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2
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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]. 

https://doi.org/10.31489/2025PH2/6-18
mailto:timpf_ukgu@mail.ru
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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 (TiO2) 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
–8

 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 45×10
–5

 and a rms force less than 3×10
–4

. 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 NH2, SO2–NH2, N(CH3)2, known as 

aminoazobenzenes; 

3. Azobenzene substituted with electron acceptor groups OH, NO2, CH2–CH2–OH, F, CF3, C6H5; 

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. 
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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. 

T a b l e  1  

Short names, functional groups R1 and R2, corresponding SMILES specificities  

and structural forms of the studied azobenzene derivatives 

Short name R1 R2 SMILES 

The structural  

formulas of studied 

compounds 

AB H H c1ccc(cc1)/N=N/c1ccccc1 

 

HOAB OH H Oc1ccc(cc1)/N=N/c1ccccc1 

 

FHOAB OH F Oc1ccc(cc1)/N=N/c1cccc(F)c1 

 

CH3HOAB OH CH3 Cc1cccc(c1)/N=N/c1ccc(O)cc1 

 

CH3OHOAB OH O-CH3 COc1cccc(c1)/N=N/c1ccc(O)cc1 

 

CF3HOAB OH CF3 Oc1ccc(-n:n-c2ccc(cc2)C(F)(F)F)cc1 

 

C6H5HOAB OH C6H5 Oc1ccc(cc1)/N=N/c1cccc(c1)-c1ccccc1 

 

CH2CH2HOAB H CH2-CH2-OH OCCc1ccc(cc1)/N=N/c1ccccc1 
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C o n t i n u a t i o n  o f  T a b l e  1  

Short name R1 R2 SMILES 

The structural  

formulas of studied 

compounds 

MY H N-(CH3)2 C[n](C):c1ccc(-n:n-c2ccccc2)cc1 

 

DO3 NO2 NH2 [nH2]:c1ccc(-n:n-c2ccc(cc2)-n(:o):o)cc1 

 

AAB NH2 H Nc1ccc(-n:n-c2ccccc2)cc1 

 

SO2NH2AB NH2 SO2NH2 
NS(=O)(=O)c1ccc(-n:n-

2ccc(:[nH2])cc2)cc1 
 

ADAB NH2 N(CH3)2 CN(C)c1ccc(-n:n-c2ccc(N)cc2)cc1 

 

DR1 NO2 
N(CH2CH3) 

(CH2CH2OH) 

CC[n](CCO):c1ccc(-n:n-c2ccc(cc2)-

n(:o):o)cc1 
 

 

Short name R1 R2 Hi SMILES 

The structural  

formulas of studied 

compounds 

F(HO)3AB F OH H’1, H’2→OH Oc1ccc(cc1)/N=N/c1cc(O)c(F)c(O)c1 

 

F5HOAB OH F H1, H2, H3, H4 →F Oc1ccc(-n:n-c2c(F)c(F)c(F)c(F)c2F)cc1 

 

HO3AB OH OH H’1, H’2 → OH Oc1cc(O)c(-n:n-c2ccccc2)c(O)c1 

 

 

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 (µ), absolute hardness (η), and electronegativity (χ) were determined through the 

finite-difference approximation based on the ionization potential (I) 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. 

Results and discussion 

Optimized structures 

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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T a b l e  2  

Optimized geometrical parameters (angles in degrees, bond length in Å) 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 

Molecule 

trans cis 

N1C1 N1N2 N2C1 C4C4 
N2N1

C1 

N1N2

C1 
N1C1 N1N2 N2C1 C4C4 

N2N1 

C1 

N1N2

C1 

C1N1 

N2C1 

N1N2 

C1C6 

N2N1

C1C2 

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 9.081 115.5 114.8 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 

CH3HOAB 
1.411 1.260 1.418 9.071 115.3 115.1 1.432 1.252 1.434 6.345 123.5 123.1 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 41.8 

CH3OHOAB 
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 51.5 44.6 

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 52.7 41.6 

CF3HOAB 
1.408 1.260 1.418 9.066 115.5 114.7 1.428 1.251 1.431 6.379 123.5 123.2 9.3 57.1 57.1 

1.406 1.262 1.418 9.072 115.9 114.9 1.425 1.254 1.433 6.380 123.7 123.2 9.8 40.3 39.2 

C6H5HOAB 
1.411 1.259 1.418 9.072 115.3 115.0 1.434 1.252 1.436 6.148 122.8 122.5 8.0 48.1 48.1 

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 

CH2CH2HOAB 
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 9.111 115.4 115.5 1.436 1.252 1.433 6.316 122.9 123.0 9.3 48.6 51.9 

MY 
1.417 1.263 1.403 9.121 114.9 115.7 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 
1.397 1.265 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 6.574 124.7 124.5 12.8 59.2 26.6 

AAB 
1.417 1.262 1.406 9.101 114.9 115.6 1.433 1.253 1.427 6.458 123.2 124.0 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 57.4 

