3HT device (without electrolyte) this small arc is absent. However, it is present in the
device with electrolyte but without gate, which implies that this arc in the high frequency range presumably
represents double layer at the electrolyte/P3HT/electrode interface.

The IS responses at low frequencies are significantly different at both Vs polarities. At negative —0.1 V
and 0V it has mixed diffusion and RC characteristics, whereas at positive Vq, we observe inductive loops
curling in negative Z" toward the origin (Fig. 6B-D). This type of negative loops at low frequencies are
common in IS of perovskite based devices associate with slow transients in the current upon ion displace-
ment under bias change [44]. In the same manner, small AC perturbation in OECT causes ion displacement
(doping/de-doping) and slow transient of the .
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In contrast to the perovskite based devices, in OECT ion drift is two dimensional: (perpendicular)
across the channel, which is governed by gate-channel potential difference and (lateral) along the channel,
which is determined by potential difference between the drain and the source. The robust electrical equiva-
lent circuit is needed in order to properly fit experimental IS and evaluate charge transport characteristics.
The detail analysis of IS of OECTs is beyond the scope of this work and will be addressed in future works.
Nevertheless, the observed inductive loop in IS at positive Vg is consistent with inductive hysteresis in
OECT output curve, which confirm the concept of last studies showing that slow motion of ions in mixed
ionic-electronic devices is universal phenomenon related to the hysteresis in the current-voltage characteris-
tics [43]. A recent effort by J. Bisquert proposed an equivalent circuit for OECTSs that incorporates the key
features of mixed conduction and transient ionic response [44]. However, this model continues to evolve and
requires further refinement and validation across different device configurations and operational regimes.

Conclusions

This work has revealed underestimated rectifying functionality of OECTs. OECTSs inherently have
asymmetrical output curves caused by the effect of the drain potential. Despite this phenomenon is undesired
feature in OECT operation, it can be utilized for the development of organic electrochemical rectifiers (di-
odes) for printable electronics. The same OECT device can be used as polarity switchable rectifier by chang-
ing the connection of the gate electrodes. The origin of rectifying behavior of OECT is proposed based on
enormous studies in OECT analysis of IV characteristics. The significant asymmetry in IV curve of OECT
with shorted gate and source and shorted gate and drain are related with the enormous effect of the drain (or
source) potential, which can modulate doping and de-doping state in the channel. However, detail studies are
needed to obtain deep understanding of the rectifying characteristics and to derive solid theoretical model of
transient current of OECT based rectifiers. Moreover, it is not clear how the device geometry and channel
material properties will affect the rectifying characteristics of OECTs, which require more rigorous studies.
Nevertheless, this work reminds overlooked rectifying property of OECTSs enabling them found a new appli-
cation in organic electronics, bioelectronics and neuromorphic computing.
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[MommMmepi )KyKa KadbIKIIAJApPFa Heri3ge/reH
IJIEKTPXUMHUSUIBIK TY3eTKilll KYPbLIFbI

Makanasa opraHuKaJIBIK JIEKTPXUMUSUIBIK Tpansuctopiapasie (OECTS) Ty3eTy cumarramanapbl 3epTTei.
OECT KypbUIFBUIapBl CHMMETPHSUIBI KYPBUIFBUIAp OONFaHBIHA KapaMacTaH, ojlap aFbIHHBIH Tepic jKoHE OH
BIFBICYBIMEH IIBIFBIC KEPHEYIHIH aCHMMETPHSUIBIK KHCBIKTapblH Kepcereni. MyHzaa 013 acCHMMETPUSIHBIH
apHa/laFbl MOHAAD THIFBI3/BIFBIHBIH TapalyblHa OCep €TETiH arblH (HeMece Ke3) MOTEHIHANBI SIICKTPIIIK
KOCBUTBICTap/IaH TYBIHAAUTHIHBIH KOpCeTeMi3, OYJl apHaHbBIH JIeTHUpIIey/JeTHpIeyai MIenry KYHiH peTTeil
JKOHE OCBhUTAalIIa OHBIH OTKI3TIITIrH MOAyIsuusuiaiiabl. by ocep ocipece momu(3-rexcuntuoden) (P3HT)
apHa kaOarteiHa HerizgenreH OECT xwunakTay pexuminae Oaiikanmansl. XKunakray pexxumingeri OECT oy
TY3€Ty MOJISIPJIBIFEI 0ap TOK TY3ETKIIl peTiHAe Hemece 0ackapy 3JIeKTPOJbIH TiKeJel Ke3re Hemece arbIHFa
KOCBIN Kail FaHa ©3repTy apKbUIbI TEPIC TY3ETY MOJIPIBIFEI 0ap TOK TY3ETKIilll peTiHAe 1€ KYMBIC icTeil
anateiHbiH kepcetiireH. OECT wHerisingeri Ty3eTkimTiH [V KHCHIKTapbIHAAFBl TOKTHI TY3ETYAIH HETI3ri
MeXaHu3Mi jkoHe rucTepesuc Tankpuianael. OECT Ty3erkimminin [V muKIaik KUCHIKTapbiHAa OH Vys Ke3iHIES
WHIYKTUBTI THCTepe3ucTi OaiikaiiMbI3, Oyl moHmapabiH AV e3repyiHe Oasy peakuMsACBIMEH TYCIHIIpiiemi.
Tikene#t Vg KOCBUTYBI Ke3iHIE aFbIHIBI alMaKTHIH JieTUpieHyi oH AV TyblHAZaFraH aHUOHIBl MHXEKIHsIAy
apkpUTBl Kypexi. Tikemeil ckaHepney Ke3iHae KaHall )KOFapbl OTKI3TIIITIKIIEH )KYMBIC icTei GacTaiiipl, Oy
TiKeJel TOKTHIH )KOFapblUIayblHa okeneni. KepiciHie, kepi ckaHepiiey Ke3iH/e KaHall YIKeH Keaeprire ue, 0yt
TOKTBIH TOMeHJeyiHe okeneni. VIOHIBIK MHEpUUMsaH TYbIHIAFaH CBHIMBIMABUIBIKTBI TUCTEPE3UCTEH Oacka
OaiiKajaThlH TUCTEPEe3NC COHBIMEH Karap JJICKTPOHIbI KYPBUIFBUIAPIBI 3apsATayra/pa3psiarayra JKoHe
MOHIap/IbIH OYIipIIiK KO3FaIBICHIHBIH TOJISIPH3AIMsACHIHA OaliIaHbICTHI.

Kinm coe30ep: OpraHUKAaJbIK SJIEKTPXUMHSIBIK TPAH3UCTOP, SIEKTPXMMHSUIIBIK TPAH3WUCTOPIIBIK TY3ETKIlll,
ANEKTPXUMHSUIBIK TPAH3UCTOPIBIK JIHOJ, aCHMMETPHSUIBIK [V KHCBIK, HHAYKTHBTI THCTEPE3UC, HOHJBIK-
anekTpoHas! oTKi3rimn, P3HT kabats

K.K. AxatoBa, b.P. Unsscos, I'.C. Ceiicenbaena, J[.C. Kam0ap,
A K. Aiimyxanos, JI.C. Annamesa, A.B. 3aBropognuit

JIEKTPOXUMHUYECKOe BhINPSIMHUTEIbHOE YCTPOCTBO
HA OCHOBE TOHKHUX MOJHMEPHBIX IVIEHOK

B cratbe H3yYeHBI XapaKTEPUCTHKH BBHINPSMIICHUS OPraHMYECKUX 3JIEKTPOXMMHYECKUX TPAaH3UCTOPOB
(OECTS). Hecmotpst Ha 1o, urto ycrpoiictrBa OECTS SBISIOTCS CHMMETPUYHBIMH, OHU JIEMOHCTPUPYIOT
ACHMMETPHYHbBIC KPHBBIC BBIXOJAHOTO HATIPSKEHUS IIPH OTPULIATEIIBHOM ¥ MTOJIOKUTEIEHOM CMEIICHHH CTOKA.
Hamu nokasaHo, 4TO aCHMMETpPHUS BO3HUKAET U3-3a 3JIEKTPUUECKUX COCAUHEHUH C MOTEHINAIOM CTOKA (MM
HCTOYHHKA), BIMAIOLINX Ha PACIpeAesiCHHEe INIOTHOCTH HOHOB B KaHAJIE, YTO HACTPAUBAET COCTOSIHHUE JIETHU-
POBAHMS/CHATHS JICTHPOBAHUS C KaHAla M, CIIEIOBATEIBHO, MOAYIUPYET €ro MPOBOIUMOCTb. ITOT 3hdexT
ocobeHHo 3ameTeH B pexxume HakomieHus B OECT Ha ocHOBe KaHAIBbHOTO €105 U3 NONH(3-TekcmITHOheHa)
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(P3HT). Ms1 nemoncTpupyeM, uto OECT B pexuMe HaKOIJICHUS MOXKET padoTaTh MO0 KaK BBHIIPSIMHUTENb
TOKa C TOJIOKUTETBHON MONSIPHOCTBIO BBINPSIMIICHUS, JIHOO KaK BBIIPSMUTENb TOKA C OTPHULATENBHOH Io-
JISIPHOCTBIO BBIIPSIMIIEHHS ITyTE€M IIPOCTOTO W3MEHEHHs MOAKITIOUEHHs YIPABILIOLIEro MEKTpoja JHO0 He-
TIOCPEICTBEHHO K MCTOYHUKY, JIUOO K CTOKY, COOTBETCTBEHHO. OOCYKIaeTCsl OCHOBHOW MEXaHU3M BBITIPSIM-
JICHUs TOKa U rucrepesucsl B IV kpusbix Beimpsmutens Ha ocHose OECT. Ilpu npsMoM CKaHUpOBAaHUU Ka-
HaJl HauMHAeT paboTaTh C BEICOKOHW IPOBOAMMOCTBIO, YTO NMPUBOAUT K YBEIWYEHHIO NpsiMoro Toka. Hampo-
THUB, IpX 0OpPATHOM CKaHHPOBAHMH KaHAI 00JIaaeT OOJIBIINM COIPOTHBICHHEM, YTO IPHBOJINUT K CHIKEHUIO
Toka. I[JoMHMO €MKOCTHOTO THCTEepEe3nca, BHI3BAHHOTO WHEPLHEH HOHOB, HAOMIOJAEMBII THCTEPE3UC TaKKe
00yc/IOBIIEeH COOCTBEHHBIM EMKOCTHBIM TI'MCTEPE3HUCOM, CBA3aHHBIM C 3apsAKON/Pa3spsAKON 3JIEKTPOHHBIX
YCTPOMCTB U MOJsipu3aiueii n3-3a 00KOBOTO MepeMeIeHHsT HOHOB.

Kniouesvie cnoga: OopraHU4ecKuil >MEKTPOXUMHYECKHNA TPAH3UCTOP, IEKTPOXHUMUYECKUH TPaH3UCTOPHBINA
BBIIIPSIMUTENb, ICKTPOXUMUUECKUM TPaH3UCTOPHBIM IUOMA, aCUMMETpUuHas KpuBas IV, MHIyKTUBHBIN Tuc-
TEPEe3UC, HOHHO-3JIEKTPOHHBIH IPOBOAHUK, cioil P3HT
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Measurement of ferromagnetic pipe wall thickness
by magnetic flux leakage method

The paper considers the use of the magnetic flux leakage method for measuring the wall thickness of ferro-
magnetic pipes. The method implies longitudinal magnetization of the test pipe section using a short solenoid
and measurement of the spatial longitudinal component of the magnetic field strength in the air gap between
the solenoid and the test pipe using Hall sensors. A numerical model has been developed to analyze the inter-
action between the magnetizing field of the short solenoid and the ferromagnetic pipe. The model considers
the nonlinear magnetic properties of the test pipe and its geometrical parameters, including the distance be-
tween the pipe edge and the measurement plane of magnetic field. The accuracy of the model was validated
through physical modeling techniques. A simplified analytical dependence of the longitudinal component of
the magnetic field strength on the pipe wall thickness was obtained. A method was proposed to mitigate the
impact of the distance from the measurement plane to the pipe edge on wall thickness measurement results.
The method entails simultaneous measurement of the magnetic field strength and the distance between the
pipe edge and the measurement plane. The method considers the distance between the pipe edge and the
measurement plane of the magnetic field strength thereby enabling a 10-fold reduction in the error of the wall
thickness measurement induced by the edge effect. The study results can be used for generation, mathemati-
cal modeling, and measurement of the magnetic field, including magnetic inspection of steel drill pipes.

Keywords: magnetic testing, magnetic flux leakage method, finite element method, analytical model, Hall
sensor

*ICorresponding author: Goldstein Alexander, algol@tpu.ru

Introduction

Magnetic flux leakage (MFL) has been the most widely used non-destructive testing method for pipes
made of ferromagnetic materials [1-4].

According to the MFL method, a pipe section is magnetized along its longitude direction in a constant
magnetic field. The main part of the magnetic flux generated by the magnetic field source is closed along the
pipe body. A small part of this flux is closed in the air above the pipe, in line with the ratio of magnetic con-
ductivity of the ferromagnetic material and air. The latter is referred to as the magnetic leakage flux.

Given the constant total magnetic flux, a decrease in the pipe cross-sectional area leads to a redistribu-
tion of the specified magnetic fluxes: a decrease in the magnetic flux along the pipe body and an increase in
the magnetic flux through the air. Consequently, measuring the magnetic flux density in the air (magnetic
leakage flux) provides data on the cross-sectional area of a metal object.

In addition, the presence of continuity defects within the pipe leads to the distortion of magnetic field
lines, causing a portion of the magnetic flux passing through the metal to leak onto the pipe’s surface, there-
by forming a local magnetic leakage flux. The disturbance of the magnetic flux depends on dimensions and
configuration of the defect, the depth of its location, and its orientation relative to the direction of the mag-
netizing field.

A comparable technical approach, employed to inspect drill pipes, is testing of steel ropes for the pres-
ence of unacceptable reduction in the cross-sectional area and local defects [5, 6].

Problem statement

When the MFL method is employed to measure the wall thickness of ferromagnetic pipes, the test ob-
ject is magnetized by a constant longitudinal magnetic field generated by a short solenoid [7, 8] or by a mag-
netic system based on permanent magnets [1].

To measure the longitudinal component of the magnetic field strength (hereinafter magnetic field
strength), Hall sensors, which are universally employed, are placed in the middle part of the magnetizing de-
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vice in the air gap between the magnetizing device and the test object [4]. The number and location of Hall
sensors are chosen to overlap the sensitivity zones of adjacent sensors and minimize the impact of test ob-
ject’s transverse displacements on measurement results.

The study attempted to analyze the efficacy of the MFL method for measuring the wall thickness of a
ferromagnetic pipe. The study objectives were to develop a numerical model of the interaction between a
constant magnetic field generated by a short solenoid and a ferromagnetic pipe, using the finite element
method, experimentally verify the developed model, and find simplified analytical expressions to describe
the pipe magnetic field and its dependence on the magnetizing device parameters, the pipe wall thickness,
and the edge effect.

The geometry of the problem under consideration is depicted schematically in Figure 1.

Y

o o
YA

e i

A

™~ 7

1 — solenoid; 2 — pipe; 3 — Hall sensor position
Figure 1. Ferromagnetic pipe in the magnetic field of the short solenoid

The test object was a section of the pipe fabricated of 15XM steel. Its outer diameter was 88.9 mm, a
wall thickness was 6-12 mm, and a length was 2000 mm. The pipe was magnetized by a solenoid (135 mm
in length, 340 mm in outer diameter, 230 mm in inner diameter), with a maximum magnetomotive force
Iw; = 8.4 kA turns, where | denotes the solenoid current and w; represents the number of solenoid turns. The
pipe and the solenoid were arranged coaxially.

Hall sensors 3 are arranged along the transverse symmetry plane of the solenoid, in the air gap between
solenoid 1 and test pipe 2, at an equal distance from the pipe surface. During the pipe wall thickness meas-
urement, at least four Hall sensors are used to minimize the dependence of the measurement result on trans-
verse displacements of the test pipe. The sensors are positioned with an angular shift of 90° relative to the
transverse symmetry plane.

During measurement, the test pipe moves in the longitudinal direction Z relative to the solenoid and
Hall sensors. During its displacement, the longitudinal component of the magnetic field strength and the dis-
tance A between the pipe edge and the transverse symmetry plane of the solenoid are measured. The aver-
aged value of the magnetic field measurement by Hall sensors is used as the value of the magnetic field
strength H.

A change in the pipe cross-sectional area causes redistribution of magnetic fluxes along the pipe body
and through the air. Measuring the magnetic field strength provides data on the cross-sectional area of the
metal object, which is linearly related to the pipe wall thickness, T.

Numerical modeling results

A numerical model of interaction between the constant magnetic field generated by the short solenoid
and the pipe was developed using the finite element method (FEM).

The benefits of FEM for modeling magnetic fields include arbitrary shape of the inspected area and its
capacity to address asymmetric problems by taking into account the heterogeneity of material parameters and
the media [9-12].
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The model was constructed via the COMSOL Multiphysics software, using the MAGNETIC FIELDS
module. The integrated tools of the software were used to construct a 3-D model pipe-inductor, with speci-
fied magnetic characteristics of the pipe and the parameters of the inductor, as well as the magnetization
mode.

It was assumed in the modeling that the outer boundary of the study area is cylindrical in shape (Fig. 2).
The magnetic properties of 15XM steel were set based on a basic magnetization curve experimentally ob-
tained in accordance with GOST 8.377-80 [13].

Figure 3 shows equipotential lines and color spectrum indicating the distribution of magnetic induction
B along the longitudinal axis of the pipe at a distance of 20 mm from its surface during interaction with the
magnetic field of the solenoid with Iw; = 8.4 kKA turns at a pipe wall thickness of 9.8 mm, which was ob-
tained by numerical modeling. In this case, symmetrical positioning of the pipe relative to the transverse
symmetry plane of the solenoid was considered.

Figure 2. Calculation model Figure 3. Magnetic induction distribution along
after grid superimposition the pipe length at a distance of 20 mm from its surface

The analysis of the magnetic field strength distribution along the longitudinal axis H(Z) revealed its in-
homogeneous character. A relatively homogeneous magnetic field is observed in the transverse symmetry
plane of the solenoid. It extends in the longitudinal direction at a distance comparable to the longitudinal size
of the solenoid. In this case, the value of the magnetic field strength H depends on the value of the
magnetomotive force Iwy, geometrical parameters of the solenoid, magnetic properties of the pipe material,
and the pipe wall thickness T.

Figure 4 shows the dependence of the magnetic field strength H in the transverse symmetry plane of the
solenoid at a distance of 20 mm from the pipe surface on the value lw; at a wall thickness of 9 mm (solid
line) obtained based on the results of numerical simulation. The discrepancy between the calculated and ex-
perimental results (circle symbols) does not exceed 3 %, which is acceptable for most practical tasks.

H, Alcm [ " ' '
250 [
200 [ y
150 [ .

100 r -

50 r .

0 1 1 1 1 1 1 1
5 6 7 8 9 10 A/cmliwy, xA-

Figure 4. Dependence of the magnetic field strength in the transverse symmetry plane
of the solenoid at a distance of 20 mm from the pipe surface on the value of Iw;
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Figure 5 shows the dependence of the magnetic field strength H on the pipe wall thickness T at a fixed
value of the magnetomotive force Iw; = 8.4 kA-turns.

H, T T T T T T
200 7
150 [ 7
100 [ 7

I w, =8.4 kA-turns
50 [© 1 N

6 8 10 12 14 T, mm

Figure 5. Dependence of the magnetic field strength on the pipe wall thickness

The analysis of this dependence reveals that the direct transformation function H(T) remains constant
within the specified range of test parameters T = (6...12) mm. This indicates that the value of T can be deter-
mined based on the value of the measured magnetic field strength H. The dependence presented in Figure 5
can be approximated with high accuracy by a polynomial of the third degree:

H(T)=381.003—27.145T +0.932 T2 —0.016 T°.

The inverse transformation function T(H) can also be approximated with high accuracy by a polynomial
of the third degree:

T(H)=33.179-0.185H +3.955x10* H? -3.628x107" H?.