SO2NH2AB 
1.401 1.263 1.416 9.069 115.8 114.5 1.421 1.254 1.427 6.455 124.2 123.5 9.8 59.3 33.1 

1.392 1.269 1.414 9.077 116.5 114.5 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 9.143 115.3 115.5 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 

DR1 
1.409 1.259 1.419 9.023 115.4 114.9 1.430 1.251 1.436 6.334 123.7 122.9 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)3AB 
1.409 1.259 1.419 9.023 115.4 114.9 1.430 1.251 1.436 6.334 123.7 122.9 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 

F5HOAB 
1.405 1.264 1.403 9.106 114.8 116.1 1.419 1.250 1.439 6.412 123.6 122.2 9.4 62.5 40.8 

1.403 1.266 1.402 9.116 115.2 116.2 1.413 1.255 1.436 6.502 124.7 122.6 9.5 60.8 35.3 

HO3AB 
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 C1N1N2C1, 

N1N2C1C6, N2N1C1C2 equal to 180 degrees. 

Upon analysis of the N1N2 bond lengths, we observed that the smallest values were found in the AB 

and CH2CH2HOAB molecules. Specifically, the trans forms of these molecules exhibited N1N2 bond 

lengths of 1.258 Å in the gas phase and 1.259 Å in the presence of the water solution model. These bond 

lengths slightly decreased for cis configurations of the molecules to 1.249 Å for the gas phase and 1.252 Å in 

case of accounting water solution. 

Dihedral angels C’1N1N2C1 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 C6H5HOAB and DR1 respectively. 

The C1C6 distances, characterizing relative size of a molecule, are changing in case of trans confor-

mation from 9.023 to 9.143 Å in the gas phase and from 9.037 to 9.165 Å in case of accounting water solu-

tion in calculations. These values exhibited by F(HO)3AB and ADAB respectively. For the cis conformation 

C1C6 distances range from 6.148 to 6.892 Å in the gas phase and from 6.206 to 6.833 Å case of accounting 

PCM in calculations. Corresponding to these extreme cases molecules are C6H5HOAB and HO3AB. 

 



Density functional theory study of azobenzene derivatives … 

Серия «Физика». 2025, 30, 2(118) 11 

Energy 

The difference in Gibbs free energies between trans and cis configurations ∆G and corresponding equi-

librium constants K of studied molecules are given in Table 3. 

T a b l e  3  

Calculated Gibbs free energy differences ∆G (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 ∆G K Molecule ∆G K 

AB 
–55.55 5.39×10

9
 

DO3 
–57.43 1.15×10

10
 

–52.45 1.54×10
9
 –51.69 1.14×10

9
 

HOAB 
–57.61 1.24×10

10
 

AAB 
58.44 1.73×10

10
 

–49.65 4.98×10
8
 –51.52 1.06×10

9
 

FHOAB 
–58.88 2.07×10

10
 

SO2NH2AB 
–55.31 4.91×10

9
 

–52.96 1.90×10
9
 –49.99 5.74×10

8
 

CH3HOAB 
–57.23 1.06×10

10
 

ADAB 
–61.58 6.14×10

10
 

–50.80 7.93×10
8
 –57.65 1.26×10

10
 

CH3OHOAB 
–56.51 7.95×10

9
 

DR1 
–55.94 6.31×10

9
 

–49.37 4.45×10
8
 –51.20 9.32×10

8
 

CF3HOAB 
–59.49 2.65×10

10
 

F(HO)3AB 
–58.43 1.72×10

10
 

–50.23 6.30×10
8
 –50.44 6.86×10

8
 

C6H5HOAB 
–53.09 2.00×10

9
 

F5HOAB 
–44.30 5.77×10

7
 

–45.58 9.66×10
7
 –32.41 4.76×10

5
 

CH2CH2HOAB 
–55.41 5.10×10

9
 

HO3AB 
–92.39 1.54×10

16
 

–59.99 3.23×10
10

 –85.41 9.20×10
14

 

MY 
–57.40 1.14×10

10
 

 
  

–51.32 9.78×10
8
   

 

The equilibrium constants were obtained using the formula: 

  exp / ,K G RT   (1) 

in which the ∆G 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 5.77×10
7
 to 

1.54×10
16

. The solvent effect is observed as decrease in Gibbs free energy differences and equilibrium con-

stants with ∆G ranging between 32.41 and 85.41 kJ/mol and K between 4.76×10
5
 and 9.20×10

14
, correspond-

ingly. 

Based on our calculations, it has been determined that the molecules C6H5HOAB and F5HOAB exhibit 

the smallest values of Gibbs free energy differences and equilibrium constants. Conversely, CH2CH2HOAB 

and HO3AB exhibit the highest values of these parameters. 

Electronic properties 

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

 0

1
,

2
p p E EE      (2) 

in which p0 is the dipole moment without electric field, α is the second-order tensor of the polarizability and 

β 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: 

 
1

( ,
3

mean xx yy zz      (3) 
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     

2 2 2

,
2

xx yy yy zz xx zz

anis

       
   (4) 

in which axx, ayy, azz 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. 

T a b l e  4  

Calculated dipole moments µ (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 µtrans µcis ∆µ Molecule µtrans µcis ∆µ 

AB 
0.00 3.45 3.45 

DO3 
10.34 7.41 –2.93 

0.00 4.72 4.72 15.61 10.57 –5.04 

HOAB 
1.65 3.37 1.75 

AAB 
3.10 5.16 2.06 

2.28 4.76 2.48 5.51 7.70 2.19 

FHOAB 
2.04 2.51 0.46 

SO2NH2AB 
8.03 3.47 –4.55 

2.73 3.54 0.81 12.25 4.99 –7.25 

CH3HOAB 
1.13 3.67 2.54 

ADAB 
1.35 6.24 4.89 

1.60 5.23 3.63 2.41 9.00 6.59 

CH3OHOAB 
2.84 2.51 0.46 

DR1 
9.99 7.21 –2.79 

4.05 5.49 1.43 15.36 10.49 –4.87 

CF3HOAB 
4.97 3.05 –1.92 

F(HO)3AB 
1.53 3.81 2.28 

6.28 4.20 –2.07 2.03 5.35 3.32 

C6H5HOAB 
1.56 4.30 2.75 

F5HOAB 
4.27 4.50 0.23 

2.17 6.08 3.92 5.10 5.97 0.87 

CH2CH2HOAB 
1.53 2.48 0.95 

HO3AB 
2.06 2.34 0.28 

1.92 5.38 3.46 2.88 3.22 0.34 

MY 
4.28 6.38 2.10 

 
   

6.71 9.58 2.87    

 

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. 

T a b l e  5  

Calculated mean and anisotropic polarizabilities α, 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 
mean

trans  
anis

trans  
mean

cis  
anis

cis  
mean  

anis  

AB 
183.13 202.86 157.90 79.61 25.22 123.25 

255.20 279.02 221.89 102.05 33.31 176.98 

HOAB 
194.94 231.47 166.95 95.83 27.99 135.63 

274.31 326.19 235.82 125.87 38.49 200.32 

FHOAB 
195.56 233.55 166.80 93.94 28.76 139.61 

274.34 330.21 234.56 124.91 39.78 205.30 

CH3HOAB 
209.76 240.00 178.98 87.34 30.79 152.66 

332.76 292.85 253.00 119.62 39.85 213.15 

CH3OHOAB 
214.88 233.15 182.13 80.16 32.75 152.99 

301.28 331.79 259.11 117.96 42.17 213.83 
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C o n t i n u a t i o n  o f  T a b l e  5  

Molecule 
mean

trans  
anis

trans  
mean

cis  
anis

cis  
mean  

anis  

CF3HOAB 
213.58 256.98 181.45 97.03 32.13 159.95 

295.52 350.02 252.94 125.42 42.58 224.60 

C6H5HOAB 
278.39 295.65 235.08 107.25 43.30 188.40 

384.30 385.50 338.41 157.26 45.89 228.23 

CH2CH2HOAB 
220.39 244.29 190.94 99.29 29.45 145.00 

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 

SO2NH2AB 
258.47 326.97 217.91 130.69 40.57 196.28 

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 

F(HO)3AB 
206.37 242.27 176.38 95.62 29.99 146.66 

287.45 334.48 247.43 126.17 40.02 208.31 

F5HOAB 
198.14 236.05 169.21 92.11 28.92 143.94 

280.14 354.14 237.49 135.39 42.65 218.75 

HO3AB 
211.78 257.44 181.57 131.85 30.22 125.59 

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, CH3HOAB 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, 

CH3HOAB and C6H5HOAB molecules can be also taken into account as the ones switching wettability from 

more to less hydrophilic states, with ∆µ 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 

SO2NH2AB. This suggests that the cis-trans transition may conversely result in a more hydrophilic state. 

Particularly noteworthy is the case of SO2NH2AB, exhibiting the highest negative difference in dipole mo-

ments compared to AB, with −∆µ 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, F5HOAB and HO3AB, 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. 