The magnetic field strength H in the gap depends not only on the pipe wall thickness T, but to a large
extent on the distance from the plane (transverse symmetry plane of the solenoid) to the pipe edge.

Figure 6 shows the dependence of the longitudinal spatial component of the magnetic field strength H
on the distance A between the pipe edge and the transverse symmetry plane of the solenoid.

H’ A/(:m T T T T T T T
T=6.5mm
200 T=9.8mm -
150 I T=11.4mm
100 [ 7
50 @ 7
0 0 100 200 300 400 500 A, mm

Figure 6. Dependence of the magnetic field strength on the distance
from the transverse symmetry plane of the solenoid to the pipe end at different values of T

The analysis of this dependence shows that at the pipe length L > 1.5 m the magnetic field strength H
remains constant in the middle part of the pipe with the constant wall thickness T. When approaching the
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pipe edge, the magnetic field strength H decreases significantly. The edge effect is due to the change in the
spatial distribution of the magnetic flux when the pipe edge is located close to the magnetized pipe section.

This effect can be mitigated by measuring the magnetic field strength H, as well as the distance A be-
tween the pipe edge and the transverse symmetry plane of the solenoid. A conventional distance sensor or a
distance sensor as part of an electromechanical actuator that moves the test object can be used for measure-
ment. Data on the linear displacement of the test object enable the correction of the wall thickness measure-
ment results that accounts for the edge effect.

Figure 6 (circle symbols) illustrates the experimental dependence of the magnetic field strength on the
distance between the pipe end and the transverse symmetry plane of the solenoid at T=9.8 mm. The
discrepancy between the calculated and experimental results does not exceed 3.5 %, which indicates that the
experimental data correspond to the results of numerical modeling, which is acceptable for most practical
tasks.

T’mm T T T T T T T
— A =460 mm
A =292 mm
12 A =258 mm T
A =190 mm
— A=157mm
101 — A=123mm N
8_ -
6_ -
4k .
2_ -
O 1 1 1

120 140 160 180 200 220 H, A/em

Figure 7. Functions of the inverse transformation of the value of the longitudinal spatial component
of the magnetic field strength H into the thickness T of the pipe wall for different distances A
between the end of the pipe and the transverse plane of symmetry of the solenoid

Figure 7 shows a set of functions of the inverse transformation of the longitudinal spatial component of
the magnetic field strength H into the pipe wall thickness T for different distances A between the pipe edge
and the transverse symmetry plane of the solenoid. A group of pipe specimens with different wall thickness
T is used to determine these functions. The magnetic field strength H is measured for fixed values of the dis-
tance A between the pipe edge and the transverse symmetry plane of the solenoid. Functions T(H) with ac-
ceptable accuracy can be obtained by standard approximation of the experimental data by third degree poly-
nomials. For measurement, the value of the test parameter T(H) is calculated for a specific distance A.

Conclusion

The effectiveness of the proposed method for measuring ferromagnetic pipe wall thickness was con-
firmed by the results of laboratory tests performed with a prototype used to measure the thickness of the pipe
wall with the specified parameters. A total of 7 test pipes with the wall thickness T within the specified range
were used to define the transform functions.

The experimental results showed that the change in the magnetic field strength induced by the edge ef-
fect can attain 30 % for the specified geometrical parameters of the test object. Without corrections for the
edge effect, the relative measurement error of the wall thickness T can reach 40 %. The length of the edge
effect zone is about 500 mm for each of the pipe edges.

The proposed method accounts for the distance between the pipe edge and the solenoid plane and ena-
bles 10-fold reduction in the wall thickness error from the edge effect. In this case, the length of untested ar-
eas of the test object, where the edge effect mitigation is ineffective, is less than 125 mm.
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MarHuTTiK arbIHHBIH IIAIBIPAY AiciMeH (peppOMArHUTTIK KYObIp
Ka0bIPFACbIHbIH KAJBIHABIFBIH MATHUTTIK 0aKbLJIAY

Makanana GheppOMarHUTTIK KYOBIpJIapAbIH KaOBIPFAChIHBIH KAJBIHIBIFBIH OaKbLIAY YIIiH MarHUT aFbIHBIHBIH
IHIAIIBIPAY 9/ICIH KOJIIaHy KapacThIPBUIFaH, 0J1 OaKblIaHATHIH KYOBIP y4acKeCiHiH KbICKA COJCHOMIBI apKbLIBI
OOMJIBIK MarHUTTENYiHE JKOHE DJIEKTPMAarHUTTIK KYOBIp MeH OakblIaHAaThIH XOJUT JAaT4Wri apachlHAAFbl aya
CaHBUIAYBIH/IAFBl MarHUT OPICIHIH KEepPHEYNIriHiH OOMIBIK KEHICTIK KYpayIIbICBIH OJIIIeyre HeTi3AeNreH.
CpiHaK OOBEKTICIHIH CHI3BIKTHI €MeC MAarHUTTIK KacHEeTTepiH >KOHE OHBIH T€OMETPISUIBIK MapaMeTpiiepiH,
OHBIH IIIIHJE TYTIKTIH JKHETi MEH MarHuT OpICiHIH KEpHEYJIriH eJIley »Ka3bIKTHIFbl apachIHIaFbI
KAIIBIKTBIKTBI €CKepPe OTBHIPHIIN, KbICKA COJICHOUATHIH MATHUTTEY OPICiHiH (h)eppOMArHUTTIK TYTIKIIEH e3apa
OpeKeTTeCYiHIH CcaHABIK Mozeni o3ipiueHnl. CaHABIK MOJENBIIH AYPHICTHIFBI (H3HKAIBIK MOJIEIBACY
HOTIDKENIEpIMeH pacTanajasl. MarHUT epiciHIH KepHeyniriHiH OOMIbIK Kypampaac OediriHiH KyObIp
KaOBIPFACHIHBIH KAJIBIHJBIFPIHA OHAMIATBUIFAH AHATUTHKAJBIK TOYSNAIMIri ajbiHAAbl. MarHut epiciHig
KepHEy MOHIH JKOHE OJIIIey JKa3bIKThIFbIHAH KYOBIPIBIH IIeTiHe NEeHiHr KalIBIKTBIKTHI Oipiecinm esmieyre
HETi3[e]IreH OISy JKa3bIKTBIFBIHAH KYOBIPIBIH IICTiHE NEHIHI1 KAIIBIKTHIK KaOBIPFACHIHBIH KaJbIHIBIFBIH
0akpuIay HOTWXKEJIEpIHE OCEepiH a3alTy ofici YCHIHBUIFaH. Y CHIHBUIFAH OaKpUIay OMiCiH KOJJaHFaH Ke3Je,
KYOBIPJIBIH JKHETi MEH MarHHUT ©PICiHIH KepHEYIITiH Iy >Ka3bIKThIFl apachlHIaFbl KAIIBIKTHIKTHL €CKepe
OTBIPHIN, KHUEK ocepiHe OaillaHBICTHI KAOBIpFa KAJIBIHABIFBIH OIey Karemirin mamameH 10 ece azaiityra
Gomampl. Makanama KeNTipUIreH HOTHXKENlep MarHUT OpICTEpiH KYPY, MAaTeMATHKAIBIK MOJIEIbIEY JKOHE
OJIIlIey eCENTepiH IIenIyle, COHbIH imiHAe Oomar Oyprbutay KyOBIPJIapblH MAarHUTTIK Oakpulay YIIiH
HaiilaaHbUTY bl MYMKIH.

Kinm co30ep: MarHuTTiK OakplIay, MarHUT aFbIHBIHBIH aFy 9[iCi, COHFBI 3JIEMEHTTEp OJICi, aHAJIUTHKAIBIK
MOJI€]Ih, XOJIJI JaTYuri
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A.E. l'onpamreitn, K.A. CtpsmnueB

MarHuTHbIA KOHTPOJb TOJIHUHBI CTeHKU (epPPOMATHUTHBIX TPYO
METO/I0OM PACCeSIHUSI MATHUTHOTO NMOTOKA

PaccMoTpeHo ucnosk30BaHNe METOa PACCESHNSI MArHUTHOTO MOTOKA JUISl KOHTPOJIS TOJIIUHBI CTEHKH dep-
POMAarHUTHBIX TPYO, OCHOBAHHOTO Ha INPOJOJPHOM HAaMarHMYMBaHUHM C MOMOINBI0 KOPOTKOTO COJIEHOWAA
y4acTKa KOHTPOJIUPYEMOH TpyOBl U U3MEPEHHU MPOJOIbHON MPOCTPAHCTBEHHON COCTABISIOIIEH HANPsHKEH-
HOCTU MAarHUTHOTO TOJIA B BO3JYIIHOM MPOMEXKYTKE MEXIy COJEHOUAOM M KOHTPOIHpyeMo# Tpy06oil ¢ mo-
MOIIBIO AaTunKoB Xoita. Pazpaborana 4yncieHHas MOAENb B3aUMOJAEHCTBUSI HAMAarHUYHMBAIOLIErO MO KO-
POTKOTO coJieHOu1a ¢ (heppOMarHUTHOH TPyOOi, yINTHIBAIOIIAs HEIMHEITHbIE MarHUTHBIE CBOHCTBA 00BEKTa
KOHTPOJIS U €T0 TeOMETPUUIECKUE ITapaMeTpPEl, B TOM YHCIIE, PACCTOSIHUE MEXTy KpaeM TPyOBI H INIOCKOCTBIO
U3MEPEHHUs HANPSHDKEHHOCTU MArHUTHOTO oJis. KOppeKkTHOCTh YHMCIIEHHOM MOJIeNu IOATBEPAKIeHA Pe3ybTa-
TamMu (U3HIECKOTO MojenupoBaHus. [lomydeHa ynpoleHHas aHaJUTHYeCKast 3aBUCHMOCTb ITPOIOIBHOHN CO-
CTaBJIIONIEH HANPSHKEHHOCTH MAarHUTHOTO TIOJISL OT TONIIMHEI CTeHKH TPYOBI. [Ipemiosken MeTo ymMeHbIIe-
HUS BIMSHHUSA Ha PE3yIbTaThl KOHTPOJIS TONIIMHBI CTEHKH PACCTOSIHUS OT IUIOCKOCTH HM3MEPEHHs 0 Kpas
TpyOBI, OCHOBaHHBIH HA COBMECTHOM M3MEPEHHH 3HAUEHMS HAIPSHKEHHOCTU MAarHUTHOTO TOJIS U PACCTOSTHUS
OT TIOCKOCTH M3MEPEHHs A0 Kpas TpyOsL. IIpu Bcnonp30BaHUH IPEATaraeMoro MeToaa KOHTpoIs Oaaroaapst
Y4eTy pacCTOSHHS MEXIY KpaeM TPYObl M IJIOCKOCTBIO M3MEPEHHs HANpsHKEHHOCTH MArHUTHOTO IOJS ITO-
TPEIIHOCTh M3MEPEHHUs TONIINHEI CTeHKH, 00YCIIOBIICHHas: KpaeBbIM 3P deKToM, MOXKeT ObITh CHI)KEHA MpH-
MepHO B 10 pa3. Pe3ynbraThl, npeacTaBICHHBIE B CTaThe, MOTYT OBITH HCIIOJIB30BAHBI TIPH PEIICHUY 3a1ad
CO3JIaHMs1, MaTEMaTUYECKOTO MOJICTUPOBAHYS X U3MEPEHUSI MAaTrHUTHBIX 110JICH, B TOM YMCIIE sl MATHUTHOTO
KOHTPOJIS CTAJIBHBIX OYypPHIIBHBIX TPYO.

Kniouesvie cnosa: MarHUTHBIN KOHTPOJIb, METOA PACCEAHUA MAarHUTHOI'O IIOTOKA, METOJ KOHCYHBIX 3JICMCH-
TOB, AHAJIUTHYCCKasA MOAC/Ib, JAaTYUK Xomma
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Simulation of a Stirling Engine with a Reversible Reaction CO + 2H, «» CH;OH

Using a simple computer model, the properties of a Stirling engine are studied, where the working substance
is a chemically reacting gas with a reversible reaction CO + 2H, <> CH3;OH. The model takes into account
the relaxation time of hydrodynamic processes in the regenerator. In this case, the engine is considered to
consist of three main parts: a heater, regenerator and a cooler, this is fundamental difference from the
Langlois Justin model proposed in 2006. The pressure in the engine is 20 MPa, the working piston is free.
The efficiency is compared for two cases: 1) a reversible chemical reaction occurs in the working gas and
2) the working gas is chemically inert with relatively high and low molar mass. The average power over the
oscillation period is several hundred watts, but the maximum power can reach 2 kW. To increase the power
of an engine with reversible chemical reaction, it is necessary to increase the volume of the cooler and reduce
the volume of the heater. The modeling results are in good agreement with the previously obtained theoretical
results of one of the authors (K. Sabdenov, 2023) based on the analysis of the Stirling cycle with reversible
chemical reaction.

Keywords: Stirling cycle, free-piston Stirling engine, methanol, reversible chemical reaction, efficiency and
power

*Corresponding author: Smagulov Zhanaidar, smagul@mail.ru

Introduction

The Stirling engine can produce electrical energy from any external heat source, including solar radia-
tion. Therefore, it is considered as a promising means to solve the problem of energy shortages after the de-
pletion of oil and natural gas reserves [1, 2].

In modern engines, the working gas is either chemically inert or can only react in one direction to form
a combustion product. But the results of [3, 4] indicate a strong influence of the efficiency of various ther-
modynamic cycles due to the ongoing reversible chemical reaction in the working gas. If we compare it with
a chemically inert gas, then such a reaction can lead to both a decrease and an increase in efficiency. In par-
ticular, high efficiency in the Stirling cycle can be obtained under the following conditions:

« at the compression stage, the working gas must have a higher molecular weight than at the expansion
stage;

* the gas expansion coefficient must be sufficiently large;

* the maximum T, (heater) and minimum T, (cooler) temperatures should not differ significantly;
this is due to the condition for the existence of a cycle.

The results of [3, 4] were obtained for ideal and equilibrium cycles, so they need to be confirmed either
on real machines or on computer models. To do this, based on a computer model, the operation of a Stirling
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engine with a free working piston is studied. Its first mathematical model in the isothermal approximation
was proposed in [5] and since then it has become the basis for many theoretical and experimental studies [6—
11]. The isothermal approximation means assuming constant heater and cooler temperatures.

Cyclic changes in the dynamic parameters of the Stirling machine should be obtained as a result of solv-
ing the model equations expressing the laws of conservation of mass, momentum and energy. But in many
theoretical studies, for example, in [7, 9-11], the coordinates of the working piston and displacer are speci-
fied in the form of a sinusoidal function. From the model [5] it is difficult to understand the physical mecha-
nisms by which the machine operates and, most likely, it contains unjustified approximations and complica-
tions.

Experimental

This study has two objectives:

1) to build a simple model of a Stirling engine with a free piston, at the same time, the new model must
take into account the most important physical properties of the engine;

2) using the constructed model of the Stirling engine, check the correctness of the results obtained from
the thermodynamic analysis of a cycle with a reversible chemical reaction [3].

The general structure of the Stirling engine is described in detail in [5], therefore, below only the funda-
mental differences of the proposed device circuit are indicated. It is shown in Figure 1, here the cooler is com-
bined with the volume (compression, 6) V., and the heater is combined with the volume (expansion, 7) V..

LcZ Lr Le
1?’7"; : Lcl dr
4\ 7 ;
! e
1 : o
9 X,
\
e 7
8 X, X, x

1 — working piston; 2 — displacer; 3 — displacer rod; 4 — displacer spring; 5 — regenerator;
6 — cooling area; 7 — heating area; 8 — buffer volume; 9 — linear electric generator

Figure 1. Simplified diagram of the structure of a Stirling engine
with a free piston and the direction of the x coordinate

This means that the volumes V. and V. are essentially a cooler and a heater. Accordingly, they maintain
constant temperatures T. and T.. They are taken as the minimum and maximum temperature in the car. The
gas masses in each of the indicated volumes are equal to m, and m..

Regenerator 5 continues to be present as an independent and important component of the machine,
therefore it is characterized by its physical parameters.

Buffer space 8 with volume V,, and pressure py is borrowed from [5].

The working piston 1 moves freely along the rod 3 of the displacer 2, the last two are rigidly connected
to each other, and one of the ends of the rod is attached to the spring 4 with a stiffness coefficient ky. The
displacer can move freely inside the cylinder, surrounded by a cylindrical regenerator with length L, and
working space thickness d,.

As a result of the movement of the working piston, the linear generator 9 generates an electric current,
its reverse effect on the operation of the machine is taken into account by the damping coefficient D,.

A Stirling engine cannot operate without a regenerator; the literature [12, 13] denies this, but points to
the very low efficiency of a machine without a regenerator. Thus, although the regenerator is allocated a sig-
nificant place, it is still not one of the main ones. In fact, in machines “without a regenerator” it is still pre-
sent in a hidden and primitive form. Since the regenerator plays one of the key roles here, the processes in it
need a detailed description. This mainly relates to gas flow.

56 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



Simulation of a Stirling Engine with a Reversible Reaction ...

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 speed of one-dimensional gas motion in it with density p,
and in the direction of coordinate x will be denoted by u. Below is the momentum conservation equation for
the elementary mass of the regenerator Am = p,A;Ax, where the elementary volume in a section of length Ax
and cross-sectional area A, is equal to A,Ax. This elementary volume is acted upon by two forces:

e the first of them F, is associated with the change in pressure in space, F, = A((p(x +Ax) — p(x)). If
there is a local section on the path of gas movement at point x = xo, then this section is characterized by the
coefficient of hydraulic resistance K,. Here the momentum of the flow changes, a force acts on it

F, :(p(x+Ax) - p(x)+%8(x—x0)Krp, |u|qujA ,

where 3(X = Xg) is the Dirac delta function;

e the second force F; arises as a result of the presence of friction inside the gas, and at the boundary of
contact with the solid surface of the channel wall [14]. Friction forces lead to the appearance of tangential
stress 1, and Fy, = tI1AX.

From hydrodynamics [14], we accept the equality

T=const-Cp, |u|u,

where ( is the coefficient of hydrodynamic resistance; IT — channel perimeter, IT = 2x(d, + d;). Thus, we get
F. :%-ger|u|qu :

The 1/8 factor is explained below. Newton’s second law can be written as

du op 1
AmM—=—A —AX—=03(Xx—Xx,)K, p, [U|lUA AX—F, .
dt AaX 2 ( XO) rpr||A' fr
Hence, after replacing the total time derivative in the sense of Lagrange with the derivative in the sense

of Euler [14],

d o0 0
—=—+u—,
dt ot  ox
and also using the definition of mass Am and in the limit Ax — 0, the equation is obtained [15]
a—quua—u=—i@—l-g|u|u—ES(X—XO)Kr|u|u. (1)
ot ox p,ox 8 A 2
In typical Stirling machines, the thermal expansion of gas is small, the pressure also does not change
much, and the compressibility of the gas is insignificant. Therefore, the derivative of density with time is
small compared to convective transport. As a result, the mass flow p;u can only be a function of time. This
means that the gas in the regenerator moves like a liquid and its speed is only a function of time. Therefore,
instead of (1), we can consider the equation
d_u:_i@_l.ghdu —ES(X—XO)Kr|U|U ,
dt p, X 8 A 2
where the partial derivative with respect to time is replaced by the total derivative, but in the Euler sense.
Taking the gas velocity to be weakly dependent along the length of the regenerator, ou/ox ~ 0, by integrating
over the length of the regenerator this equation is reduced to the form [15]
Jdu_1, o LLn
dt p, 8" A
The pressure difference Ap is positive if the gas flows from left to right. Now let us explain the origin of
the factor 1/8; in the stationary case and flow in a pipe, the well-known Darcy-Weisbach equation should be
obtained [16]. In the case of an arbitrary pipe of length L, and diameter D, the ratio TT/A, = 4/D, and then it
follows

1
|u|u—§Kr|u|u. (2)
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1oL 1
Ap_EQPrB|u|U 2Krpr|u|u'

This is the Darcy-Weisbach equation for a pipe. For a regenerator (Fig. 1), the ratio of the perimeter to
the flow area is IT/A, = 2/d..

Equation (2) is relaxation, it takes into account the time required for the formation of gas velocity in the
regenerator when pressure and friction change.

The model obtained above includes the equations of motion of the displacer, piston and gas in the re-
generator. The coordinate of the displacer x4 with mass my is measured from the equilibrium position X4, the
initial coordinate of the piston x, with mass m, coincides with the coordinate reference point x.

The gas in the buffer volume compresses and expands under adiabatic conditions with index vy. External
and initial pressure po.

The equations of motion of the displacer and piston have the form [5]

d?x
My dtzd +Ky (X _Xd,o) = PoAo pCAp - PA 3
d?x, dx,
mP dt2 +DpE:(pb_pc)Ap' (4)

The coefficient D, characterizes the production of electrical energy by a linear generator. Equations (3)
and (4) are supplemented with formulas for determining pressures:

V Y
Py = Po [VL:] ) (5)
Rg cTc Rg eTe (6)
= - m f o =— me .
pc VC c p Ve

A change in the chemical composition of the gas leads to a change in the gas constant; the composition
of the gas is different in the heater and cooler. Accordingly, two notations Ry,c and Ry, are introduced for the
gas constant.

The volumes contained here are found using the formulas

Vc :VC,O +Ap(xd _Xd,o _Xp)1 (7)
Ve =V = Ay (X = Xa0)r Vo =Voo + Aa (Xg —X40) + AX,
Here V., Ve are the initial volumes of the cooler and heater.
The gas masses in the displacer m. and heater m, are determined by solving the equations
dm, — dm, . (®)
dt dt

The gas mass flow rate m’, in the regenerator is found from equation (2) and this issue is discussed be-
low. The pressure p, and temperature T, in the regenerator are taken to be the average values in the heater
and cooler:

+ T +T
po =Rt Pe, T=nre (©)

Equalities (9) mean accepting a linear dependence on the x coordinate of changes in pressure and tem-
perature in the regenerator. Linear dependencies are well fulfilled since the differences p. — pe and T, — T, are
small values, and d,/L, << 1.

Then the gas density in the regenerator p, is determined from the equation of state

__PetP
(Te+Tc)Rg .

Equation (10) is necessary to find the mass of gas in the regenerator m,. Density p, can be more accu-
rately determined by calculating the average density using linear functions p(x) and T(x) and the gas equation

Py (10)
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of state for the regenerator [5]. But such averaging, which leads to a complex expression, does not provide
noticeable advantages.

In Figure 1, between the regenerator and volumes V. and V., there are local sections of gas flow rota-
tion; they are included in the regenerator and are characterized by the coefficient K.

Equation (2) can also be written for mass flow m',(t) = u(t)p,A;. Using this definition and taking into ac-
count the constancy of density p;, we write the equation for flow velocity,

A, 1K)

=—A m;, 11
dt L P75 m (1)
KZ = Kr + 2I;jr C’ mr = pr LI’A’ = pI’VI’ ! VI’ = LI'A' ' (12)

According to Figure 1, the positive direction of gas movement corresponds to a positive sign of the
pressure drop Ap, so it should be Ap = p; — pe.

Since the regenerator is a porous (mesh) structure made of thin metal wire [12, 13], then in the general
case the porosity factor should be added to the determination of the gas volume V.. Here it is assumed that
the porosity is close to unity.

Let us denote by m. o and meq the initial values of the gas masses in the cooler and heater, then from the
sum of equations (8) and after integration the equality follows

m. — mc,O = _(me - me,o) ) (13)

\Y/ \Y/
mc,o — I:R)O (-:I,-O , me,o — go fl,-o .

g.c'c gc e

Chemical reactions of the first order take place in volumes V. and V.. In the first of them, the chemical
transformation (reverse reaction) proceeds according to the scheme B — A at a rate k., and in the second (di-
rect reaction) according to the scheme A — B at a rate k.. At the same time, a mass of gas enters (or leaves)
the indicated volumes at a speed m’,; i.e. in each of them there can be two sources of substances of grade A
and B. Each of them in an arbitrary volume has a mass m, and mg, their sum is always equal to the total mass
of the gas in this volume. Substances A and B are characterized by relative mass concentrations ga and gg,
and

gatge=1 (14)
For simplicity, the chemical transformation inside the regenerator is not taken into account. The simple
connection (14) between concentrations allows us to subsequently use equations for only one of them, for
example, gg.
Since the gas mass in the cooler and heater is different, gg will be determined in different ways. There-
fore, below gg is supplemented with indices indicating its value in V; and V,, i.e. gs. and gg.. Using them,
you can determine the gas constants Ry,c and Ry, [17]:

1- 1-
ngc = R(%_F—QB’C ], nge = R{%_'_—QB,E j, (15)
Mg Ha Mg Ha

where R is the universal gas constant; ua, pg are the molar masses of substances A and B.
In the volume of the regenerator, the rates of forward and reverse chemical reactions are approximately
equal. Since there is no change in the composition of the gas in the regenerator, 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 Ry = Ry, if M’y <0, then Ry = Rg.
Mass m, is found from the equation of state
m, = PV, _
Rg,rTr

The above data is sufficient to determine the parameters of the regenerator.
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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 a chemical reaction. A simple first order reaction gives a conserva-
tion equation for the mass mg,

dm ,
dtB'C = _gB,cmr - mckch,c ' (16)
According to the definition of relative mass concentration,
_ mB,c
gB,c - m '

Then, taking into account the first equality in (8), equation (16) can be written for gg .:
dge
—= =K :
dt Hec

In the 2™ case, m’; < 0 and the content of gas grade B changes both due to a chemical reaction and due
to convective transfer from the heater. In volume V., the reaction A — B takes place. There, its concentration
is designated gg .. The mass conservation equation will now take the form

dmg,
dt
After passing here to the concentration gg, ., we obtain

d —
gi‘ ~Jee " Boe g g (18)

In it, the reaction also has the first order, but now a substance of type B is formed. The derivation of
equations for the concentration is carried out according to the same scheme as in the previous example. In
the case m’; > 0 for the mass mg ., the following equation is obtained:

dm,
dt

To pass to the equation for the concentration gg, ., We use the second equality in (8) and the definition
Os,e = Mg, o/M,, as a result, we obtain

ng,e _ gB,c - gB,e

(17)

1
= _gB,emr - mckch,c '

C

,e

= gB,cm; + meke(l_ gB,e) .

m’ +k, (1- ) 19
dt . r e( gB,e) ( )
In the case of m’; < 0, the concentration gg . is determined from the equation
dgg
—f —k (1- . 20
=k 0s,) (20)

Results and Discussion

Equations (3), (4), (11) and (17)—(20) as well as one of the equations (8) are basic. To these are added
auxiliary equalities (5)—(7), (9), (10), (12), (13) and (15).

The reversible reaction of methanol formation CO + 2H, <> CH3OH is considered [18, 19]. Substance
A is a mixture of carbon monoxide and hydrogen with molar mass pa = 0.0107 kg/mol; substance B is meth-
anol with molar mass pg = 0.032 kg/mol. At low temperature T, the decomposition reaction of methanol
predominantly occurs according to the scheme B — A with the reaction constant k¢; at high temperature T,
methanol is formed according to the scheme A — B with the reaction constant k.

The numerical solution of the equations was carried out by the Runge-Kutta method [20] with second
order accuracy and with various time steps to verify the correctness of the results obtained. To obtain reliable
results, it is enough to take the integration step equal to 10 s. Initial conditions:

dx,

dx
t=0: X, =0, X; =Xy, d—t'):o, Ezlm/s; m =0, g,,=0.15, g, =0.85.
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Electrical power Py is always positive and equal to

dx, 2
Po=D,| — .
dt
At the initial moment of time, the pressure in all volumes of the engine and outside was the same and

equal to po; the mechanical system is in equilibrium. Then the total power of the engine Py, or the rate of
production of mechanical work, is equal to
dx, dx
_ A d p
(P. = Pe) p[—dt e j

dv,
dt
The necessity of the modulus sign is explained by the fact that useful work is performed both during
expansion and compression of gas in volumes. Engine efficiency ne was determined by the average power
values P, and Pp,:
_(R)

MR
The results in Figures 2—4 were obtained for the following input parameters:
e general and for buffer volume —
Po = 20 MPa; y = 1.37; V,,0 = 2.0-10° m? (the buffer volume is taken very large to exclude it);
e for displacer and working piston —
mg = 3.0, m, = 3.3 kg; ky = 50 kg-s7;
d; = 0.8, drog = 0.05, L, = 0.3 m; D, = 5500 kg-s™";
e for heater and cooler —
Te=293, Te=673K; V0 =0.94, Voo = 0.54 m% x40 = 1.6 m;
k.=4.010% ke =4.210°s ™" Ly = 1.0, L, = 0.5 m;

av,
dt

o
dt

P, - +‘(pe—pom

(pc - pe)

+‘(pe - pO)

e for regenerator —

L,=1.2,d,=0.1m; A, =0.28 m* K, = 0.01, { = 0.12.

Work [21] gives a specific (per unit mass of copper catalyst) reaction constant for CO consumption of
about keo = 1072 mol/(Kg.ar-s). Here reaction constants of the order of 0.01...0.1 s * are used and in a different
dimension. But a correlation can be established between these reaction constants: the gas volumes V. and V.
are of the order of magnitude 10 mol. Then, taking 10 kg of catalyst (taking into account the high density of
copper, such a mass of catalyst occupies a relatively small volume), we obtain keo ~ 0.01 ¢, which is com-
parable to the given value of k.. The rate of the reverse reaction k. is assumed to be approximately the same
order of magnitude.

The oscillation of the displacer was established after approximately 70 s, its average position did not
change (Fig. 2). But the average position of the piston shifts with a weak wave movement to the left along
the x coordinate and by the time of 100 s it still has not reached its stationary point.

0.8 4
4 — (1), Xq

0.6 < —(2), xp

Figure 2. Coordinates of the displacer and piston depending on time
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Power averaging (Fig. 3) was carried out over a time interval from 80 to 100 seconds, the results ob-
tained were <P> = 355.3, <P,,> = 906 W; ne = 0.392. The oscillation frequency is v = 0.16 Hz.

(), P
2000 - @, £y
—2), P,

1l

. —_—
0 20 40 60 80 100
t,s

P,WwW

Figure 3. Dependence of powers P,, and P on time

The efficiency of an ideal Stirling cycle with a reversible chemical reaction ng; is characterized by a
dimensionless parameter [3]

_ HB(’YB _1)
HaA(va =1

where y,, vg are the adiabatic exponent of substances A and B. The condition for exceeding ns; efficiency of
the Carnot cycle with a chemically inert working gas m, is given by the inequality

St

T
Ol > 2 (21)

Tmin

The ya exponent is easily determined, since detailed experimental data exist for the gases CO and Hy;
from them it is easy to determine y, = 1.37. The situation is more complicated with the adiabatic index of
methanol yg; its physical properties change in a complex and ambiguous way depending on pressure and
temperature [19], since it is located near the critical point. Therefore, in contrast to work [3], we use the for-
mula from the theory of ideal gases [17]

i+2
L

where i is the number of degrees of freedom. From the structure of the methanol molecule it is easy to obtain
the estimate i = 10, so we can take yg = 1.2. This, together with y, = 1.37, gives the value ag = 1.76, and in-
equality (21) is not satisfied, since Tpa/Tmin = 2.465 (Tmax = Te, Tmin = Tc). Accordingly, the efficiency ac-
cording to the Carnot formula for a chemically inert working gas is equal to ng = 1 — Tyin/ Tmax = 0.565 > 1.

In [3] a formula was proposed for calculating the efficiency of an ideal Stirling cycle ns; in the nota-
tion adopted here it has the form:

T
N =1-22G (), (22)

max

G,,+G _
()= et 8 Glz[“Mijw,
Gy, +G n, o-1

G — 1 Tmax _ Ug — 1 _ Hg Tmin
0,1 v 0,2 :
Vs -1 Tmin Ka (YA _1) Vs -1 Ka (YA _1) Tmax

Here there is a volume ratio o on the upper (or lower) isotherm. This parameter o depends on the en-
gine design, so it can be found from the simulation results.
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The cycle being implemented in the engine can be constructed in volume/pressure coordinates, since
electrical energy is produced by the cooler, such a cycle is constructed in the variables V/(p. — po) in Fig-
ure 4 and bears little resemblance to the ideal cycle.

The lines are not closed because the piston has not yet reached the midpoint. But these data are suffi-
cient to estimate the volume ratio ® = 1.28 at points 2 and 1. Then from equation (22) we find ns, = 0.354.
This is less than the result obtained above ng = 0.392 by approximately 10 %, and their difference may be
introduced by the difference in the cycles in Figure 4 and ideal cycle, or, the approximate nature of equali-
ty (22). The fact is that when obtaining equation (22), a simple assumption was made of a linear dependence
of the mass concentration of the product of a chemical reaction on the specific volume [3].

4000 ~

V., m

Figure 4. Image of the cycle in the Stirling engine in coordinates V¢/(p. — po),
the cycle is built for a time interval from 80 to 100 s

If we take the working gas to be a chemically inert substance with a molar mass of light gas
ua = 0.0107 kg/mol, then no displacement of the working piston is observed (Fig. 5).

However, all other input parameters remained unchanged. The engine reaches a steady state of opera-
tion in approximately 40 s. The frequency and amplitude of oscillations increased noticeably (v = 0.17 Hz),
which explains the almost doubling of power: <P.> = 684.6, <P,,> = 1739 W. There was also a very slight
increase in electrical efficiency ne = 0.394.

1.0 4
4 —(1)1 xd

-1.0 . T X T ¥ T ¥ T Y 1
0 20 40 60 80 100

Figure 5. Changes in the coordinates of the displacer and piston over time
for a chemically inert working gas
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For a chemically inert (relatively heavy) working gas with a molar mass pg = 0.032 kg/mol, the work-
ing piston does not shift either. But the power and oscillation frequency are significantly reduced:
<P,>=59.64, <P,,> = 152.3 W; v = 0.10 Hz. In addition, the time it takes for the engine to reach a steady
state of operation increases; here this time is longer than the calculated time of 100 s.

From equation (22) it follows that efficiency increases with increasing expansion coefficient o (at con-
stant temperatures). To check this conclusion, the calculation was carried out with a change in the volume of
the cooler by changing the length L. ,. Below are the results for three options Table:

Table
Leo, M ® <P¢>, W <Pp>, W Nel Nst
0.25 1.38 346 883 0.392 0.362
0.5 1.28 355 906 0.392 0.354
0.85 1.23 407 1037 0.392 0.350

No change in efficiency is observed, but engine power increases as the expansion coefficient decreases.
Moreover, both total and electrical power increases proportionally, and a decrease in o is achieved by in-
creasing the volume of the cooler.

If you increase the volume of the heater while other parameters remain unchanged, then an increase in
the volume of the heater leads to a decrease in power. For example, a calculation with a length L., = 0.5, but
with L, = 0.5 m instead of the previous value L, = 0.3 m gives < Pg > =342 and <P, > =873 W.

Conclusions

In this study an isothermal model of a Stirling engine with a free piston and working gas, where a re-
versible chemical reaction occurs, is proposed. If we do not consider the presence of a chemical reaction, the
new model differs from the previously proposed Langlois Justin model [5] by taking into account the relaxa-
tion time of hydrodynamic processes in the regenerator. Moreover, it consists of three main parts: heater,
cooler and regenerator.

Based on the modeling results, the following conclusions were drawn:

— chemical transformation leads to a change in the molar mass of the gas mixture in the cooler and

heater, as a result, during engine operation, the equilibrium position of the working piston shifts;

—such a shift occurs to the left if the molar mass of the gas is less than in the heater, if vice versa, then

the piston moves to the right. Piston displacement does not occur in the case of gas with constant mo-
lar mass;

— the results of calculating the efficiency using the proposed model and the previously obtained formula

for an ideal Stirling cycle with a reversible chemical reaction differ by approximately 10 %.
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K.O. Cabgnenos, XK.K. Cmarynos, M. Ep3ana, T.A. XXakaraes

CTHUPJIHHT KO3FAJTKBIIIBIH KAHTHIMABI peaKIusiMeH
CO + 2H; & CH3;0H moaeanaey

Kapamaiieim koMmIbroTepik MoZAembIiH keMmeriMeH CTHUPIMHT KO3FaITKBIIIBIHBIH KAaCHETTEpl 3epTTElreH,
myHaa kymbic 3atel CO + 2H, <> CH3;OH KalThIMabl peaknusachl 0ap XUMHUSIIBIK OPEKETTECETiH Tra3
Kocracel. MyHIaif  KO3FANTKBIII — alfalllkKbl  PeT  KapacTHIpbUTyZa. Monenb  pereHepaTOplarsl
THIPOAVHAMUKAIBIK MPOIECTEPAiH PelaKkcalrs yaKbITBIH eckepeni. by karmaiina KO3FanTKBII YII HETi3ri
OeJliKTeH Typajpl: KbI3IBIPFBILI, PEreHepaTop >KoHE CAIKBIHAATKBII KaMepanap, Oochl jkaHa monenb 2006
KbUIbI ychiHbUIFAaH Langlois Justin MozenmiHeH ekiHmi TyOereini albIPMAIIBUIBIFBIMEH CHITATTaIabl.
Kosrantkeiurarel  KpickiM 20 MITa, xymbeic mopireHi ©Ooc. 3epTreyme THIMIUIIK €Ki kargaiiaa
CaJBICTHIPBUIAABL: 1) KATBIMIBI XMMHSUIBIK pPEaKkuusl JKYMBIC Ta3blHAA JKypeli JoHe 2) KYMBIC Tra3bl
CAITBICTBIPMAIIBI  TYPAE JKOFAaphl KOHE TOMEH MOJPJIBIK Maccachl 0ap XUMUSUIBIK HHEpTTi. TepOemic
Ke3eHIHJIeTi opTalna Kyar OipHele >Ky3 BaTT, Oipak MakcuMalabl KyaT 2 KBT-ka sxeTyi MymKkiH. KalTeMabt
XUMUSUTBIK PEaKIHACHl 0ap KO3FAITKBIIITHIH KyaTblH apTTHIPY YIIIiH CAKBIHAATKBIIITHIH KOJIEMiH YIFaluTy
JKOHE JKBUIBITKBIIITHIH KOJEMIH a3aiTy KaxkeT. Mozebey HOTIKENepi aBTopiIapabslH OipiHiH OYpBIH ajFaH
TEOPHSUIBIK HOTHXKeJepiMeH kakchl coiikec keneni (K. Cabaenos, 2023) KaWTBIMABI XUMHSIIBIK PEAKIUSICHI
6ap CTUPIMHT LMKIIH TajayFa Heri3enreH.