T a b l e  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 

Molecule 

trans cis 

HOMO LUMO 
∆LUMO

–HOMO 
µ η, τ χ HOMO LUMO 

∆LUMO

–HOMO 
µ η, τ χ 

AB 
–6.46 –2.54 3.93 –4.50 1.96 4.50 –6.06 –2.29 3.77 –4.18 1.89 4.18 

–6.60 –2.73 3.87 –4.66 1.94 4.66 –6.27 –2.48 3.79 –4.37 1.89 4.37 

HOAB 
–6.11 –2.39 3.72 –4.25 1.86 4.25 –5.86 –2.19 3.68 –4.02 1.84 4.02 

–6.23 –2.60 3.63 –4.41 1.81 4.41 –6.04 –2.40 3.64 –4.22 1.82 4.22 

FHOAB 
–6.27 –2.59 3.68 –4.43 1.84 4.43 –6.04 –2.36 3.68 –4.20 1.84 4.20 

–6.31 –2.72 3.59 –4.51 1.79 4.51 –6.14 –2.50 3.65 –4.32 1.82 4.32 

CH3HOAB 
–6.05 –2.33 3.72 –4.19 1.86 4.19 –5.81 –2.14 3.68 –3.98 1.84 3.98 

–6.19 –2.57 3.62 –4.38 1.81 4.38 –6.01 –2.38 3.63 –4.19 1.82 4.19 

CH3OHOAB 
–6.00 –2.38 3.61 –4.12 1.81 4.19 –5.86 –2.21 3.65 –4.03 1.82 4.03 

–6.14 –2.61 3.54 –4.31 1.77 4.38 –6.02 –2.41 3.60 –4.22 1.80 4.22 

CF3HOAB 
–6.14 –2.61 3.54 –4.31 1.77 4.38 –6.02 –2.41 3.60 –4.22 1.80 4.22 

–6.38 –2.83 3.55 –4.60 1.78 4.60 –6.21 –2.58 3.64 –4.40 1.82 4.40 

C6H5HOAB 
–6.09 –2.40 3.68 –4.25 1.84 4.25 –5.90 –2.24 3.66 –4.07 1.83 4.07 

–6.21 –2.62 3.59 –4.41 1.80 4.41 –6.04 –2.44 3.60 –4.24 1.80 4.24 

CH2CH2HOAB 
–6.37 –2.51 3.86 –4.44 1.93 4.44 –6.02 –2.27 3.74 –4.14 1.87 4.14 

–6.50 –2.70 3.80 –4.60 1.90 4.60 –6.18 –2.45 3.74 –4.32 1.87 4.32 

MY 
–5.38 –2.09 3.29 –3.73 1.65 3.73 –5.33 –1.90 3.44 –3.62 1.72 3.62 

–5.46 –2.41 3.05 –3.93 1.52 3.93 –5.46 –2.21 3.26 –3.83 1.63 3.83 

DO3 
–6.13 –3.12 3.01 –4.62 1.50 4.62 –6.06 –2.96 3.11 –4.51 1.55 4.51 

–5.90 –3.34 2.56 –4.62 1.28 4.62 –5.90 –3.17 2.73 –4.54 1.37 4.54 

AAB 
–5.68 –2.19 3.48 –3.93 1.74 3.93 –5.56 –2.00 3.56 –3.78 1.78 3.78 

–5.66 –2.43 3.23 –4.04 1.62 4.04 –5.71 –2.27 3.44 –3.99 1.72 3.99 

SO2NH2AB 
–5.97 –2.63 3.34 –4.30 1.67 4.30 –5.87 –2.36 3.50 –4.12 1.75 4.12 

–5.87 –2.77 3.10 –4.32 1.55 4.32 –5.86 –2.50 3.36 –4.18 1.68 4.18 

ADAB 
–5.02 –1.80 3.22 –3.41 1.61 3.41 –5.01 –1.72 1.53 –0.95 0.77 0.95 

–5.17 –2.19 2.99 –3.68 1.49 3.68 –5.17 –2.12 1.93 –1.16 0.97 1.16 

DR1 
–5.91 –3.09 2.81 –4.50 1.41 4.50 –5.72 –2.88 2.84 –4.30 1.42 4.30 

–5.69 –3.32 2.37 –4.51 1.19 4.51 –5.63 –3.15 2.48 –4.39 1.24 4.39 

F(HO)3AB 
–6.15 –2.46 3.70 –4.31 1.85 4.31 –5.95 –2.25 3.70 –4.10 1.85 4.10 

–6.23 –2.64 3.59 –4.43 1.79 4.43 –6.07 –2.44 3.63 –4.26 1.82 4.26 

F5HOAB 
–6.58 –2.94 3.64 –4.76 1.82 4.76 –6.55 –2.79 3.76 –4.67 1.88 4.67 

–6.45 –2.97 3.48 –4.71 1.74 4.71 –6.47 –2.81 3.66 –4.64 1.83 4.64 

HO3AB 
–6.16 –2.72 3.44 –4.44 1.72 4.44 –6.03 –2.55 3.48 –4.29 1.74 4.29 

–6.19 –2.75 3.44 –4.47 1.72 4.47 –6.13 –2.64 3.49 –4.38 1.74 4.38 

 

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 µ, absolute 

hardness η, the first electronic excitation energy τ and electronegativity χ were evaluated using following 

formulas [22, 23]: 

   / 2,LUMO HOMOE E   (5) 

   / 2,LUMO HOMOE E     (6) 

  µ / 2,LUMO HOMOE E   (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 η tends to exhibit lower reactivity compared to a system 

with a lower value [22]. Our findings indicate that the molecules AB and CH2CH2HOAB 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 (∆LUMO-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 SO2NH2AB, 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 yielded 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 SO2NH2AB 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 SO2NH2AB molecules an intriguing subject for 

further exploration and potential applications. 
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Тығыздықтың функционалдық теориясы шеңберінде сулануды өзгерту  