Kinm co30ep: Ctupnunr 1ukiti, CTHPIUHITIH 60C MOPIICH I KO3FAITKBIIIBI, METAHOJ, KAUTBIMIBI XUMHUSITBIK
peaxuus, [1OK xone Kyat
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K.O. Cabaenos, XK.K. Cmarynos, M. Ep3ana, T.A. XKakaraes

MoneaupoBanue apurareiss CTUpJINHTa
¢ odparumoii peaknueii CO + 2H, & CH;0H

C moMonIpio POCTON KOMITBIOTEPHOI MOJENH BIIEpBBIE U3y4eHB! cBOWCTBA npurarens CTHpIMHTA, TIe pa-
0G0YNM BEIIECTBOM SIBIIIETCS XMMHUECKH pearupyromuii ra3 ¢ oopatumoii peaknueir CO + 2H, <> CH3;0OH.
Mogens yquThIBaeT BpeMs pelakcalliy rHApOJUHAMHYECKUX MPOLECCOB B pereHeparope. B naHHOM ciydae
JBUTaTeIb CYUTAETCS COCTOSIIIMM U3 TPEX OCHOBHBIX YacTei: HarpeBaTess, pereHepaTopa U OXJIaAuTeIbHOI
KaMepbl. B 3TOM COCTOMT BTOpOE MPHHIMIHAILHOE OTIHYKe oT Mojenan Langlois Justin, npemsoxernHoi B
2006 rony. Jasienue B asurarene cocrasisseT 20 MIla, pabouunii mopiuens cBo6oaeH. D GEeKTUBHOCTD JBH-
rareisl CpaBHUBACTCS JUIS ABYX CIIydaeB: 1) B paboueM raze IpOUCXOAUT oOpaTHMasl XUMHIecKas peakiys 1
2) pabounii ra3 XMMHYECKH HHEPTEH C OTHOCHUTENBHO BBICOKOH M HU3KOI MONsIpHO#T Maccoil. CpeHsis MO
HOCTB 3a IepHOJI KOJIeOaHHi COCTaBIsIeT HECKOJIBKO COTEH BaTT, HO MAKCHMAIIbHAS! MOLITHOCTH MOXKET JOCTH-
rate 2 kKBt. UTOOBI yBeNMYUTH MOIIHOCTH JIBHTATENsI ¢ OOpaTHMON XMMHYECKOHW peakimuel, HeoOXOoIuMo
YBEINYUTH 00BEM OXJIAAUTENS U YMEHBIINTh 00BbeM Harpepatems. Pe3ynbTaTsl MOAENIHPOBAHUS XOPOIIO CO-
[IIACYIOTCS C paHee MOyYEeHHBIMU TEOPETHYECKUMHU pe3yiibTaTtaMu oHoro u3 aBTopoB (K. Cabuenos, 2024),
OCHOBaHHBIMH Ha aHajm3e [ukiIa CTHPIUHTA ¢ 00paTUMON XMMUYECKOH pPeaKIieH.

Kniouesvie cnosa: nukn CtupnuHra, cBOOOJHONOPUIHEBOH ABUTaTeNnh CTUPIMHTA, METaHOM, 00OpaTHMas Xu-
muueckas peaxuust, KII/I, momuocTs
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Modeling of Turbulent Non-Isothermal Flow in a Heating Network Pipe

The article presents a mathematical model of turbulent non-isothermal flow of viscoplastic fluid in a pipe
with a sudden expansion of the heat network. Heat exchange of non-isothermal flow of viscoplastic fluid with
cold environment leads to an increase in its viscosity and yield strength. Shvedov-Bingham rheological model
represents the viscoplastic state of fluid. The Reynolds Stress Model (RSM) turbulence model describes the
properties of anisotropy of the velocity components of pulsating motion in a pipe with a sudden expansion. In
addition, the ability to predict turbulence anisotropy of the RSM model is used to construct a linear model of
turbulent viscosity. Calculation data are obtained for different values of Reynolds and Bingham numbers. The
calculation results show that with an increase in the Bingham number, the circulation zone decreases behind
the section of the sudden expansion of the pipe. The results of the comparison of the radial profiles of the
normalized axial mean and fluctuation velocity with the experimental data along the pipe with sudden expan-
sion are given. The results show the anisotropic property of the axial and radial profiles of the velocity of fluctu-
ation movement, which are in agreement with the data of the DNS (Direct Numerical Simulation) model.

Keywords: sudden expansion pipe, non-isothermal turbulent flow, viscoplastic fluid, RSM model of turbu-
lence, yield strength, heat transfer, recirculation region, fluctuation velocity

*Corresponding author: Sattinova Zamira, sattinova.kz@gmail.com

Introduction

Sudden expansion of flow is widely used to intensify transfer processes in Newtonian flows (NF) and is
encountered in many technical devices, for example, when connecting pipes of different diameters.
Knowledge of the flow and heat transfer characteristics in separated flows is important from both fundamen-
tal and practical points of view. The flow in a sudden expansion pipe has been frequently used by several
authors to test and evaluate turbulence models. Such a flow combines a region of strong nonequilibrium, a
recirculation region, after which the flow returns to equilibrium. The sudden expansion pipe has also been
the subject of many experimental studies, providing useful information and improving our understanding of
turbulence. Of industrial interest is the application in flows associated with turbulence, such as corrosion in
the heating network [1]. The separation and reattachment of flows in a sudden expansion pipe were studied
experimentally in [2-6]. A numerical study was carried out in [7], where the (k-e) and algebraic stress mod-
els and their modifications to account for the curvature of streamlines were considered. As a result, it was
shown that the modified algebraic stress model gives a better agreement with the experimental data [8].

It should be noted that we have not found any experimental or numerical works devoted to heat transfer
in turbulent separated non-Newtonian flows, with the exception of [9]. The aim of this work is a numerical
study of the flow structure, kinetic energy of turbulence and heat transfer of a non-Newtonian fluid in a pipe
with sudden expansion. The novelty of this work is also the consideration of the dependence of viscosity and
yield strength on temperature.

1. Mathematical model
1.1 Statement of the Problem
The pipe diameter at the inlet D, =2R, =0.2 m, and after a sharp expansion D, =2R, =0.3 m, the step

2
height H =0.05 m,L=O.25, the expansion coefficient ER=ER=[%) =2.25. The pipe length

(2R)
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L=12 m(Di=40j. The average axial velocity and average temperature at the inlet
2

U, =0.2—0.89, T, =303 K, respectively. The wall temperature is constant and varies within the range
s

T, =273-293 K. The Reynolds number Re—U D, =(0.7-3)-10%, where v,, =p,,, / p. The Prandtl num-

vV

wl

ber of paraffinic oils at the inlet is Pr=p,,C_, /%,

1.2 Basic equations
The basic equations of non-isothermal turbulent motion of a viscoplastic fluid are given in [10, 11]:

v-Uu=0 Q)
V-(pUU)=-VP +V-(2uS)+V-(-pu'u’ )+ V-2u/;S' (2)
V-(pC,TU)=V-(AVT)+V:(-pC,u't')+1:VU (3)
The coefficient of effective molecular viscosity p, is found from the expression [12—15]:
+1 | '|71 |’E| >1
Her ={“P o T )
0, |r| <1,

The singular property |‘c| <1, of formula (4) can be regularized using the approach [14, 15] and written

T, [1— exp(—m|§(|)J

7

as.

Hett = up + ! (5)
where the regularization parameter is m=1000s [16].

The system of basic equations (1-5) is considered together with the RSM model of turbulent stresses,
which is written in the form [17, 18]:

0 0 C.T: 0
(pUj i j) ( +¢Ij i') 6 |:pveff8Im+p G /ul/n:|§ui/u;+DNNF

j k m

0 0 T iy |28
A (PUs)=7 L(cp-cue)s - {pveﬁs,m o |2 4

S

x— LV =1 (6)

5 5 . k312 3/4
here, P, and P =0.5R, are stress production terms, ¢; is redistribution term [17], L; _m[ Cn m
S €

k v . . .
and T; = max[—, C; \Fj are turbulent time and length macroscales, where 2k = u.’ug is the turbulent kinet-
€ €

ic energy, ¢, Iis viscous dissipation rate tensor of turbulent stresses, €=0.5¢,, and y is a blending coeffi-

ij
cient, and it changes from zero at the wall to unity far from the wall [17]. The constants and model functions
of the system of equations (8) are given in [17].

1.3 Boundary conditions
The flow diagram is shown in Figure 1. On the pipe wall before and after expansion:
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Figure 1. Flow diagram in a pipe with a sudden expansion
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on the pipe axis:
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Constant values of variables are set at the pipe inlet, and soft boundary conditions are set at the outlet.
2. Numerical realization

The numerical solution is obtained using a control volume method on a staggered grid. The algorithm
for solving the system of equations (1)—(6) in the variables “velocity — pressure components” is described in
detail in the work [10, 19]. All numerical predictions are performed using the “in-house” code.

The numerical method was verified by comparison with the experimental results [19] of isothermal
flow in a pipe with a sharp expansion (Fig. 2). It is known [20] that the generalized model of a Newtonian
fluid can describe non-Newtonian flows that thin under shear. The regime parameters, properties of Newto-
nian and non-Newtonian fluids with xanthan gum (XG) are given in Table. The power-law fluid was an
aqueous solution with 0.2 % XG with an index n = 0.34 by weight [21] and 0.1 % XG with n = 0.43 [19].
The difference in the average axial velocity profiles between the results for NF and NNF is insignifi-
cant (Fig. 2a). The average axial velocity profiles for NF and NNF are similar in the experiments [19] and
the authors’ calculations. The recirculation length in NNF is 20 % shorter than in NF (Table). The radial ve-
locity profiles of axial pulsations show agreement between the measurements [19] and the authors’ calcula-
tions (Fig. 2b).
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a) b)

Figure 2. Radial profiles of axial average (a) and fluctuation (b) velocity along a pipe with sudden expansion.
Symbols are measurements [18, 20], lines are authors’ calculations
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Table
The length of recirculation region. Comparisons with measurements of [18]

Fluid Una, M/ Rew xlH[14] | AU
Water 461 1.35x10° 8.43 9
Water 1.73 5.03x10* 8.71 9

0.1% XG 3.04 1.96x107 6.93 75

0.2 % XG 4.05 1.94x107 7.14 7.4

0.2 % XG 5.01 2.72x10% 6.78 7.3

3. Discussion of calculated data.
Viscoplastic turbulent flow in a pipe without sudden expansion

Figure 3 shows comparisons of the pulsating velocity in the axial and radial directions with the DNS da-
ta [22]. The RSM model qualitatively describes the anisotropy of the axial and radial velocity pulsation pro-
files well (Figs. 3a and 3b). The maximum discrepancy between DNS and RANS of the authors is up to
20 %. The positions of the maximum values and practically coincide with the DNS data [22]. The predictions
obtained confirm the possibility of successfully using the RSM model to describe the non-isothermal turbu-
lent flow of a viscoplastic fluid without additional terms in the RSM transfer equations.

'RSM |

m NF
o tfr, =11
NH1.2

—NF
T, = 1.1
-—==-12

1 10 100

a)

Figure 3. Comparison of the results of calculations of the RSM model of axial (a)
and radial (b) velocity fluctuations with the results of DNS [21]

4. Calculated data of turbulent flow of viscoplastic fluid.
Structure of viscoplastic fluid flow

Figure 4 shows the distributions of the recirculation length (a) and maximum values of turbulent kinetic

energy (b) of isothermal viscoplastic fluid from Bingham numbers Bm. Here xi© and k' are the recircula-

tion length of the flow and the maximum value of turbulent kinetic energy Newtonian fluid (NF), respective-
ly.

The non-Newtonian fluid causes a significant decrease in the length of the recirculation flow zone and
the turbulence level (Figs. 4a and 4b). An almost twofold decrease in the length of the recirculation region is
shown at Bm = 17 compared to the flow of a Newtonian fluid (Bm = 0) (Fig. 4a). The decrease in turbulent
kinetic energy reaches 60 % at Bm = 17 (Fig. 4b). The Reynolds numbers Re = 0.5-10* and 2.0-10* do not
have a large effect on the length of the recirculation zone, the difference is up to 10 % at Bm = 17.
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Figure 4. The effect of flow Reynolds and Bingham numbers on distributions
of recirculation length (a) and maximal values of turbulent kinetic energy (b)

Figure 5 shows the influence of the Bingham (a) and Reynolds (b) numbers on the maximum average
axial value of the reverse flow of an isothermal viscoplastic fluid.

0.104

0.054

c)

Figure 5. The effect of Bingham (a) and Reynolds (b) numbers on the maximal mean axial magnitude
of reverse flow, and wall friction (c) of isothermal SB fluid. (a and c): Re = 10%; (b): Bm = 17

For a Newtonian fluid (Bm = 0), the maximum negative values of the reverse flow —Upa/Um reach
20 % (Fig. 5a) and correspond to the known data for flow in a pipe with sudden expansion [23, 24]. The cal-
culated data for different Bingham numbers are also presented here, and a sharp decrease in the maximum
negative velocity (—Uma/Umi = 0.075) is obtained for Bm = 17 (Fig. 5a). It can be noted that for non-
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isothermal flows of viscoplastic fluid, the recirculation zone does not have a significant effect on the pro-
cesses of turbulent transfer of momentum and energy compared to the Newtonian one. Similarly, an increase
in the Reynolds number of the flow does not have a significant effect on the dynamics of the reverse
flow (Fig. 5b).

The distribution of the wall friction coefficient C, /2=, /(punil)along the flow is shown in Fig-

ure 5¢ for different Bingham numbers Bm. The flow reattachment point for NF and NNF is located at C; = 0.
The value of the wall friction coefficient is negative in the recirculation region for NF and NNF due to the
reverse flow (Fig. 5¢). Downstream of the reattachment point, an increase in the wall friction coefficient is
observed and the values become positive. The wall friction in isothermal flow is greater than for viscoplastic
fluid. The location of the minimum point of C; for NNF shifts upstream by almost 2 times compared to NF
due to the manifestation of non-Newtonian behavior.

A comparison of non- and isothermal viscoplastic flow following sudden expansion of a pipe is shown
in Figure 6.

Non-isothermal NNF
T,=273 K, T,=303 K
x/H=2

1 ----15

Isothermal NNF (Bm=17)
TW=T!‘

0 ' 5 10 ' 115 )
2t /(p,U%))

Figure 6. Distributions of yield shear stress z, over the pipe radius for non- (solid and dashed lines)
and isothermal (bold line) NNF behind the pipe sudden expansion

Calculation of isothermal flow NNF with a constant value of the Bingham number Bm = 17 shows a
constant value of the yield strength along the pipe radius (Fig. 6). Calculations of the transition of non-
isothermal turbulent flow of paraffinic crude oil show a more complex flow behavior. In the flow core, the
yield strength value becomes zero (to = 0) and in this zone the flow is Newtonian (Fig. 6). In the recircula-
tion zone (X/H = 2) and near the pipe wall at (x/H = 15), the yield strength 1o = 16 (Fig. 6). Viscoplastic flow
of the liquid takes place in this region.

Conclusion

The results of modeling non-isothermal turbulent flow in a pipe with expansion show the correctness of
the developed mathematical model. In particular, a comparison of the radial profiles of the normalized axial
average and fluctuation velocity with experimental data along a pipe with sudden expansion is carried out.
The calculations show the anisotropic property of the axial and radial profiles of the fluctuation motion ve-
locity, which is in agreement with the data of the exact DNS model. Viscoplasticity of a turbulent fluid leads
to the following effects: 1) reduction of the length of the recirculation zone and reduction of the kinetic ener-
gy of the fluctuation motion; 2) reduction of the maximum negative velocity (—Uma/Umi = 0.075) and reduc-

tion of the friction coefficient C, /2=, /(prﬂ) in the recirculation zone. In general, the recirculation

zone of a viscoplastic fluid does not have a significant effect on the processes of turbulent momentum and
energy transfer compared to the Newtonian one.
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Kbty axeJtici KeHeTTeH KeHelrenae KyobIpAarbl TYTKbIPIJIACTHKAJIbI
CYMBIKTBIKTBHIH TYPOYJIEHTTi aFbIHBIH MO/IeJIbey

Makanana SKbUIy OKETICIHIH KEHeTTeH KeHelol Oap KyOBIpAarbl TYTKBIPIUIACTHKAIBl CYHBIKTBIKTBIH
TypOyJIeHTTI M30TEPMHUSUIBIK €MEC AFbIHBIHBIH MaTEeMAaTHKAJIBIK MOJENi KenTipinreH. TYTKbIpIUIACTHKAIB
CYHMBIKTBIKTBIH M30TEPMUSUIBIK €MEC aFbIHBIHBIH CYBIK OPTaMEH JKbUIYy aJMacybl OHBIH TYTKBIPJIBIFBl MEH
AKKBILITHIFBIHBIH JKOFapbulayblHa okeneni. 11IBenoB-BUHreM PEONIOTHSIBIK MOJENI CYHBIKTBIKTBIH TYTKbIP-
IUIACTUKANBIK KYHiH kepcereni. RSM TypOyneHTTIK Mozeni KeHeT KeHeri 0ap KyObIpAarbl MyJbCallUsIIbI
KO3FaJIBICTBIH JKBUIIAMABIK KOMITIOHEHTTEPiHIH aHWU30TPOIMSICHIHBIH KACHETTepiH CHIATTaiIbl, COHBIMEH
KaTap TYpOYJICHTTLNIK AHMW3OTPONMSACHIH OODKay MYMKIHIITT TypOYIEHTTIK TYTKBIPIBIKTHIH CBHI3BIKTHIK
MOJZEINIH Kypy YIIiH KonpaHeuiansl. Ecenrenren nepekrep PeiHonbiac skoHe BHHTram caHmapbIHBIH SpTYpII
MoHzepi YIIiH anbiHAbl. Ecentey HoTmkemepi BuHram caHBIHBIH yIIFarobIMeH KYOBIPJIBIH KEHETTEH KEHEIO
KUMAcCBIHBIH apThIH/IA MUPKYISIHSIIBIK aifMaKTHIH KillipedeTinairin kepcereni. HopmananraH ockTik opTama
JKoHE (IyKTyalus S>KbUIIAMIBIFBIHBIH paauanabl NpouibaepiH KeHeT KeHeroi 0ap KyOblp OOHBIHIAFBHI
TOKIpHOETiK MONTIMETTEpMEH CalbICThIpy HoTIkenepi OepinreH. Hormwxemep DNS (Direct Numerical
Simulation) MozemiHIH OepeKTepiMEH CcoifiKec KeNeTiH TepOenMelni KO3FaJbICTBIH OCHTIK JKOHE pPaIHaibl
JKBUTIAMIBIK TPO(HUIbACPiHIH aHU30TPONITHI KACHETTEPiH KOPCeTeIi.

Kinm co30ep: KeHETTEH KeHEI0 KYOBIPBI, N30TEPMUSUIBIK eMeC TypOyIIeHTT] aFbIH, TYTKBIPILIACTUKAIIBI CYHBIK,
RSM TypOyneHTTiK Mozemi, aKKBIUTBHIK LIEri, XKBUIYy TachMalay, PElMpPKYJSIIUs aiiMarbl, (IIyKTyarms
JKBULIAMIBIFBI

V K. XKanb6ac6aes, [1.)K. bocunos, M.A. ITaxomos, 3.K. CartunoBa

MopenupoBanne TypOyJIeHTHOTO Te4eHHUs BA3KOIIACTUYHOM KMIKOCTH
B TpPyOe TeIJIOBOM CeTH ¢ Pe3KUM paclIMpeHueM

B crartee mpumBoamTCs MareMmaTHdecKas MOJETb TypOYIEHTHOTO HEM30TEPMHUYECKOTO TEUEHUS BS3KOILIa-
CTUYHOH JXMIKOCTH B TPyOE C Pe3KHM pacIIMpeHreM. TeriooOMeH HEM30TepMHUUECKOTO MOTOKA BS3KOILIa-
CTUYHOI )KUAKOCTH € XOJIOAHON OKpYXKarolel cpeoif MPUBOIUT K MOBBIIICHUIO €€ BSI3KOCTH U Ipeserna Te-
Kyuectu. Peonornueckas monens IlIBenoBa-bunrama npeacTapiseT BA3KOIUIACTUYHOE COCTOSHUE YKUIKOCTH.
RSM mopens TypOyJIeHTHOCTH OIMCHIBAET CBOMCTBAa aHW30TPOITHOCTU KOMIIOHEHT CKOPOCTH ITyJILCAIl[HOHHO-
TO JBIDKCHUS B TPyO€ C Pe3KnUM pacIIupeHueM. PacdeTHbIe NaHHBIC NMOTYYEHBI IPH PA3IMIHBIX 3HAUCHUSIX
yucna Peiinonpaca u bunrama. Pe3ynbrarel pacueToB MOKa3bIBaloOT, YTO C POCTOM uucia buHrama nupkysns-
IIOHHAs 30Ha COKPAIIAETCS 33 CEUYCHHEM PE3KOTo pacHupeHus TpyOosl. [IpuBeqeHs! pe3ynbTaThl CPaBHEHUS
panuanbHBIX MpoQuield HOPMaTM30BAaHHOW OCEBOI cpemHed W (PIyKTyallHOHHON CKOPOCTH C OINBITHBIMH
JTAHHBIMU BJOJIb TPYOBI C BHE3AITHBIM PacIIMpeHHeM. Pe3ynbTaThl TOKa3bIBAlOT aHU30TPOITHOE CBOHCTBO OCe-
BBIX U PaJMajbHBIX Mpoduiiell CKOPOCTH (IIYKTYallHOHHOTO ABMIKEHHS, KOTOPBIE HaXOAATCS B COTJIACHU C
nanabeiva DNS (Direct Numerical Simulation) mozmenu.

Kuiouesvle cnosa: Tpyba BHE3AIMHOTO PACUIMPECHHS, HEM30TEPMHUUECKOE TYpOYICHTHOE TEUCHHE, BSI3KOILIA-
CTHYHAsI XHJKOCTh, MOJENb TypOyaeHTHOCTH RSM, mpenesn TeKkydecTH, Teronepeaaya, o6iacTb pelupKy-
JALHH, CKOPOCTh (IIYKTyaluu
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Study of the Effect of Thermomechanical Treatments
on the Property of Beryllium Bronze in Order to Expand Its Application

The article is devoted to the study of the influence of thermomechanical treatments on mechanical and
physicochemical properties of beryllium bronze in order to expand its application in modern technologies.
This paper studies the influence of different modes of thermomechanical processing on the structure and
properties of beryllium bronze. The mechanism of influence of these methods on modification of alloy micro-
structure, which directly affects its performance characteristics, is described. The obtained results allow ex-
panding the areas of application of beryllium bronze in industry, aircraft construction and other sectors. And
also the main conclusions are that the introduction of advanced methods of thermomechanical processing
helps not only to improve the physical characteristics of bronze, but also makes it possible to use this material
in new areas, such as aerospace and automotive industries. The article is of importance for specialists in the
field of materials science and engineering, as it provides new data and recommendations that can improve the
processes of production and operation of beryllium bronze products.

Keywords: beryllium bronze, heat treatment, mechanical treatment, thermomechanical treatment, aging, hard-
ening, material microstructure, equal-channel angular pressing (ECAP)
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Introduction

Beryllium bronze is a unique copper alloy containing 0.5 % to 3 % beryllium and, in some cases, other
alloying elements such as cobalt or nickel [1]. This material combines high strength, non-magnetization,
wear resistance and corrosion resistance, which makes it in demand in various industries. Due to its heat
treatability, beryllium bronze exhibits exceptional mechanical properties, including strengths up to
1400 MPa, which is far superior to other copper alloys [2]. Its thermal conductivity of 107 W/m-K is also
3-5 times higher than that of tool steel, which opens up additional opportunities for its application.

Due to its unique characteristics, beryllium bronze is used in a wide range of applications, from the pro-
duction of tools for hazardous environments to high-tech components in the aerospace industry [3]. Its non-
magnetic nature and its ability to prevent sparks make the material indispensable for the manufacture of tools
used in hazardous environments such as coal mines, drilling rigs and grain elevators. In addition, beryllium
bronze is used in electronics, production of musical instruments and devices for precise measurements, as
well as in the production of springs, contacts and bearings [4]. The main producers of beryllium are the USA,
China and Kazakhstan. In total, about 300 tons of beryllium are produced in the world per year.

BrB2 is a tin-free, pressure-treated beryllium bronze. The chemical composition of BrB2 alloy is de-
scribed in GOST 18175-78 and includes the following components: copper 96.9-98.0 %, beryllium
1.8-2.1 %, nickel 0.2-0.5 % and up to 0.5 % of impurities.

Thermomechanical treatment is an important tool to improve the properties of beryllime bronze [5]. It is
an effective tool for optimizing the properties of beryllium bronze. The development of new TMT modes
will allow to significantly expand the application area of this unique material, providing an increase in its
performance characteristics and durability. The processes of hardening, aging and plastic deformation at high
temperatures lead to changes in its microstructure, which in turn affects its mechanical and physical proper-
ties [6]. For example, the use of aging allows the formation of ordered phases in the alloy structure, which
increases its hardness and tensile strength. This makes beryllium bronze even more adaptable to different
operating conditions. Aging is a key stage of heat treatment that contributes to the hardening of beryllium
bronze due to the release of fine phases in its structure [6, 7]. This process improves the hardness, strength
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properties and wear resistance of the alloy, which is especially important for elements subjected to signifi-
cant loads. However, further strengthening of properties can be achieved by additional plastic deformation
after aging [7]. This combined treatment allows not only to increase the mechanical characteristics but also
to improve the isotropy of the material, which expands its capabilities in difficult operating conditions. Hard-
ening is an effective method for changing the microstructure of beryllium bronze, which achieves a more
uniform phase distribution and reduces residual stresses [8]. Sharp cooling after heating at high temperatures
increases strength and decreases ductility, making the alloy more resistant to stress. Additional plastic de-
formation after hardening optimizes material properties by combining high hardness with improved wear
resistance. This combined treatment is particularly important for high friction and wear applications [9].

Due to its unique combination of mechanical, corrosion and electrical conductive properties, this mate-
rial is widely used in the aerospace, electronics, power generation and tooling industries. However, the prop-
erties of the alloy are significantly influenced by thermomechanical treatments, which can significantly im-
prove its performance characteristics.

ECAP (equal channel angular pressing) is one of the most effective methods of severe plastic
deformation (SPD), allowing to create ultrafine grain structure in materials, including beryllium bronze
BrB2. This method, as noted in IPD works, provides multiple shear deformation without changing the
macroscopic geometry of the specimen, which makes it unique for industrial applications [1]. It has been
reported in the literature that grain refinement to submicron or nanometer scale leads to significant
improvement in mechanical properties including hardness, strength and yield strength [2].

The purpose of this work is to study the effect of thermomechanical treatments on the properties of
beryllium bronze after ECAP and to analyze the changes in the microstructure of the alloy and its mechanical
properties, which will allow to optimize the treatment modes to improve the performance characteristics and
expand the areas of application of this material.

Materials and methods of experiments

Beryllium bronze alloy containing 97-98 % copper and about 2 % beryllium was used as a material for
the study. In addition to the main components, the composition may contain alloying elements such as nickel
(up to 0.5 %), iron, silicon and aluminum (up to 0.15 % each), as well as minor impurities. This alloy is
characterized by high strength and wear resistance, excellent spring properties, good antifriction characteris-
tics, as well as medium electrical conductivity and thermal conductivity. In addition, beryllium bronze is ex-
tremely ductile in the hardened state, which facilitates machining and forming.

To study the influence of thermomechanical treatment, two types of treatment were chosen to study the
change in the properties of beryllium bronze. In the first treatment variant, the samples were subjected to
hardening at 800 °C and aging process at 320 °C for 2 hours, which allows evaluating the effect of tempera-
ture influence on the structure and properties of the material. In the second variant, after the aging process,
mechanical treatment was additionally carried out to study the effect of plastic deformation on the material
already modified by heat treatment. To study the effect of heat treatment on the properties of the alloy, 9
samples with different treatments were prepared. Table shows the treatment parameters of the samples.

Table
Sample processing parameters
Name of samples Type of treatment Processing parameter
No. 1 Without treatment Initial
No. 2 Heat treatment 800 °C (hardening)
No. 3 Heat treatment 320 °C (aging)
No. 4 Mechanical treatment ECAP (4 passes)
No. 5 Mechanical treatment ECAP (3 passes)
No. 6 Mechanical treatment ECAP (2 passes)
No. 7 Mechanical treatment ECAP (1 passes)
No. 8 Thermo-mechanical treatment ECAP (4 passes) + Heat treatment (aging)
No. 9 Thermo-mechanical treatment ECAP (3 passes) + Heat treatment (aging)

All the selected processing modes are aimed at identifying the optimal conditions to improve the me-
chanical properties and structural characteristics of beryllium bronze.
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The samples were preliminarily ground using 100 to 2000 grit sandpaper and polished using diamond
paste. Then, to determine the microstructure, the samples were etched using Kroll’s Reagent (100 ml water,
1-3 ml hydrofluoric acid, 2-6 ml nitric acid).

Metallographic analysis methods using Olympus Corporation optical microscopy, OLYMPUS BX53M,
(Tokyo, Japan) were used to study the microstructure of beryllium bronze.

X-ray phase analysis. One of the popular methods of studying the structure of metals and alloys is
X-ray diffraction analysis (XRD) [10]. The X-ray diffractometer X'PertPRO from “PANalytical” (the Neth-
erlands) using CuKa radiation was used to study the structure-phase composition of the coatings. The sam-
ples were prepared according to standard methods, and the diffractograms of all samples were recorded un-
der the same conditions, which allowed a more accurate comparison of the obtained data. Imaging was car-
ried out at the following parameters: tube voltage U = 40 kV; tube current | = 30 mA, exposure time 1 s; im-
aging step 0.02°, and the investigated area of angles 20 was from 20° to 90°. The diffractograms were inter-
preted using the High Score program and PDF-4 database, and quantitative analysis was performed using the
Powder Cell computer program.

Mechanical properties were studied using hardness and elasticity tests. Different methods were used to
measure hardness, such as the Vickers method using a diamond pyramid on a Metolab 502. Measurement
parameters: load 0.025 g, dwell time 10 s. Vickers number (HV) is calculated by the formula:

Ly = 1.854P ' (1)
d,

Martens method with hardness and modulus of elasticity investigation using a load-discharge curve.
The hardness and modulus of elasticity of the coatings were measured using a FISHER SCOPE HM 2000
system (Helmut Fischer GmbH, Sindelfingen, Germany) controlled with WIN-HCUS software version 7.1.
This instrument is designed to evaluate microhardness and other mechanical properties of materials in
accordance with the requirements of 1SO14577. The waiting time is 10 s and the loading time is 1 N. In
order to evaluate the cracking resistance of the coating under constant loads, the cracking initiation rate
(CIT) parameter was calculated. This parameter characterizes the change in indentation depth over time
under constant load and is calculated as the percentage change in indentation depth versus dwell time. The

formula for calculating CIT is as follows:

h(t)—h
C|T=L-100%. (2)

Tribological tests on the “ball-disk™ scheme. Tribological tests for sliding friction were carried out on a
TRB? tribometer (Switzerland Anton Paar Srl,). The tribological properties of the materials were studied us-
ing the standard “ball-disk” technique (ASTM G 99). A 3.0 mm diameter ball made of Si3N, coated steel was
used as a counterbody. The tests were carried out at a load of 10 N and a linear velocity of 3 cm/s, with a
wear curvature radius of 4 mm and a friction length of 100 m. Tribological characteristics were evaluated on
the basis of wear intensity and friction coefficient.

Results of the research

Figure 1 shows microstructural analysis of beryllium bronze BrB2, from the three states, revealed sig-
nificant changes in the structure of the material in the process of heat treatment. In the initial state (Fig. 1a)
the material has a coarse-grained structure with clear boundaries, which indicates its stable state without sig-
nificant defects. After quenching (Fig. 1b), the microstructure shows pronounced signs of internal stresses
and deformation due to the accumulation of defects resulting from rapid cooling. After aging (Fig. 1c), the
structure is significantly stabilized: grains are restored, stresses are reduced, and beryllium-rich secondary
phases are formed. These changes confirm that the aging process promotes the relaxation of defects, increas-
es the orderliness of the structure and improves the mechanical properties of beryllium bronze BrB2.
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a — initial state; b — after quenching; ¢ — after aging

Figure 1. Microstructure of beryllium bronze BrB2

The results of the analysis (Fig. 2) showed that after quenching (state 2) the structure of beryllium
bronze is characterized by a significant level of defects, stresses and reduced crystallite sizes, which is re-
flected in broad and less intense peaks on the diffractogram. In the aging process (state 3), the separation of
beryllium-rich secondary phases is observed, which leads to crystallite growth, a decrease in internal stresses
and an increase in the intensity of diffraction peaks. These changes are due to the redistribution of beryllium
in the structure, which provides defect relaxation and matrix strengthening. Thus, beryllium bronze BrB2
demonstrates high hardening efficiency due to the formation of an ordered structure and secondary phases
during aging, which makes it indispensable in critical applications requiring a combination of strength and

resistance to wear.
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Figure 2. Results of X-ray phase analysis of the studied samples

The conducted studies in Figure 3 showed that after the 1st pass of ECAP, beryllium bronze retains
predominantly coarse-grained structure characteristic of the initial stage of plastic deformation, which is
consistent with similar data for other materials such as aluminum and copper alloys. At this stage, high-angle
grain boundaries begin to form and zones of local accumulation of dislocations begin to nucleate, which is
confirmed by studies of deformation processes in metals [4].

After the 2nd pass, active grain refinement and increase in dislocation density are observed, which is
associated with intensive shear and stress redistribution in the material. Similar effects have been described
in studies based on IPD of aluminum alloys, where after two or three passes the appearance of substructure
with low-angle boundaries and initial stabilization of grains were observed [5]. In the case of beryllium
bronze, this process leads to an increase in hardness and initial phase stabilization due to the redistribution of
beryllium and defects in the structure.
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At the third stage (after the 3rd pass), the grains become finer, reaching submicron size, and the
structure shows signs of recrystallization. Similar changes are described in the works devoted to copper and
its alloys, where the third pass of ECAP promotes the creation of a highly ordered ultrafine — grained
structure. For beryllium bronze BrB2, this means that the material acquires optimum properties for
mechanical hardening and improved wear resistance.

After the 4th pass, the material structure is fully stabilized, the grains reach nanometer dimensions and
defects and internal stresses are virtually absent. This confirms the fundamental theories of IPD, according to
which an increase in the number of passes leads to the formation of a stable ultrafine-grained structure with
high mechanical characteristics [6]. In addition, for beryllium bronze, improvements in properties such as
fatigue limit and corrosion resistance can be expected at this stage, as has been observed for other copper-
based alloys.

a — after 1 pass; b — after 2 passes; ¢ — after 3 passes; d — after 4 passes
Figure 3. Microstructure of beryllium bronze BrB2 after ECAP

Thus, in comparison with literature data, the results of ECAP for beryllium bronze BrB2 confirm the
general regularities characteristic of materials subjected to severe plastic deformation. The method allows to
achieve a unique combination of mechanical and operational properties, making this alloy promising for use
in critical structures.

The X-ray diffraction studies of beryllium bronze BrB2 in Figure 4 confirm the influence of ECAP on
the evolution of its phase composition and defect structure. After the 1st pass, relatively broad and less in-
tense diffraction peaks are observed, indicating the initial stage of grain refinement and an increase in defect
density. This is consistent with literature data, where it is noted that the early stages of severe plastic defor-
mation are accompanied by the formation of a large number of dislocations that begin to localize in the grain
structure [11].

At the 2nd pass the peaks become sharper, indicating active redistribution of stresses in the material and
further pulverization of the structure. The appearance of substructures with low-angle boundaries and the
first signs of recrystallization allows the material to retain high hardness while maintaining plasticity [12].
Besides, it is confirmed by the change of lattice parameters of beryllium bronze, which can be related to the
redistribution of beryllium atoms and local stabilization of the phase composition.

After the 3rd pass of ECAP, further ordering of the structure, peak intensity and reduction of line widths
are observed. This indicates significant grain refinement and formation of high-angle grain boundaries char-
acteristic of ultrafine-grained materials. Such changes in the structure are the basis for a significant im-
provement in the mechanical properties of the material, as noted for copper and aluminum based alloys in
similar studies [13].

After the 4th pass, the structure stabilizes: the width of peaks on the X-ray image decreases and their in-
tensity reaches the maximum value. This confirms the completion of recrystallization processes, redistribu-
tion of internal stresses and formation of a stable ultrafine-grained structure [14]. Similar results for other
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alloys indicate that after 4-5 passes an optimum balance between mechanical properties such as hardness,
strength and ductility is achieved [15].

Comparison with literature data shows that BrB2 beryllium bronze exhibits similar trends as other met-
als subjected to IPD, with the presence of beryllium contributing to the formation of a unique stable structure
that enhances the mechanical properties of the alloy. The data obtained during ECAP confirm the promising
potential of this method for industrial hardening of beryllium bronze, which makes it suitable for use in criti-
cal structures where high strength, hardness and wear resistance are required.
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Figure 4. Radiographs of beryllium bronze BrB2 after ECAP

Figure 5 shows that thermal aging of beryllium bronze BrB2 at 320 °C for 2 hours was carried out on
samples that underwent ECAP 1st (a) and 2nd (b) passes. Microstructural analysis has shown that after aging
the sample (a), subjected to the 1st pass of ECAP, retains a relatively coarse-grained structure with minimal
separations of secondary phases, which is associated with the initial stage of beryllium redistribution and a
moderate degree of plastic deformation. Sample (b), treated with 2 passes of ECAP, shows more pronounced
grain refinement and the presence of secondary phases formed as a result of thermal aging, which is associ-
ated with a higher degree of plastic deformation and accumulation of defects after the second pass. These
structural changes confirm that thermal aging effectively eliminates defects, redistributes beryllium and im-
proves mechanical properties, especially for samples with more intense pre-plastic deformation. This makes
ECAP treatment followed by aging a promising method for increasing the hardness and strength of BrB2
beryllium bronze.

a— sample after 1 ECAP pass; b — sample after 2 ECAP passes

Figure 5. Microstructure of beryllium bronze BrB2 after ECAP and thermal aging at 320 °C for 2 hours
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The diffractograms of the samples in Figure 6 show significant changes in the width and intensity of the
peaks. In the sample after the 1st pass of ECAP (Fig. 6a), the peaks are characterized by moderate width and
relatively low intensity, which indicates the presence of a high level of defects in the crystal lattice and the
initial stages of beryllium redistribution. Thermal aging promotes the separation of secondary phases, but
their fraction remains relatively low, which is confirmed by moderate changes in peak intensities.

The sample that underwent 2 passes of ECAP (Fig. 6b) shows a marked decrease in peak width and a
significant increase in peak intensity after aging. This indicates active release of beryllium-rich secondary
phases, as well as a significant decrease in the defectivity of the structure. The observed changes reflect the
process of stabilization of the ultrafine-grained structure formed as a result of intense plastic deformation.

Thus, the results of XRD confirm that the increase in the number of passes of ECAP promotes more in-
tensive grain refinement and accumulation of defects, which creates preconditions for the formation of hard-
ening phases in the process of thermal aging. This leads to improvement of mechanical properties of berylli-
um bronze BrB2, including increase of hardness and strength. The most pronounced changes in phase com-
position and structure ordering are observed after 2 passes of RCMP with subsequent aging, which makes
this treatment mode preferable for improving the performance characteristics of the material.
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Figure 6. X-ray phase analysis of beryllium bronze BrB2 after ECAP and thermal aging at 320 °C for 2 hours

In Figure 7, the samples numbered 1, 2 and 3 shows the results of hardness measurements before and
after heat treatment. The initial hardness of the BrB2 sample is about 150 HV, which corresponds to the
standard state of the material before heat treatment. In this state, the bronze has its initial structure, which has
not gone through the over-quenching or aging process. After quenching (Fig. 7 No. 2) at 800 °C, a stable
alpha phase with a beryllium-supersaturated structure is formed which exhibits higher hardness compared to
the initial state. Hardening helps to strengthen the metal by increasing the density of its crystal lattice, which
explains the increase in hardness. The diagram shows that the hardness of this sample is significantly in-
creased (about 200 HV), which confirms the effect of hardening. Aging (Fig. 7 No. 3) at 320 °C improves
mechanical properties, especially hardness, due to the separation of different phases from the material ma-
trix. In the case of beryllium bronze, aging promotes the formation of small crystals that strengthen the struc-
ture, increasing hardness. Although aging takes place at a lower temperature, it also leads to an increase in
hardness of about 200 HV, as can be seen in the diagram.