үшін азобензол туындыларын әлеуетті материалдар ретінде зерттеу 

Зерттеуде тығыздықтың функционалдық теориясы (ТФТ) ылғалдылықты өзгертетін материалдар 

ретінде олардың әлеуетін бағалай отырып, 16 туынды азобензолдың қасиеттерін талдау үшін 

қолданылады. К. Ичимураның (2001) азобензолмен модификацияланған беттің сулануы туралы 

баяндамасынан шабыттана отырып, біз азобензолдың әртүрлі туындыларының цис және транс- 

конфигурациялары арасындағы молекулалық диполь моменттерінің өзгеруінен туындаған 

фотоизомеризацияның әсерін зерттедік. Бұл процесс бастапқы азобензол молекуласында полярлы 

емес молекуланы гидрофильді цис түріне айналдырады. Беттік қабаттың сулануын бақылау 

өнеркәсіптік, медициналық, микробиология, электроника және материалтану сияқты әртүрлі 

салаларда орасан зор әлеуетке ие. Осы бақылауды пайдалана отырып, біз инновациялық 

материалдарды жасау, функционалдылық пен тиімділікті арттыру әлеуетін аша аламыз. Бұл өнімнің 

өнімділігін жақсартуға, адгезияны жақсартуға және сұйықтықтарды өңдеу кезінде дәлдікке қол 

жеткізуге мүмкіндік береді. Дисперсиялық түзетілген DFT-D3 гибридті функционалды B3LYP және 6-

31++G(d, p) базалық жиынтығын пайдаланып, зерттелген барлық молекулалардың құрылымдық, 

электронды және молекулалық аспектілері зерттелді, беттік қабаттың икемділігін басқаруға арналған 

перспективалы азот типті құрылымдар ұсынылды. Әлеуетті үміткер ретінде азобензолдың екі 

туындысы ұсынылған, олар цис-транс фотоизомерленуі кезінде бірі гидрофильділіктің жоғарылау 

бағытында, екіншісі қарама-қарсы бағытта түрлендірулерді көрсетеді. 

Кілт сөздер: азобензол туындысы, ылғалдылыққа ауысу, фотоизомеризация, диполь моменттері, cis-

trans конфигурациялары, DFT, B3LYP функционалдық, 6-31++G(d, p) базалық жинағы, фотоөткізгіш 

материалдар, гидрофильділік 
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Исследование производных азобензола в рамках теории функционала плотности 

как потенциальные материалы для переключения смачиваемости 

В этом исследовании теория функционала плотности (DFT) используется для анализа свойств 16 про-

изводных азобензола, оценивая их потенциал в качестве материалов, изменяющих смачиваемость. 

Вдохновленные докладом К. Ичимуры (2001) о смачиваемости поверхности, модифицированной азо-

бензолом, мы изучаем влияние фотоизомеризации, вызванной изменением молекулярных дипольных 

моментов между цис- и транс-конфигурациями различных производных азобензола. В исходной мо-

лекуле азобензола этот процесс преобразует неполярную молекулу в более гидрофильную цис-форму. 

Контроль смачиваемости поверхности имеет большое значение в различных областях, таких как про-

мышленность, медицина, микробиология, электроника и материаловедение. Используя этот контроль, 

мы можем раскрыть потенциал для создания инновационных материалов, повышения функциональ-

ности и эффективности. Он позволяет улучшить эксплуатационные характеристики продукта, улуч-

шить адгезию и достичь точности при обращении с жидкостями. Нами изучены структурные, элек-

тронные и молекулярные аспекты всех исследованных молекул с помощью гибридного функционала 

B3LYP с дисперсионной коррекцией DFT-D3 и базисного набора 6-31++G(d, p), представив перспек-

тивные структуры азотистого типа для манипулирования смачиваемостью поверхности. Два произ-

водных азобензола выступают в качестве потенциальных кандидатов, демонстрируя трансформации в 

процессе цис-транс фотоизомеризации — одна в сторону увеличения гидрофильности, другая — в 

противоположном направлении. 

Ключевые слова: производное азобензола, переключение смачиваемости, фотоизомеризация, диполь-

ные моменты, цис-транс конфигурации, DFT, функционал B3LYP, базовый набор 6-31++G(d, p), фо-

топереключаемые материалы, гидрофильность 
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The effect of MoSe2 nanoparticles on the properties 

ZnO electron transport layer of organic solar cell 

This study investigates the impact of MoSe2 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:MoSe2 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 MoSe2. Organic solar cells based on ZnO:MoSe2 demonstrated enhanced 

photovoltaic performance compared to pure ZnO devices. The optimal device was achieved at MoSe2 concen-

tration of 8 %, where the short-circuit current density (Jsc) increased from 7.25 mA/cm² to 10.02 mA/cm2, 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:MoSe2 nanocomposites for high-performance optoelectron-

ic and photovoltaic devices. 