Thus, the increase in hardness after quenching and aging is explained by changes in the microstructure
of the material, such as the formation of harder phases and the strengthening of bonds between atoms.
Quenching at 800 °C increases hardness, while aging at 320 °C improves mechanical properties due to the
formation of stable phases that strengthen the bronze structure.
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Figure 7. Results of hardness measurement of beryllium bronze BrB2

In Figure 7 from No. 4 to No. 7, the results of hardness measurement after ECAP are shown. The test
results show that the hardness of specimen No. 4 is about 320 HV. This is the hardest specimen among the
submitted specimens, indicating that the mechanical properties of the material were improved due to the
higher number of passes during pressing. Each repeated exposure during the ECAP process improves the
structure of the material, increasing its strength and hardness. The hardness of sample No. 5 is about
315 HV. There is a slight decrease in hardness here compared to sample No. 4, which may be due to fewer
passes in the pressing process, which does not have the same effect of improving the structure as sample
No. 4. The hardness of sample No. 6 is approximately 300 HV. The fewer passes during ECAP, the less pro-
nounced is the improvement in the mechanical properties of the material. This sample has even lower hard-
ness, which may indicate insufficient densification of the material structure. Sample No. 7 has a hardness of
about 290 HV, which is the lowest value among the samples presented. The low number of passes during
ECAP may not provide a significant improvement in mechanical properties, which is reflected in the lower
hardness.

Graphs 8 and 9 in Figure 7 shows comparative data on hardness of two samples of beryllium bronze
BrB2 after ECAP and thermal aging at 320 °C for 2 hours. No. 8 sample after 4 passes of ECAP and No. 9
sample after 3 passes of ECAP.

No. 8 specimen was subjected to ECAP with 4 passes and aging at 320 °C. Its hardness is about
330 HV, indicating improved mechanical properties after five passes of pressing as well as aging. This ma-
chining process creates a finer-grained structure of the material, which increases its strength and hardness.
Sample No. 9 underwent ECAP with 3 passes and was also subjected to aging at 320 °C. Its hardness is low-
er than that of sample No. 8 and is about 315 HV. This confirms that the number of ECAP passes affects the
mechanical properties, and a lower number of passes results in a lower hardness improvement.

Figure 8 shows the results of tribological tests of BrB2 beryllium bronze before and after heat treat-
ment. Graph No. 1 of the sample shows that this sample has a coefficient of friction that varies up to 0.849,
with a mean value of 0.734. This means that the source material has moderate friction, but with noticeable
fluctuations. These fluctuations may be due to the microstructure of the material, which has not yet been sub-
jected to heat treatments such as quenching or aging.

Graphing for sample No. 2, quenched at 800 °C, the coefficient of friction varies up to 0.936, with an
average of 0.771. Quenching at high temperature increased the stability of the material, which is reflected in
the slightly higher average friction coefficient value compared to the original sample. Hardening tends to
make the material stiffer and stronger, which can lead to an increase in friction.

Graph No. 3 of a sample that underwent aging at 320 °C shows that the coefficient of friction varies up
to 0.914, with an average value of 0.764. Aging at a lower temperature increases the hardness and wear re-
sistance of the material, but the average friction coefficient is slightly lower than that of sample No. 2, which
may indicate a different type of interaction between the materials during the friction process.

The coefficient of friction of No. 4 sample varies up to 0.855, with a mean value of 0.777 and a stand-
ard deviation of 0.031. This sample shows a stable coefficient of friction with noticeable fluctuations, which
may be due to the improvement of its structure after five press passes.
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For sample No. 5, the coefficient of friction varies up to 0.896, with a mean of 0.778 and a standard de-
viation of 0.032. Sample No. 5 has similar values to sample No. 4, but slightly larger variations in the graph.
This may indicate the improved mechanical properties associated with ECAP.

The coefficient of friction of sample No. 6 varies up to 0.828, with a mean value of 0.738 and a stand-
ard deviation of 0.032. This specimen also shows a stable coefficient of friction, but its value is slightly low-
er compared to specimens that have undergone more passes, which may indicate less improvement in me-
chanical properties.

The coefficient of friction for sample No. 7 ranges up to 0.852, with a mean value of 0.738 and a stand-
ard deviation of 0.032. This graph is similar to that of sample No. 6, with the same characteristics, indicating
stable but not the highest mechanical properties.

The average value of the coefficient of friction for sample No. 8 is 0.797 + 0.04. This sample showed
moderately high variation in the coefficient of friction, with a relatively stable average value. This confirms
the improvement in mechanical properties after ECAP and aging, with the material remaining stable under
friction.

For sample No. 9, the average value of coefficient of friction is 0.818 + 0.053. This sample exhibits a
higher average value of coefficient of friction (0.818) than sample No. 8. The friction coefficient fluctuations
also remain stable, with a slightly larger standard deviation [16].
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Figure 8. Results of tribological tests of beryllium bronze BrB2

Thus, ECAP with a higher number of passes (4 and 3) improves the wear resistance and co-friction re-
sistance of the material.

Applications for this work include the manufacture of springs and spring-loaded parts for critical appli-
cations, wear-resistant components of various types, and non-sparking tools that are in demand in explosive
and aggressive environments. Due to its unique properties, this material is used in electronics, mechanical
engineering, aviation and other industries that require a combination of reliability, durability and specific
functional characteristics.

Conclusion

The conducted study of the influence of thermomechanical treatment on the properties of beryllium
bronze of domestic production allowed obtaining significant results demonstrating the possibilities of im-
proving the mechanical and elastic characteristics of this material. Four main treatment modes were studied:
aging, aging followed by plastic deformation, quenching, and quenching followed by plastic deformation.
These treatments had a significant effect on the microstructure and mechanical properties of the bronze, in-
cluding hardness.
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Microstructure analysis showed that after thermomechanical treatment, significant changes are observed
in the structure of the material: ordered phases are formed, which improve strength properties, and the grain
size is reduced, which contributes to increased hardness and wear resistance. The Martens hardness study
showed that the maximum hardness was achieved by hardening followed by plastic deformation (sample 4),
where the increase was 42.7 % relative to the initial state. Similar trends were observed in Vickers hardness
and indentation hardness measurements, where samples subjected to the combined treatment regimes showed
the highest values.

Thus, the results of the study show that thermomechanical treatments, especially combined (thermal and
subsequent plastic deformation), provide a significant improvement in the mechanical properties of berylli-
um bronze. These data can be used to optimize machining regimes in industries that require materials with
high strength, wear resistance and durability. The obtained results also open perspectives for expansion of
application areas of beryllium bronze in critical structures and units operating under conditions of increased
mechanical and thermal loads.
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b.K. Paxanunos, A.B. Kenecoexos, H.M. Marasos,
A.A. Kycaitnos, JI.C. Kaup6aesa, E.C. Mon6ocsiHOB

TepMoMexaHUKAJBIK OH/AeYyJepAiH Oepu/LInii KOJIACBIHbIH KacueTTepine
dcepiH OHBIH KOJAAHBLIYBIH KEHEHTY MaKcaThIH/A 3epTTey

Makana TepMOMEXaHHKAIBIK OHACYJIEpAiH OepHIUIHH KOJACHIHBIH MEXaHUKAJIBIK XKoHE (DH3MKA-XUMUSIIBIK
KaCHEeTTEepiHIH aCepiH 3epTTeyre apHaIFaH, SSFHU Ka3ipri 3aMaHFbl TEXHOJIOTHsIIap/ia KOJIaHy asiChIH KeHEHTy
MakcaTblHAa. KaTalo CHSAKTBI TEpMOMEXaHHMKAIBIK OHACYMIH opTypii oficTepi  erkel-Terkeiini
KapacThIpbUIFaH. bynm omicTep[iH KOPHITHAHBIH MHKPOKYPBUIBIMBIH ©3TE€pTyre acep eTy MeXaHU3Mi
CUMATTalIFaH, OYJ OHBIH JKYMBICHIHA TiKeleHd ocep erendi. AJBIHFAH HOTIDKENEp OepHUIiii KOJachlH
OHEPKACINTe, aBUAKYPBUIBICTA JKOHE 0acKa Ja cananapia KOoJIaHy cajajlapblH KeHEWTyre MyMKiHIIK Oepeni.
CoHBIMEH KaTap, HETi3rl TYKBIPBIMAAD TEPMOMEXaHHUKAIBIK OHJICYAIH O3BIK OMICTEpPiH CHTi3y KOJIAHBIH
(hu3MKaIBIK OHIMAUIITIH apTTEIpYFa FaHa eMec, OYJI MaTepHaIgbl a3pOFaphINI KOHE aBTOMOOUIIb ©HEPKICiOi
CHAKTHl JKaHa cajajapia KoJJaHyFa MYMKIHIIK OeperTiHziriHe OaimaHbICTHI. ABTOpiap Makajiaga
MaTepHalTaHy J>KOHE MallMHa jKacay MaMaHIapbl VIIIH ©Te MaHbI3Ibl, OHTKeHI o1 Oepwuinid Koia
OyibIMIapeIH OHIIpY JKSHE MaijanaHy MPOIECTEepiH >KAaKCapTaThlH jKaHA JAEPEeKTep MEH YCBIHBICTapabI
YCBHIHFaH.

Kinm ce30ep: bpb2 6epunnuii KoIackl, TEPMUSIBIK OHACY, MEXaHUKAJIBIK OHACY, TEPMOMEXAaHUKAIBIK OHICY,
TO3Y, KaTaro, MaTepHaIIbIH MUKPOKYPBUIBIMBL, TeHapHaJb! OypriThIK ipectey (TABIT)

b.K. Paxammnos, A.B. Kenecoexos, H.M. Mara3os,
A.A. Kycaitnos, JI.C. Kaup6aesa, E.C. Mon6ocsiHOB

N3y4yenue BIMSHUS TEPMOMEXaAHNYECKO 00padOTKHM HA CBOICTBA
OepuJIHeBOM OPOH3BI € LeJIbI0 paclIMpPpeHHus 00J1aCTH ee IPUMEeHEeHUs

B crarthe MCClEOBAHO BIMSHUE PA3HYHBIX PEKMMOB TEPMOMEXaHHUYECKOH 0OpabOTKM Ha CTPYKTYpy U
CBOMCTBa OepwiuTHeBoil OpoH3bl. OnHcaH MEXaHW3M BO3ACHCTBUS 3TUX METOJOB Ha MOIH(UKAIIMIO MHUKpO-
CTPYKTYPHI CILIaBa, YTO HANPSAMYIO BIHMSAET Ha €r0 3KCIUTyaTallMOHHBIE XapaKTepHCTUKH. OCHOBHBIE BBIBOJIBI
CBOZATCS K TOMY, YTO TepMOMexaHH4ecKkas o0paboTka MoBbIIAeT (GU3NUECKUE XapaKTepUCTHKH OpoH3bl. B
CTaThe MPE/ICTAaBJICHBl HOBBIE JaHHBIE U PEKOMEH/IAINH, KOTOPBIE TIOMOTYT YIIYUIIUTh IPOLECC MPOM3BOJICT-
Ba ¥ SKCIUTyaTalluy M3JeIuil n3 OepuineBoi OpOH3bI, PaCIIMPHUTh 00JIacTH ee MPUMEHEHUs B TIPOMBIIIICH-
HOCTH, aBHACTPOCHHH M JIPYTHX OTPACIISIX.

Kniouesvie cnosa: Gepunuesas OpoH3a, TepMuieckas 00paboTka, MexaHn4Ieckasi 00paboTKa, TepMOMEXaHH-
yeckasi 00paboTKa, cTapeHue, 3aKajika, MUKpPOCTPYKTypa MaTepuaia, paBHOKaHAIbHOE YIJI0BOE PECCOBAHUE
(PKVII)
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Non-standard analysis in electrical engineering.
Ideal DC inductive circuits with infinitesimal parameters of different orders

The analysis of DC circuits with ideal inductive elements using standard methods of theoretical electrical en-
gineering is too difficult or even impossible, because when using them, it is often necessary to reveal type 5

uncertainties. In this regard, the article proposes to use not the usual mathematical analysis, but a non-
standard one, in which the frequency of the direct current is taken not as zero, but as an infinitesimal number
o . In this case, the reactances of the inductive elements will be equal to alL , and it becomes possible to ap-
ply all standard methods of theoretical electrical engineering. The article considers examples of the analysis
of ideal DC inductive circuits, with particular attention paid to circuits whose calculation requires the use of
infinitesimal numbers for inhomogeneous parameters. In such cases, the order of these numbers is determined
based on individual considerations, and this is a non-standard task.

Keywords: infinitesimal number, infinitude, hyperreal number, unconventional number, ideal reactive ele-
ment

*ICorresponding author: V. Kucheruk, vladimir.kucheruk@gmail.com

Introduction

When solving various scientific and technical problems, it becomes necessary to reveal type o uncer-

tainties, but when using classical methods for this purpose, significant difficulties may arise. Therefore, in
such cases, the use of ideas and methods of non-standard analysis is promising. Based on the ideas of non-
standard analysis, which consist of and are based on the direct use of infinitesimal numbers, Leibniz and
Newton created the foundations for the development of differential and integral calculus. In the scientific
works of Cauchy and other scientists, infinitesimal numbers were not used; the mathematical apparatus of
differential and integral calculus was created on the basis of numerical and functional sequences and limiting
relations of quantities, which ensured its axiomatic rigor, but complicated the solution of a certain range of
problems [1-5].

Non-standard analysis began to be widely used in the middle of the last century, when a new axiomatics
of mathematical analysis was proposed. This axiomatics is based on the set of hyperreal numbers, which, in
addition to standard (real) numbers, also contains non-standard numbers (infinitely small numbers, infinitely
large numbers, and their combinations with standard numbers) [6, 7]. Methods of non-standard analysis have
been actively developing since the end of the last century to the present and are used in various fields of sci-
ence and technology [8, 9]. The use of non-standard analysis methods in the identification of internal param-
eters of electric motors, which in many cases cannot be solved by traditional methods, is promising [10-15].
The use of non-standard analysis allows for effective solutions to some problems in calculating electrical
circuits [16-18].

Formulation of the problem

The calculation of DC electrical circuits is usually carried out using unified methods based on Ohm and
Kirchhoff’s laws. There are certain tasks in this field for which the direct use of unified methods is impossi-
ble. Such tasks include, for example, the calculation of DC circuits with ideal reactive elements. The com-

plexity of calculations in such circuits is due to the fact that at constant current the resistance of an ideal in-
ductance tends to zero, and the resistance of an ideal capacitance tends to infinity. Typically, to solve such
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problems, energy characteristics of inductances and capacitances are used, which significantly complicates
the calculation of these circuits, especially for complex circuits. Therefore, it is relevant to use the mathemat-
ical apparatus of non-standard analysis, which allows using unified methods for calculating such circuits.

The aim of the article is to identify a class of non-standard electrical engineering problems aimed at an-
alyzing DC electrical circuits that include ideal inductances, and to extend non-standard analysis methods to
problems of analyzing electrical circuits with ideal reactive elements. This article considers the non-standard
analysis of ideal DC inductive circuits with infinitesimal parameters of different orders.

Research results

Let consider the foundations of the non-standard analysis axiomatics [3, 6, 16-18]. Let denote by R the
ordered set of real numbers. The number o is called an infinitesimal number if and only if

VreR(a<r). )
With infinitesimal numbers, it is possible to perform all algebraic operations (addition, subtraction,
multiplication, division, exponentiation, etc.) and apply all theorems (commutativity, associativity, etc.).
Infinitesimal numbers of various orders are used, namely: o >o?>a®>a* — infinitesimal numbers
of the first, second, third, and k-th order. Together with the real numbers r € R, the infinitesimal numbers
form an ordered set of hyperreal numbers *R .
It is customary to call real numbers r e R standard or Archimedean numbers in contrast to non-standard
(non-Archimedean) numbers *r e *R. Every non-standard number contains a standard part
*r=rta, (2)
that is,
r=st(*r). (3)

Thus, an ordinary real number is a standard part of some non-standard number. It is obvious that there
can be an infinite number of such numbers. Two standard numbers a and b are equal if and only if

a-b=0. (G))
Two non-standard numbers *a and *b are called equivalent, or infinitely close to each other, if and on-
ly if
*a—*h=~a. 5)
The sign ~ means the equivalence of two non-standard numbers.
For standard numbers m and n, let write the following relations that follow from (1-5):

Mo M mo m K .
— =—,—=—0o,Ma+N~nma‘+n=~n,sina~a,cosa~1. (6)
no N n n
Let consider several examples of the use of non-standard numbers in mathematical analysis, namely,
that is let determine the derivatives of some functions using non-standard analysis methods. For all the fol-
lowing examples of determining the derivatives of mathematical functions, let introduce the substitution
dx=a.
Let define the derivative of the function y=x".

X" +n7!x”’1a + ni!x”’zcx2 +
dy (x+a)'=x" "~ 1(n-1)! 2!(n-2)!
dx a B o
n! 2 n-2 n! n-1 n n
X"t X" +a" =X
2i(n-2)! (n-1)! nt n! he
= X+ X o+ @)
o 1(n-1)! 21(n-2)!
n! 2 .n-3 n! n-2 n-1 _ n-1
+—2!(n_2)!xa +—1!(n_1)!xa +o" = nx"".

Let define the derivative of the function y = iﬂ :
X
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1 1
1 1 n n! n-1 ' n-1 n _F
re i X"o .+ Xxa" +a
dy (x+a) X" " T1(n-1) 1(n-1)! )
dx o - a -
Xn _Xn _ n' n—la_ _ n' X n-1 an
1(n-1)! To(n-1)
2n n' 2n-1 n! n+l_ n-1 n_n
71!(n—1)!x a+'"+71!(n—1)!x o'+ X"
= = (®)
(04
_ n! n-1__ n! n-2 _ _n-1 _ n! n-1
B T T T K -y n
- 2n + n! X2n—la+m+ n! Xn+lan—1+xnan " in - Xn+1
1(n-1)! 1(n-1)!

Let define the derivative of the function y = Jx.
ﬂ_\/X+a_\/;_(vx+a—\/§)(vx+a+\/§)_ X+ 0 —X 1

1
dx a a(m+\ﬁ) _a(m+\ﬁ) (m+ﬁ)~2\ﬁ.

Let define the derivative of the function y=tgx.

(©)

Sin(X+a) _siNX  ginxcoso +sinocosx  sinx
dy _ cos(x+a) cosx _ COSXCOSaL—SinXSino,  COSX _
dx a a
_ COS XSiN XCOSa. + Sin o COS” X —SiN X COS X COS o + Sin® Xsin o . (10)
0.COS” X COS oL — 01.COS XSin XSin o
a(cos® x +sin’ x) cos? X +sin? x 1
T 0cos? X— a2 COSX-SiNX  COS® X —0LCOSX-SiNX  COS® X
Let define the derivative of the function y=ctgx.

COS(X+a) COSX  cosxcosa—sinxsina  cosx
dy _sin(x+a) SINX _sinxcosa+sinacosx sinx _
dx o o
~ sinxcos xcos o —sin’ xsin o — €0s xsin XCos o —sina.€os” X _
- o.5in% XCOS o + .SiN 6.COS XSin X -
. —ai(sin” x+cos x) . —(sin® x+ cos’ x) =

asin? X +a?cosxsinX  sin? X+ acosxsinX  sin?x’

(11)

Let define the derivative of the function y =secx. Because secx = i, that
COS X

1 1 1 1

dy _ COS(X+0) COSX _ cosxcoso—sinxsina  COSX _

dx o - o B
_ COosx—cosxcoso+sinxsino a.sin X N sin x _ sinx
 .CoS? XCOSaL—0COS XSinXsina  oCos® X — a2 COSXSiNX  COS” X — o COSX-SiNX  COSZ X

(12)

Let define the derivative of the function y =cosec(x). Because cosec(x)= 1 that
sinx
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1 1 1 1
dy _sin(x+a) SiNX _inxcoso +sinocosx _sinx _
dx a o (13)
Sin X —Sin Xcos o — Sin o CoS X N —0LCOS X _ CosX

~ asin? xcosa + asinocosxsinx  asin?X+o2cosxsinx  sin?x’

Let define the derivative of the function y =e*. Because e=Iim (1+ Ej , then within the framework of

n—oo n

1 X
non-standard analysis we can write e~ (1+a)«, € = (1+a)«.

dy (1+a) e —(1+a)s  (L+a) (l+a)s —(1+a)  (1+a)s (1+a)s —(1+a)s
dx - 104 B a B o -
. . (14)
(1+a). [(1+oc)a _1} T X
_ _ (1+oc) [1+oc 1]=(1+oc)5zex.
(04 o

Not only the set of real numbers, but also the set of complex numbers can have the same structure.
Based on this, taking into account (6), we can write:

Mo+ jn= jn,m+ jna~m. (15)

Next, we will consider how non-standard analysis methods can be used to analyze DC circuits with ide-
al inductive elements. Before proceeding to the application of the above expressions to solve applied prob-
lems, it should be noted that there are no general rules for choosing a parameter that should be equated to an
infinitely small or infinitely large number. This choice is made by the researcher depending on the context of
the specific task. It should be noted that in the case of the need to replace several heterogeneous parameters
in one problem with infinitesimal numbers, determining the relationships between these numbers is in most
cases very difficult and sometimes requires additional research.