Keywords: ZnO, MoSe2, composite film, surface morphology, optical and impedance spectroscopy 

Corresponding author: Seisembekova Togzhan, tosh_0809@mail.ru 

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
3
 cm

2
·V⁻1

·s⁻1
), 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 MoS2, MoSe2, and WSe2 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 MoSe2 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 MoSe2 were fabricated. The resulting 

ZnO:MoSe2 thin films were used as electron transport layers (ETL) in organic solar cells (OSCs). The 

influence of MoSe2 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:MoSe2 nanocomposite films. This work demonstrates that adding MoSe2 

nanoparticles to the ZnO-based ETL significantly improves solar cell efficiency. 

https://doi.org/10.31489/2025PH2/19-26
mailto:tosh_0809@mail.ru


T.E. Seisembekova, A.K. Aimukhanov et al. 

20 Вестник Карагандинского университета 

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 μl 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. 

MoSe2 nanoparticles were obtained by ablation using a solid-state Nd:YAG laser (SOLAR LQ 529, 

λ = 532 nm, E = 193 mJ, τ = 20 ns) in isopropanol. The concentration of MoSe2 powder was 0.5 % of the 

total alcohol volume. Ablation times ranged from 10 to 30 minutes. To create ZnO:MoSe2 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: 

 

2

2 2 2

2

2

MoSe

MoSe MoSe MoSe

3

MoSe
MoSe

(mol/l)
4

3

sol

NP

NP A NP A
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C C V M
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rm N V N
N

  
   

  

, (1) 

where: CNP — nanoparticle concentration; 
2MoSeC  — concentration of the substance in solution before laser 

ablation of the substance MoSе2; NPm  — average nanoparticle mass; NA — Avogadro’s number; 
2MoSe  — 

the density of matter is MoSe2; NPV  — the volume of an average nanoparticle; 
2MoSem  — weight of the sub-

stance MoSе2; solV  — volume of solvent used in laser ablation; 
2MoSeM  — molar mass of a substance MoSе2; 

r — the radius of the average nanoparticle. 

The ZnO:MoSe2 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:MoSe2 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. 

 

    

 a) b) 

Figure 1. SEM images of surface morphology (a) ZnO and (b) ZnO:MoSe2 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 MoSe2 nanoparticles increases the number of nucleation sites, enhancing the distribution of 

active sites and improving electron and hole generation. 

The quantitative content of MoSe2 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 MoSe2 

Figure 3 presents TEM images of ZnO:MoSе2 nanocomposite films, revealing that the incorporation of 

MoSе2 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. 

 

    

 a) b) 

Figure 3. TEM images of (a) pure ZnO and (b) ZnO:MoSe2 nanocomposite films 

The microstructure, morphology, and distribution of MoSe2 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 MoSe2 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 MoSe2 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 MoSe2 nano-

particles. As can be seen from the figure, the MoSe2 nanoparticles reduce the surface roughness. 

 

 

 a) b) 

Figure 4. AFM images of (a) pure ZnO and (b) ZnO:MoSe2 nanocomposite films 

AFM topographic images (Fig. 4) demonstrate that adding MoSe2 nanoparticles reduces surface 

roughness (Ra). The Ra decreases from 2.8 nm to 0.8 nm with an 8 % MoSe2 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:MoSe2 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 MoSe2 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]. 
 

 
 a) b) 

Figure 5. (a) Absorption spectra and (b) Tauc plots of ZnO:MoSe2 nanocomposite films 

The introduction of MoSe2 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 λ = 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. 

 

 

Figure 6. Photoluminescence (PL) spectra of nanocomposite films of ZnO doped with MoSe2 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, MoSe2 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 MoSe2 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 R1 and R2 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 MoSe2 nano-

particles. According to the results of the study, the resistance of R1 and R2 for MoSe2 nanoparticles also 

shows a significant decrease with an increase in the concentration of MoSe2 nanoparticles to 8 %. As can be 

seen from Table 1, an increase in the concentration of MoSe2 nanoparticles also leads to a decrease in re-

combination resistance. 

 

 

Figure 7. Effect of dichalcogenide nanoparticles on ZnO film impedance spectra 

T a b l e  1  

The effect of MoSe2 nanoparticles on the electrical transport characteristics of the ZnO film 

Sample R1, Ohm R2, Ohm C, 10
-4

 F τD, с 
Deff,  

(сm
2‧с–1

) 

μ, 

(сm
2
·V

–1
·с

–1
) 

ZnO 131 5816 1.04 0.013 2.2·10
–9 

0.8·10
–9

 

10 μl (2 %) MoSe2 in ZnO 188 3446 2.3 0.043 6.7·10
–10

 2.6·10
–8

 

20 μl (4 %) MoSe2 in ZnO 143 2239 2.8 0.040 7.2·10
–10

 2.8·10
–8

 

30 μl (6 %) MoSe2 in ZnO 137 1810 3.3 0.045 6.4·10
–10

 2.5·10
–8

 

40 μl (8 %) MoSe2 in ZnO 89 954 5.4 0.048 6.0·10
–10

 2.3·10
–8

 

50 μl (10 %) MoSe2 in ZnO 146 13892 1.0 0.014 1.9·10
–10

 0.7·10
–8

 

 

The analysis of the obtained data revealed a critical nanoparticle concentration (8 %) in the film at 

which the electrical transport properties of the ZnO:MoSe2 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 τ has a maximum value for ZnO films. 