Next, let consider examples of solving problems using inhomogeneous infinitesimal parameters. Since a
DC circuit can be considered as a sinusoidal AC circuit, with an alternating current of zero frequency, the
symbolic method can be used to solve such problems, provided that m=a . Taking o= a., for the complex
resistance of the inductance we can write

Z, ~joL. (16)

Consider the first example, in a DC circuit (Fig. 1), the task is to determine the currents in all branches
of the circuit.

U L % 2 ‘L

O

Figure 1. Circuit with shorted ideal inductance

In the circuit shown in Fig. 1, the inductance L, is short-circuited. The question arises as to how best to
represent a branch that is switched on in parallel with L, . If this branch is represented as an ideal resistor R
with zero resistance, then two different infinitesimal numbers o~ a, and R= o, will appear simultaneously
in the problem. At the same time, the ratio between o, and o, is unknown to us, and it is difficult to even
estimate this ratio. Therefore, it is appropriate to represent this branch as an ideal inductance Z,, in which
L, = a, . In this case, the total complex resistance of this branch can be written as
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Z~ jo,a,. 17

The product of two infinitesimal numbers is an infinitesimal number of higher order than each of the
factors, so one of the inequalities holds

joya, < jma’, (18)
or
joyo, < jmod. (19)

Let's solve the problem for the first inequality (obviously, the result will be similar for the second). The
total complex resistance of the circuit is given by the expression

jou jmo i2mo
_szr+(J_ lLl)(J_ 12)=r+_ J Moyl =r+jmaf#, (20)
Joy L + jmoy jou (L +moy, ) (L +moy)
and according to (15)
Z, ~r. (21)
Hence | = v , and the voltage on the parallel branches is
r
U, = jma? —2 1 =2 o —2 (22)

(L+moy)” r (L, +may)’
and after transformations, we get

L Uu. L U., -

~— jmo Ez?Jmal.

(L+moy) r

Then the current in the branch with inductance is determined by the expression

QL :g jmalz
r

U U jma’ Um
L :—J 1 Z——(Xlzo, (24)

Tjel il T L

=1

and in the parallel branch

U U jmel U
= - = (25)
Jjmo; r jma; r

I,

More interesting is the case when, in a circuit with ideal inductances, the active resistances of the coils
are infinitesimal numbers of different orders. Consider the second example, the DC circuit, which is shown
on the Figure 2.

U

O .

Figure 2. Circuit with ideal inductances in which the active resistances
of the coils are infinitesimal numbers of different orders
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The electric circuit shown in Figure 2 will be considered a circuit with ideal inductances if the re-
sistances r,, r, are infinitely small numbers, i.e. r,~o,, I, =a,. This problem, it is necessary to consider

three different infinitesimal numbers w=a, r,=a,, r, =a,, the order ratio of which is unknown in ad-

vance.
Let consider possible variants of the relations between these different infinitesimal numbers. In this
case, it makes sense to assume that the resistances r,, r,, are infinitesimal numbers of the same order. There

are a total of three subsequent variants of the above relationships.
Variant 1. The order of the direct current frequency o is equal to the order of the resistances r,, r,, i.e.

axoy =o,. (26)
Variant 2. The order of the direct current frequency o is greater than the order of the resistances r;, r,,
i.e.
a<(oyxa,). (27)
Variant 3. The order of the direct current frequency o is less than the order of the resistances r;, r,, i.e.
a>(a,~a,). (28)
Let determine the currents in the branches of the circuit for each of the above variants. Let consider the
first variant. In general form, we can write
o, ®Ma, o, =no, (29)
where m, n — arbitrary standard numbers (in particular 1).
Then for the impedances of the circuit branches (Fig. 2) we can write

Z, =1+ jol, =o, + jol, =ma.+ jal, =a(m+ jL ), (30)
;2=r2+ijz=0c2+jocL2=noc+jocL2=oc(n+jL2), (31)
Z,=r,. (32)

The impedance of the entire circuit (Fig. 2) is given by the expression
£t e A ) ) T

Hence | = E, and the voltage on the parallel branches Z, and Z,

r3
0 a(m+ jL)(n+jL,) :Ea(m+ iL)(n+jL,) (34)
T man+j(L+L)  r min+j(L+L,)
and the currents in the branches
U a(m+ jL)(n+jL,)
| U, r m+n+j(L+L,) ~ U(n+jL,) (35)
oz, a(m+ L) Cr[men+j(L+L)]
U a(m+jL)(n+jL,)
LY T m+n+j(L+L,) _ U(m+jL,) (36)
2 Z, a(n+jL,) rfm+n+j(L+L,)]

As follows from expressions (35) and (36), in the first variant, despite the constant voltage, the currents
in the inductances are complex quantities.
Let consider the second variant. In general form, we can write

o~ mos, o, =Na,, (37)

where m, n — arbitrary standard numbers (in particular 1).
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Then for the impedances of the circuit branches (Fig. 2), we can write
Z, =+ jol, =a, + jal, = o, + jmayLy,

Z,=r,+ joL, =a, + jolL, =na, + jmo;L,,

Zy=1,.
The impedance of the entire circuit (Fig. 2) is given by the expression
7 7 . 2.2, - (ocl + jmale)(nal + jmoc; L2) e (al + jmochi)(n+ jmaf‘le)
== zo4z, % o+ jmalfl +nag + jmafl, % 14 jmatL +n+ jmoliL,

(ay + jmof Ly )(n+ jmay 'L, )
n+l+ jmat(L+L)

3

Hence | = E and the voltage on the parallel branches Z, and Z,
r3

(et medL)(n jmat L)y (o + jmofL,)(n+ jme L, )
S Lo mad (LeL) 1 el ime (L)

and the currents in the branches

U (o + jmoLy )(n+ jmay 'L, )

| :Q_Z:T n+1+ jmo; (L +L,) _ U(n+ jmoy'L,) _Un

oz (o, + jmayL,) r{n+1+ jmoy (L +L,)] r(n+1)’
9(0‘1 + jmoc'le)(n+ jmoc'l‘"le)

LY. T n+1+jmo, (L +L,) U (1+jmoc'1“1L1) . u

2z, no, + jmatL, Crn+ls jmaft(L+L,) r(n+l)

(38)
(39)
(40)

(41)

(42)

(43)

(44)

As follows from expressions (43) and (44), in the second variant, the currents in the inductances do not

depend on the values of the inductances themselves.
Let consider the third variant. In general form, we can write

k k
o, Mo, o, ~nho,

where m, n — arbitrary standard numbers (in particular 1).
Then for the impedances of the circuit branches (Fig. 2) we can write

Z, =1+ jol, =a, + jol, =ma* + jol, :(x(mock’l + le),
Z,=1,+ joL, =a, + joL, =na* + jal, =oc(nock’1+ jL2) ,
Z;=1,.

The impedance of the entire circuit (Fig. 2) is given by the expression

Zex = Z3 +

2z, oma Lot teil) o a(mot j)(nat L)

Hence | = E and the voltage on the parallel branches Z, and Z,
r-3

OL(mOLk’1 + le)(nock’l + jLz) U oc(mock’1 + le)(nock’l+ jLZ)
(m+n)a+j(L+L)  r (mrn)at+j(L+L)
and the currents in the branches

=7 :l 1
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z2,+2, ° a(mak‘l+jL1)+oc(nock‘1+jLz) P (men)a (L +L,)

(45)

(46)
(47)
(48)

=T, (49)

(50)
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Hoc(mock’l + le)(nOLk’1 + jL2)

U, r (m+n)a+j(L+L,) U(notk_l+ jLz) UL,
I_l:_: - = - ~ , (51)
Z a(ma* + Ly ) rl(m+n)a*+j(L+L)] r(L+L)
Boc(mock'l + L )(na*? + L, )
u, r (m+n)a"t+j(L+L) U (mo + L ) uL,
I, = = . = - ~ . (52)
Z. amol i) r(mene ()] L)

As follows from expressions (43) and (44), in the third variant, the currents in the inductances depend
only on the values of the inductances themselves. It is this variant that conceptually corresponds to the ap-
plied problems of the theory of electrical circuits.

Conclusions

1. The authors first identified the class of non-standard electrical engineering problems aimed at the
analysis of DC electrical circuits that include ideal inductances. It has been proven that solving a selected
class of problems using standard methods of theoretical electrical engineering is very difficult, or sometimes
impossible.

2. In order to solve the identified problems, it is proposed to use non-standard analysis methods for ana-
lyzing DC electric circuits with ideal inductances. The advantages of implementing such an approach are
confirmed by examples of calculations of electrical circuits with inductances and inhomogeneous infinitesi-
mal parameters.

3. To expand the scope of use of non-standard analysis methods, it is recommended to outline similar
tasks in those branches of science and technology in which limit transitions and differential calculus are
used, and in which the solution of the corresponding tasks by standard methods is significantly limited or
impossible.
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C. Kaupis, B. Kyxapuyk, B. Manesipos, B. Kyuepyk, I1. Kynakos, M. I'putos

JJIEKTPTEXHUKAAAFbI CTAHAAPTTHI eMeC TajAay. Op TYPJIi PeTTi meKci3
Kilni mapamertpJiepi 6ap TYpaKThl TOKTbIH WAeaJbl HHIYKTUBTI Ti30eKTepi

TeopHsUIIBIK IEKTPTEXHUKAHBIH CTAHAAPTTHI SAICTEPiH KONAaHa OTHIPHII, UIeaIbl HHAYKTHUBTI SIeMEHTTepi
6ap TypakTel Tok DC Ti30ekTepiH Tanmay ere KypAeli HeMece TINTi MyMKiH eMec OOJybl MYMKiH, OHTKeHi

. . . 0 . L . .
oJiapJibl Imanjajlany KeE31HIEC KeOiHece 6 THIITIK 6CJ'IFICI3Z[1KTepI[1 AHBIKTAy KaXKET. Ocpirad 0OaiIaHBICTBI

MaKaazia TYPaKThl TOK KU1 HeJre TeH eMec, O IIEKCi3 a3 CaH peTiHAe KaObUIAaHAThIH CTAHIAPTTHI eMecC
TaJlayAbl KOJNAaHy YCHIHBUTFAH. ByJl skarnaiiia MHAYKTUBTI SIEMEHTTepAiH peakTuBTepi ol TeH Oosams!
JKOHE TCOPHSIIBIK SJICKTPTEXHUKAHBIH OapJIbIK CTaHAAPTTHI 9iCTEPiH KojnaHyFa 6onanbl. Makanaaa TypaKThl
TOKTBIH HIeanabl WHIYKTUBTI Tiz0ekrepin DC Tammay MbIcanmapbl KapacTBIPBUIFaH, oJapAblH eceOi
TeTeporeH/li mapamMeTpliep YIIiH IIeKCi3 a3 caHaapbl KONJIaHyAbl KaKeT eTETiH Ti30eKTepre epexiie Haszap
ayJapbuFaH. MyHai skarqaiinapaa Oy caHIap sl OpHAIACY PETi KeKe OWiap HEeTi3iH/Ie aHbIKTaa bl )KOHE
OYJ1 cTaHAAPTTHI €MeC Tarchipma.

Kinm ce30ep: mekci3 a3 caH, LIEKCI3MiK, THIleppeai CaHaap, IOCTYPJ eMec caHnuap, Wjaeasbl PeaKkTHBTI
JIIEMEHT

C. Kaupis, B. Kyxapuyk, B. Mansspos, B. Kyuepyxk, I1. Kynakos, M. I'pu6oB

HecrangapTHbiil aHAJU3 B dJIeKTPOTeXHUKe. M1easibHble MHAYKTUBHbIE LU
MOCTOSIHHOT0 TOKA ¢ 0€CKOHEYHO MAJILIMH NapaMeTPaMM Pa3HoOro Mopsiika

Ananmz ueneﬁ DC nocrostHHOTO TOKA C HUICAJIbHBIMA UHAYKTUBHBIMHA 3JIEMEHTAMU C UCIIOJIb30BAHUEM CTaH-
JapTHBIX METOIOB TeOpeTH'—IeCKOﬁ QJICKTPOTEXHUKU CIIMIIKOM CJIOKEH HJIM JaXX€ HEBO3MOJKCH, IOCKOJIbKY

0
IPpHU UX HCITOJIb30BAHUU YaCTO BO3ZHUKAET H606X0,HI/IMOCTI> BBIABJICHUA HCONPEICICHHOCTENU THUIIA 6 . B cBs3u

C 3TUM B CTaThe MPEIIaraeTcs UCIOoIb30BaTh He OOBIYHBIA MaTeMaTHUECKUN aHAIN3, a HECTaHAapPTHBIN, IIPH
KOTOPOM 4YacTOTa IOCTOSTHHOTO TOKa OepeTcst He 3a HOJb, a 32 OECKOHEYHO Mayioe YHCio o. B 3ToMm ciryuae
PEaKTUBHBIC CONPOTUBIICHHUS HHAYKTHBHBIX 3JIEMEHTOB OyAyT paBHBI 0L, 1 CTAHOBHUTCS BO3MOKHBIM TIPUMeE-
HATH BCE CTAHAAPTHBIE METObI TEOPETUUYECKON DIIEKTPOTEXHUKU. B cTaThe paccMaTpuBarOTCs MPUMEphI aHa-
JM3a WIealbHBIX MHAYKTUBHBIX 1ienedl DC mocTosHHOro Toka, Mpu 3TOM 0coboe BHUMaHHUE YAEISIeTcs Iie-
MM, PacyeT KOTOPBIX TPeOyeT HUCMOJIb30BaHusl OSCKOHEUHO MaJIBIX YHCEIl ISl HEOJAHOPOIHBIX MapaMeTpoB.
B Takux ciy4yasx MopsAIaoK pacloyIoXKEeHUs 3THUX YUCEN ONpeeseTcss UCX0Ad U3 MHAUBUAYaIbHBIX cooOpa-
JKEHHH, U 3TO HECTaHJapTHAS 3a/1a4a.

Knrouesvie cnosa: GECKOHEUHO Maloe YHucCJio, 6eCKOHe‘IHOCTB, TUTIEPPEATIbHBIC YUCIa, HETPAJUIITMOHHOE YU C-
J10, HIeaTbHBIA peaKTI/IBHHﬁ JJICMCHT
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Aerodynamic optimization of Magnus wind turbine blades
using an active deflector

In this work, the optimization of wind turbines is considered by introducing a cylindrical blade with an active
deflector. The use of metal (aluminum) deflector, compared with plastic (polypropylene), significantly in-
creased the aerodynamic efficiency of the blade. It is shown that the aluminum deflector reduces the drag
force by 18-20 % and increases the lifting force by 2.7 times. The maximum lifting force reached 2.16 N at a
wind speed of 15 m/s with an aluminum deflector. In addition, the blade with an aluminum deflector achieved
a higher rotation speed — up to 1100 rpm, which is 10 % higher compared to the blade with a polypropylene
deflector. The improved performance is due to the high rigidity and minimal deformation of the aluminum
material under the influence of air flow. The use of an active aluminum deflector eliminates the need for addi-
tional triggers, simplifying the design and reducing operating costs. The results obtained indicate that the use
of an active aluminum deflector increases the efficiency of Magnus wind turbines and contributes to the de-
velopment of renewable energy technologies.

Keywords: cylindrical blade, active deflector, wind turbines, self-starting rotation, aerodynamic characteris-
tics, aluminum deflector, lifting force, drag force, Magnus effect, wind speed, rotation speed, optimization of
wind turbine

*Corresponding author: Bakhtybekova Asem, asem.alibekova@inbox.ru

Introduction

As global energy demand increases, humanity is facing serious problems related to climate change and
environmental degradation. The development and use of renewable energy sources are a necessary solution
to ensure global energy security and sustainable development [1]. Among the technologies for generating
electricity from renewable sources, wind energy stands out due to its advantages, such as short construction
time and low operating costs. According to the Global Wind Energy Council, by the end of 2020, the total
installed capacity of the global wind energy industry reached 743 GW [2]. Forecasts show that by 2027, the
annual increase in installed capacity may increase significantly, supporting the transition to a more sustaina-
ble and environmentally friendly energy future [3-6].

Special attention in this area is paid to various types of wind turbines and the improvement of their de-
signs [7]. Traditionally, wind turbines are divided into horizontal-axial [8] and vertical-axial installations [9].
Horizontal-axial turbines are the most common and efficient at stable wind directions and high wind speeds.
However, their large dimensions and the need for complex orientation systems limit their use in urbanized
areas [10]. Vertical-axial turbines, on the contrary, are capable of operating efficiently in variable wind di-
rections and have a more compact design, which makes them attractive for use in urban environments and in
limited areas. However, their efficiency is often lower, which encourages further research to optimize their
aerodynamic characteristics.

One of the innovative directions in the development of wind energy is the use of Magnus wind turbines.
These installations use the Magnus effect, based on the interaction of a rotating cylinder with an air flow to
generate lift. As a result, such turbines are able to provide efficient operation at low wind speeds and in con-
ditions of turbulence [11, 12].

However, despite the promise of Magnus wind turbines, their widespread use is hampered by a number
of technical problems and disadvantages. Recent studies [13-16] indicate the main limitations, such as insuf-
ficient lifting force at very low wind speeds, the need for an external drive to initiate rotation of cylindrical
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blades, which complicates the design and increases operating costs, as well as the complexity of construction
and maintenance due to an increase in the number of moving parts.

In a number of papers [11, 12, 15], it was noted that Magnus wind turbines demonstrate reduced effi-
ciency under certain wind conditions and require additional design optimization. For example, researchers
have reported the need to use additional triggers to initiate blade rotation [17], which increases the complexi-
ty of the system and operating costs.

To solve these problems, it is proposed to introduce an active deflector on a cylindrical blade. A deflec-
tor is a device that optimizes airflow to increase thrust and improve the efficiency of a wind turbine (Fig. 1).
It interacts with the incoming airflow, creating an additional moment that promotes self-starting rotation of
the blade without the need for an electric drive. This simplifies the design, reduces operating costs and in-
creases turbine efficiency by increasing lift and reducing drag.

Turbine Head
Deflector Blades

Lower Part of the
Turbine Head

Figure 1. Deflector

The deflector consists of the following main elements: the turbine head, which includes a system of
rotating blades; deflector blades located around the head and guiding the airflow to increase aerodynamic
efficiency; and the lower part of the turbine head, which serves to connect the structure to the support base,
ensuring its stability and functionality.

The principle of operation of the deflector is based on the effect of the incoming air flow on the blades
of the active head of the device, which creates a centrifugal force and drives the cylindrical tube. This elimi-
nates the need to use additional triggers. The key advantages of the deflector are simplicity, lightness and
cost-effectiveness. The turbine head, structurally resembling a multi-blade vertical-axial rotor, is rigidly con-
nected to the cylinder and spins it due to wind force, increasing the lifting force and aerodynamic efficiency
of the installation. For reliable operation in various climatic conditions, deflectors must have strength, dura-
bility, wear resistance and low weight; the use of aluminum in the structure allows to reduce weight and in-
crease corrosion resistance.

The purpose of this work is to increase the efficiency of Magnus wind turbines by developing and ex-
perimentally studying a cylindrical blade with an active deflector made of aluminum. The novelty of the
work lies in the use of an active deflector, which provides self-starting rotation of the blade without the use
of additional starting mechanisms, as well as in a comparative analysis of the aerodynamic characteristics of
blades with deflectors made of different materials to determine the optimal solution.

Experimental methodology

As part of the study, a combined blade was developed, made in the form of a cylinder with a deflector.
Experimental studies were conducted in the laboratory “Aerodynamic measurements” of the Scientific Cen-
ter “Alternative Energy” of the Karaganda Buketov University. The object of the study was installed in the
working area of the T-1-M wind tunnel, where experimental measurements were performed.