ZnO:MoSe2 with a nanoparticle concentration of 8 %. The impedance analysis data is correlated with the 

VAC data. OSCs with ZnO:MoSe2 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 MoSe2 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 MoSe2 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 

ZnO:MoSe2/P3HT:IC60MA and P3HT:IC60MA/PEDOT:PSS decay into free charge carriers. Electrons are 

injected into the ETL layer of ZnO:MoSe2 and the hole in the HTML layer is PEDOT:PSS. 

Further, nanocomposite films of ZnO doped with MoSe2 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. 

 

 

Figure 8. Volt-ampere characteristics of an organic solar cell  

of the structure FTO/ZnO:MoSe2/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 MoSe2 nanoparticles. As the 

concentration of MoSe2 increases to 8 %, the parameters of the VAC increase. A further increase in the 

MoSe2 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 MoSe2 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 MoSe2 nanoparticles was 8 %. 

Jsc increased from 7.25 mA/cm
2
 to 10.02 mA/cm

2
, FF increased from 0.37 to 10.52, and PCE increased from 

0.7 to 3.3 %. 

T a b l e  2  

Volt-ampere characteristics of organic solar cells 

Sample Uoc (V) Jsc (mA/cm
2
) Umax (V) Jmax (mA/cm

2
) FF PCE % 

ZnO 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 μl (2 %) MoSe2 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 μl (4 %) MoSe2 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 μl (6 %) MoSe2 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 μl (8 %) MoSe2 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 μl (10 %) MoSe2 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 MoSe2 nanoparticles into ZnO significantly improves the morphological, optical, 

and electrical properties of the ETL in OSCs. The optimal performance was observed at an 8 % MoSe2 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:MoSe2 

nanocomposites for advanced photovoltaic applications. 
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Conclusions 

The effect of MoSe2 nanoparticles on the electron transport properties of the ZnO layer in polymer solar 

cells was studied. At the critical concentration of 8 % MoSe2 nanoparticles in the ZnO:MoSe2 nanocomposite 

films, the recombination rate at the ZnO:MoSe2/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:MoSe2/P3HT:IC60MA/MoOx/Ag structure reached 3.3 %. The higher efficiency of the 

PSC with the ZnO:MoSe2 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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MoSe2 нанобөлшектерінің органикалық күн элементтерінің  

ZnO электрон тасымалдаушы қабатының қасиеттеріне әсері 

Мақалада MoSe2 нанобөлшектерімен допирленген ZnO электрон-тасымалдаушы қабатының 

құрылымдық, оптикалық және электрлік қасиеттеріне, сондай-ақ органикалық күн элементтерінің 

тиімділігіне әсері зерттелді. ZnO:MoSe2 композиттері золь-гель әдісімен синтезделіп, олардың 

морфологиясы ТЕМ және СЭМ микроскопиясы арқылы талданды. Оптикалық зерттеулер тыйым 

салынған аймақтың ені кеңейіп, ақаулық сәулеленудің күшейгенін көрсетті, бұл заряд 

тасымалдаушылардың динамикасының жақсарғанын білдіреді. Электрфизикалық өлшеулер MoSe2 

енгізу арқылы өткізгіштіктің артуы мен зарядтардың рекомбинациясының төмендеуін растады. 

ZnO:MoSe2 негізіндегі органикалық күн элементтері таза ZnO негізіндегі құрылғылармен 

салыстырғанда жоғары фотоэлектрлік сипаттамалар көрсетті. MoSe2 концентрациясы 8 % болған 
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құрылғы ең оңтайлы деп танылды, мұнда қысқа тұйықталу тогының тығыздығы (Jsc) 7,25 мА/см²-ден 

10,02 мА/см²-ге дейін, толтыру коэффициенті (FF) 0,37-ден 0,52-ге дейін, ал энергияны түрлендіру 

тиімділігі (PCE) 0,7 %-дан 3,3 %-ға дейін артты. Алынған нәтижелер ZnO:MoSe2 нанокомпозиттерінің 

жоғары тиімді оптоэлектрондық және фотогальваникалық құрылғыларда қолдануға тиімді екенін 

растайды. 