The experimental sample of a cylindrical blade consists of a cylinder equipped with a deflector. The de-
flector lobes open under the influence of air flow, which ensures the independent start of rotation of the cy-
lindrical blade without the need for additional starting mechanisms (Fig. 2). The cylindrical blade under
study consists of a rotating cylinder (4) and an active rotary deflector (1) mounted on an iron rod (7), which
is attached to a radial disk (not shown) of the horizontal axis of the wind turbine. Bearings (3, 5) are installed
at both ends of the rotating pipe using mounting discs (2, 6). The principle of operation of the blade is as fol-
lows: due to the rotational action of the deflector (1), under the influence of an incoming air flow, the cylin-
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drical pipe (4) begins to rotate through the bearings (3), without using an electric drive. At the same time, a
lifting force is created due to the Magnus effect, which triggers the rotation of the blade and, ultimately,

drives the wind wheel of the installation.
This design of the deflector allows for autonomous rotation of the entire blade without the use of addi-

tional sources for the trigger mechanism. The deflector is made in the shape of a ball with 24 separate lobes,
which are attached on one side to a cylindrical pipe, and on the other to a round base using bolts.

1 — active deflector; 2, 6 — bearing mounting discs; 3, 5 — bearings;
4 — rotating pipe; 7 — iron pipe for mounting the blade

Figure 2. Diagram of a laboratory sample of a cylinder with an active rotary deflector element

Geometric parameters of a cylindrical blade with a deflector in Table 1.

Table 1
Parameters of a cylindrical blade with a deflector
Parameter Value Unit of
measurement

Deflector radius (R;) 0.05 m
Radius of the cylinder (R,) 0.025 m
Cylinder length (L) 0.205 m
Deflector area (S;) 0.00785 m?
Cylinder area (S,) 0.01025 m?
Total cross-sectional area (s;) 0.0181 m?
Kinematic viscosity (v) 0.0000149 m?/s
Density (p) 1.21 kg/m?

To conduct a comparative analysis of the efficiency of the blade, a laboratory mock-up of a cylindrical
blade with an active deflector made of metal (aluminum) and plastic (polypropylene) was made (Figs 3

and 4).

):=
. \
{
~ T ,‘ : =
< ‘ - 1
Figure 3. Experimental layout of a cylindrical blade Figure 4. Experimental layout of a cylindrical blade
with a metal active deflector (made of aluminum) with a plastic active deflector (made of polypropylene)
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Table 2 presents a comparative analysis of the main characteristics of aluminum and polypropylene
used in the manufacture of an active deflector [18].

Table 2
Comparative characteristics of aluminum and polypropylene for an active deflector
Characteristic Aluminum Polypropylene
Density, kg/m® 2700 900
The thickness of the material in the deflector, mm 0.2 0,5
Tensile strength, MPa 70-700 (depending on the alloy) 20-40
Modulus of elasticity, GPa 69 1,5-2
Stiffness and deformation under load . ngh rigidity, . Low rigidity, .
minimal deformation prone to deformation
Aerodynamic properties Lowdrag, highlift High drag, lowlift
. . Heavier due to higher density, Lighter, but requires more
Weight at the same size offset by a smaller thickness thickness for durability

As part of the study, experimental models of a cylindrical blade with an active deflector made of alumi-
num and polypropylene were made for comparative analysis.

According to the standard [19], an analysis of measurement uncertainty was carried out (1-4). In our
case, the values of the drag force and lift (Y) were not measured directly, but were calculated using N other
values X3, X5, X3 and Xy according to the functional dependence (1):

Y = (X X Xg e Xy ). (1)

For each input parameter X;, participating in the model, the estimate is made taking into account its val-
ue x; and the standard uncertainty x; and the standard uncertainty u(x;). The estimate of the input quantities
(1, x2 ... x,) is their mathematical expectation, and the standard uncertainty u(x;) is the standard deviation.

The methods for estimating standard uncertainties depend on the available information about the value
of X; and can be performed according to type A or type B. The standard uncertainty of type A is calculated
using the formula (2):

)

where, F, — measurement of the value; n — number of measurements; F — the arithmetic mean, calcu-

>F
latedas F =2t .
n

The standard uncertainty of type B is estimated based on non-statistical information using the formu-
la (3):

UBZ(F)Z_ (3)

where, +AF are the limits of the permissible error of the device.
The total standard uncertainty is determined by the following expression (4):

U, =,/ikiuf , (4)

where, u; is the standard uncertainty of the i-th factor; k; is the sensitivity coefficient or weighting factor for

this factor; n is the total number of uncertainty factors.
This approach allows you to take into account all possible sources of errors and provides a reliable as-
sessment of measurement accuracy.
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In engineering practice, the formula (5) is widely used to calculate the lift coefficient:

AF, 2F,
Cy:u—2 OI‘Cy= UZ.S. (5)
p-— .S P
2
The following expression was used to calculate the drag coefficient (6):
2F
szA—';orCX: = (6)
g pu”-S
P

where, AF, — the drag force, [N]; AF, — lifting force, [N]; p — the air density, [kg/m®]; u — the air flow

velocity, [m/s]; S — the area of the midsection, [m?].
To determine the Reynolds number characterizing the ratio of inertial forces to viscosity forces, the
formula was used (7):

Re=——, (7)

where D is the characteristic linear size of the stream lined body; v is the kinematic coefficient of viscosity.
Results and Discussion

Aerodynamic laboratory experiments were carried out to study aerodynamic forces depending on the
flow velocity (3—15 m/s). The dependence of the drag force on the wind speed for two samples of blades is
shown in Figure 5. Figure 6 shows how wind speed affects the lifting force of the blade.

Fo,N

= metal def.
) ¥

Ls é plastic def.

0.5 G;D

0 &

0 5 10 15
Vs

Figure 5. Comparison of the values of the drag forces of the blades with deflectors made of various materials

FL.N
2
&= metal def.
2 @ |
1.5 plastic def.
1 I
> g
0.5 ? d
0 @ g)
0 ] 10 15 20
-0.5

Vs

Figure 6. Comparison of the values of the lifting forces of the blades with deflectors made of various materials
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As can be seen from the drawings, the blade sample with a metal deflector has the best aerodynamic
performance. The drag force of the sample with a metal deflector is almost 18-20 % lower than that of the
sample with a plastic deflector, while the maximum drag force was about 2.21 N at a wind speed of 15 m/s.
The explanation for this is the difference in the thickness of the materials used for the deflector, i.e., the
thickness of the metal is about 0.2 mm, while the thickness of the plastic is 0.5 mm, which is almost 2 times
higher. It is known that the thinner the material, the lower the drag.

In the speed range of 2-14 m/s, the lifting force for a metal deflector exceeds that for a plastic deflector.
The lift value of a blade with a metal deflector is 2.7 times higher than that of a blade with a plastic deflector.
The maximum lifting force of the blade with a metal deflector was 2.16 N. The data indicate a higher aero-
dynamic efficiency of the metal deflector, which may be due to its geometric stability at high speeds.

An analysis of measurement uncertainty (formulas 1-4) was carried out in order to find the true meas-
urement value, and measurement errors were calculated (Tables 3-6).

Table 3
Results of calculating the uncertainty of the drag of a metal layout
V. mfs Arithmetic Uncert. A Uncert. B Tota_l Starjdgrd Cc_)nfldence Error
mean. uncertainty deviation interval rate
5 0.40 +0.01 +0.02 +0.02 0.02 0.02 7.13
7 0.57 +0.02 +0.03 +0.03 0.02 0.02 6.98
9 0.99 +0.01 +0.05 +0.05 0.03 0.03 7.10
12 1.41 +0.01 +0.06 +0.06 0.04 0.05 7.08
15 2.09 +0.01 +0.10 +0.10 0.07 0.08 7.11
Table 4
Results of calculating the uncertainty of the lifting force of a metal layout
V. mfs Arithmetic Uncert. A Uncert. B Tota_l Star_1dzf1rd C(_)nfldence Error
mean. uncertainty deviation interval rate
5 0.27 +0.01 +0.01 +0.01 0.03 0.03 7.04
7 0.55 +0.02 +0.03 +0.03 0.03 0.03 6.96
9 0.79 +0.02 +0.04 +0.04 0.02 0.02 7.07
12 1.29 +0.01 +0.06 +0.06 0.03 0.03 7.10
15 1.90 +0.01 +0.09 +0.09 0.03 0.03 7.13
Table 5
Results of calculating the uncertainty of the drag of a plastic layout
V. mis Arithmetic Uncert. A Uncert. B Tota_l Starjdgrd anfldence Error
mean. uncertainty deviation interval rate
5 0.45 +0.01 +0.01 +0.01 0.03 0.03 7.13
7 0.73 +0.02 +0.01 +0.01 0.03 0.03 7.10
9 1.10 +0.02 +0.02 +0.02 0.03 0.03 6.98
12 1.48 +0.01 +0.04 +0.04 0.03 0.04 7.05
15 2.20 +0.02 +0.05 +0.05 0.04 0.05 6.98
Table 6
Results of calculating the uncertainty of the lifting force of a plastic layout
V. mfs Arithmetic Uncert. A Uncert. B Tota_l Standgrd C(_)nfldence Error
mean. uncertainty deviation interval rate
5 0.19 +0.02 +0.01 +0.01 0.03 0.04 7.01
7 0.26 +0.01 +0.01 +0.02 0.03 0.04 7.05
9 0.44 +0.02 +0.02 +0.02 0.03 0.03 6.98
12 0.72 +0.01 +0.03 +0.03 0.02 0.02 7.13
15 0.99 +0.00 +0.05 +0.05 0.03 0.03 6.97
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As can be seen from Figures 5 and 6, the uncertainty for both drag and lift is shown in the form of
vertical stripes, but they are omitted in the following figures for clarity. Tables 3—-6 show that the error was
about 7 %, which indicates the high accuracy of the experimental studies.

Figures 7(a) and 7(b) below show the dependencies of the aerodynamic coefficients on the Reynolds
number.
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Figure 7. Dependence of aerodynamic coefficients on the Reynolds number

The drag coefficient of a blade with a metal deflector is on average 15 % less than that of a blade with a
plastic deflector, which indicates lower aerodynamic losses in a metal deflector. The maximum coefficient
value for a plastic deflector was 1.6 at Re = 0.15-10°, while for a metal deflector it reached only 1.4 under
the same conditions. When comparing the obtained results of the drag coefficient with data from other au-
thors, it was found that a cylinder with a metal deflector has a drag coefficient 37—40 % higher than that of
conventional cylinders [17], but 35-36 % less than that of cylinders with a plate [20]. Conventional cylinders
with a maximum Reynolds number have a drag coefficient of about 1 and do not create significant lift,
whereas cylinders with a plate have a coefficient of about 1.9 due to turbulence caused by their geometric
features.

The lift coefficient of a metal deflector is on average 1.7 times higher than that of a plastic one. The
maximum value for a metal deflector was 1.1 at Re = 0.18-10°, whereas for a plastic deflector it was on-
ly 0.65. These data confirm the higher aerodynamic efficiency of the metal deflector, which is probably due
to its rigidity and stable shape when exposed to air flow. Comparing the results with a cylinder with a rough
surface [14], a cylinder with a rough surface demonstrates a 31 % higher lift coefficient on average than a
cylinder with a metal deflector at the same air flow rates. However, as the air flow velocity increases, the lift
coefficient of a cylinder with a rough surface gradually decreases, reaching a value of 0.23 at a speed of
15 m/s, whereas a cylinder with a metal deflector has more stable dynamics and a value of 0.29 at the same
speed, which is 15 % higher. This indicates a more uniform aerodynamic efficiency of deflector cylinders,
which can be an advantage when used in conditions of variable air flow velocities, where lift stability is im-
portant.

Figure 8 shows the effect of wind speed on the number of revolutions.
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Figure 8. The effect of wind speed on the number of blade rotations

During the comparative analysis, it was determined that the blade with a metal deflector has a higher
rotation speed, which at v =15 m/s is N = 1100 rpm, which is 10 % higher than the rotation speed of blades
with a plastic deflector. This indicates that the metal deflector contributes to a more efficient use of wind
energy. The rigidity of the aluminum deflector allows you to maintain stable aerodynamic quality, which is
especially important at high wind speeds, when the plastic can be subject to significant deformation.

From the conducted studies, it is shown that a cylindrical blade with an aluminum deflector, being
poorly deformable, rigid and retaining a given shape, has relatively higher aerodynamic parameters.

Conclusion

This article discusses the problem of optimizing wind turbines by introducing a cylindrical blade
equipped with an active deflector. The characteristic features of this design are analyzed; special attention is
paid to its ability to initiate rotation without additional triggers due to the interaction of the deflector with the
air flow. The conducted research has established that the introduction of a cylindrical blade with an active
aluminum deflector significantly increases the efficiency of wind turbines. The use of an aluminum deflector
reduces the drag force by 18-20 % and increases the lifting force by 2.7 times compared to the polypropyl-
ene analog. The maximum lifting force reached 2.16 N at a wind speed of 15 m/s, and the blade rotation
speed increased to 1100 rpm, which is 10 % higher than that of a blade with a polypropylene deflector.

The improved aerodynamic characteristics are due to the high rigidity and minimal deformation of the
aluminum material, which ensures more effective interaction with the air flow. The use of an active alumi-
num deflector allows you to eliminate additional triggers, simplifying the design and reducing operating
costs.

The results obtained confirm the prospects of using active aluminum deflectors in the design of Magnus
wind turbines to increase their efficiency and develop renewable energy technologies.
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Marnyc xeJTYpPOMHACBIHBIH KAJAKIIAJAPbIHA OesiceHai JedieKTOPabI
naiajanbin, a3PoIMHAMUKAJIBIK OHTAHJIAHABIPY

JKyMpicTa OWUIMHAPIIK KaJdakKmansl OelceHAl JedIeKTOPBIMEH C€HTi3y apKbUIBl IKENTYpOHHATapHH
OHTaMIaHIBIPY KapacThIpbUIFaH. IImacTHKIeH (HMOJMIPOIMICH) CajbICTBIPFaHga, MeTaun (aJFOMHHHMIT)
neIeKTOphIH KOJIaHy KalaKIIaHBIH a’pOAWHAMMKAIBIK THIMIUINIH €Adyip apTThIpajabl. ANIOMHHHN
nediextopsr kenepri kyurin 18-20 %-ra TeMeHzaeTin, keTepy KyIIiH 2,7 ecere apTThIPaTbIHbI KOPCETLNI.
Makcumanbel KeTepy Kyini 15 Mm/c iken KpUIgaMAbIFbIHAa amoMuHui nediexropeiven 2,16 H-ra xerti.
CoHbIMEH Kartap, JIIOMHHHH Ae(IEKTOPBHIMEH KaJaKila JKOFapbl alHAly >KbUINAMIbIFbIHA JKETTi, SFHH
1100 aiin/muH neiiid, Oyi1 AereHiMiz monumpomnuieH aediekTopsl Oap KanakmameH canbicTeipranaa 10 %
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skorapbl. JKakcapTbUFaH KOPCETKILITep aTIOMHHHUNA MaTepHAIIIbIH JKOFaphl KATThUIBIFBI MCH aya arblHBIHBIH
ocepiHeH MHHHManabl aedopManusachbiHa OaiimaHbicThl. benceHai amoMuHH IedIEKTOPBIH KOJIaHY
KOCBIMIIIA BJIEKTP KO3FAITKBIITAPBIHBIH KAKCTTUIMH KOSABL, KYPBUIBIMABI SKEHUIIETIN, MNaiganaHy
NIBIFBIHIAPEIH TOMEHICTE 1. AJIBIHFAH HOTHXKEJIep OCIICEH I allFOMUHUI TeIICKTOPBIH KOJiaHy MarHyc ke
TypOWHANAPBIHBIH TUIMJIUTITIH apTTHIPATHIHBIH JKOHE YKAHAPTHUIATHIH 3HEPTHS TEXHOJOTHSUIAPHIH JaMBITyFa
BIKITAJ CTETIHIH KOPCETE/II.

Kinm ce30ep: munmuHApIiK Kanakma, GerceHni aeduieKTop, >kesl TypOWHaIaphl, e34iriHeH icke KOCBUIATHIH
aliHay, a’poJMHAMMKAIBIK CHIATTAManap, aJlOMUHUI AedieKTopbl, KeTepy Kylli, MaHAAHIBIK Keaepri
Ky1i, Marayc acepi, el KbUIJaM/ABIFbl, aiHATY JKbULIAMABIFb, JKeJl TypOMHACHIH OHTAaIIaHIBIPY

H.K. Tanamesa, JI1.JI. Munbkos, A.P. baxTeiOekoBa,
III.C. Keiznapbexona, A.A. I[Toranosa, H.K. bormaes

AdpoaHaMHyecKasi ONTUMU3AIMUS JIONACTell BeTPOBbIX TypOouH Marnyca

C CINOJIb30BAHMEM AKTUBHOIO Jie()IeKTopa

B nmanHOit paboTe paccMaTpHBaeTCsl ONTHMHU3AINS BETPSHBIX TYpOWH IyTeM BBEICHHS LWIMHAPHIECKOHN JI0-
MaCTH C aKTUBHBIM Ae(iIeKTopoM. Vcroap30BaHre METAIMYECKOTO (aTFOMUHHEBOT0) Aediekropa, mo cpas-
HEHHIO C IDIACTHKOBBIM (IIOJMIIPOMIJICHOBBIM), 3HAYUTENHFHO MOBBICHIIO aj’poJuHaMH4YecKylo 3¢ddextus-
HOCTb JionacTd. [Ioka3aHo, 4TO aJFOMHMHMEBBIH Ie(IEKTOp CHIKAET CHily comportuBieHus Ha 18-20 % u
YBETHMYUBAET NOABEMHYIO CHIY B 2,7 pa3za. MakcuManbHast mogbeMHast cruiia gocturia 2,16 H mpu ckopoct
BeTpa 15 m/c ¢ amoMuHneBbIM AediaekropoM. Kpome Toro, JIOMacTh ¢ alFOMUHHEBBIM Ie()ICKTOPOM JOCTHT-
na 6oJee BHICOKOM ckopocTH BpamieHuss — a0 1100 06/muH, uto Ha 10 % BBINIE O CPABHEHHIO C JIOTACTHIO C
HOJUTIPOIMICHOBBIM JIepIeKTOpOM. YIIydIlIeHHe XapaKTePUCTUK OOYCIIOBICHO BBICOKOH JKECTKOCTBIO M MHU-
HUMaJIbHOH AeopManuell aTrOMHHHEBOTO MaTepuaja MOJ BO3ACHCTBHEM BO3IYIIHOTO MOTOKa. Mcmonb3o-
BaHHE aKTUBHOT'O AJIFOMHHUEBOTO Je(IeKTOpa ycTpaHseT HeoOXOIUMOCTh B IOIOJHATEIBHBIX JIEKTPOIBH-
raTeisix, ynpoluias KOHCTPYKIHMIO M CHUKas SKCIUTyaTallMOHHbIE pacxosl. [1omydeHHble pe3ybTaThl CBUIC-
TEJBCTBYIOT O TOM, YTO HCIIOJIb30BaHUE aKTHBHOI'O aJFOMHHHMEBOTO JediiekTopa moBbimaeT 3hGpeKTHBHOCTD
BETPOBBIX TypOUH Martyca i CmocoOCTBYET pa3BUTHIO TEXHOJIOTHI BO30OOHOBIISIEMOi SHEPIETHKH.

Knrouegvie cnosa: MMIMHAPUYECKas JIONACTh, aKTHBHBIH JeIICKTOp, BETPSHBIC TypOMHBI, CaMO3aIlyCKalo-
Iieecsi BpalleHue, a’dpoANHaAMUIECKHE XapaKTePUCTHKH, aJIOMHHUEBBIN JedekTop, moabeMHas Cuia, cuiia
no060Boro conporusieHus, 3Gpexr Marayca, CKOPOCTh BETpa, CKOPOCTh BPAIICHNUS, ONITHMHU3ALHS BETPSIHON
TYpOUHBI
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