Кілт сөздер: ZnO, MoSe2, композиттік пленка, беттік морфология, оптикалық және импеданс 

спектроскопиясы 

 

T.E. Сейсембекова, A.K. Aймуханов, A.K. Зейниденов, А.М. Алексеев, Д.Р. Aбеуов 

Влияние наночастиц MoSe2 на свойства электронотранспортного  

слоя ZnO органического солнечного элемента 

В статье исследовано влияние допирования наночастицами MoSe2 на структурные, оптические и элек-

трические свойства электронно-транспортного слоя ZnO, а также на эффективность органических 

солнечных элементов. Композиты ZnO:MoSe2 были синтезированы методом золь-гель, их морфология 

проанализирована с использованием ТЕМ и СЭМ микроскопии. Оптические исследования показали 

увеличение ширины запрещённой зоны и усиление дефектной эмиссии, что свидетельствует об улуч-

шенной динамике носителей заряда. Электрофизические измерения подтвердили увеличение прово-

димости и снижение рекомбинации зарядов при введении MoSe2. Органические солнечные элементы 

на основе ZnO:MoSe2 продемонстрировали повышенные фотоэлектрические характеристики по срав-

нению с устройствами на основе чистого ZnO. Наиболее оптимальным оказалось устройство с кон-

центрацией MoSe2 8 %, где плотность тока короткого замыкания (Jsc) увеличилась с 7,25 мА/см² до 

10,02 мА/см², коэффициент заполнения (FF) с 0,37 до 0,52, а эффективность преобразования энергии 

(PCE) с 0,7 % до 3,3 %. Полученные результаты подтверждают перспективность нанокомпозитов 

ZnO:MoSe2 для применения в высокоэффективных оптоэлектронных и фотогальванических устройст-

вах. 

Ключевые слова: ZnO, MoSe2, композитная пленка, морфология поверхности, оптическая и импеданс-

ная спектроскопия 
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Study of Mn4Si7 Silicide Alloys Produced Under Different Conditions 

Using an X-ray Diffractometer 

Mn4Si7 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 Mn4Si7 crystal obtained by the HIP method, and 14 peaks 

in the Mn4Si7 crystal obtained by the diffusion method. The crystal size of Mn4Si7 silicide (DHIP) was estab-

lished from 8.8∙10–9 m to 3.6∙10–8 m, (DDiff) from 6.2∙10
–10 m to 9.1∙10–8 m. It has been established that the

lattice tension between the atoms of the Mn4Si7 silicide crystal (εHIP) varies from 0.01 to 0.41, (εDiff) from 

0.31 to 3.71. The dislocation density on the crystal surface (δHIP) turned out to be from 3.5∙10
10 to 3.2∙1012,

(δDiff) from 1∙10
11 to 3.2∙1014. The degree of crystallization of Mn4Si7 silicide obtained by the (HIP) method is

7.02 %, the degree of amorphy is 92.98 %. It has been established that the Mn4Si7 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 Mn4Si7 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 

Corresponding 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(Т) = D0 ехр (–Еm /kТ), (1)

https://doi.org/10.31489/2025PH2/27-34
mailto:gunel_imanova55@mail.ru
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where D(T) is the solubility of manganese in silicon. D(T) = 5·10
22
·exp [(6.94 – 2.78) /kT] cm

–3 
and diffusion 

D0 = (6.9 ± 2.2)·10
–4

 cm
2
·s
–1

, activation energy Em = (0.63 ± 0.03) eV, D(T) diffusion coefficient from 10
–6

 to 

3·10
–5

 cm
2
/s [3]. Mn4Si7 – Si film growth mechanism varies depending on the crystallization tempera-

ture [11]. A coating of manganese silicide Mn4Si7 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)7×7 surface after the deposition of ∼6 Å 
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 Mn4Si7 leads to the destruc-

tion of layered deposits and significant changes in thermoelectric properties [16]. The composition of Si(1–

x)Mnx coatings grown using a pulsed laser must be chemically homogeneous [17]. In (MnSi1.71–1.75) nickel 

diffusion is reduced, the use of chromium for diffusion is effective [18]. The quality factor of MnxSi1–x/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 Mn4Si7 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 Mn4Si7 was formed. The PMn calculation of the mass of manganese used to form Mn4Si7 

during the diffusion process [1] is found from (2) below. 

 PMn = G·t·S. (2) 

Here G — evaporation rate (mg/(cm
2
·s), S — evaporation surface (cm

2
), t — evaporation time 

(minutes). Taking this ratio into account, the mass of manganese consumed for evaporation was calculated 

(PMn = mg). Growth temperature of fine Mn4Si7 coating was chosen to be 1100 °C. The growth rate of a thin 

Mn4Si7 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
2
 and a thickness of 0.5 cm, a thin layer of Mn4Si7 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. Mn4Si7 crystals obtained by diffusion and HIP methods 

Results and Discussion 

As a result of studying Mn4Si7 silicide crystals obtained by diffusion and (HIP) hot isostatic pressing on 

an X-ray diffractometer (XRD-6100) SHIMADZU, peaks corresponding to Mn4Si7 silicide crystals (COD-

1530134) were found in the database [21]. 14 peaks from the Mn4Si7 silicide crystal obtained by the diffu-

sion method (Fig. 2A) and 11 peaks from the Mn4Si7 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. 
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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 (Δd) of Mn4Si7 obtained by diffusion method is small from 

0.01 Å to 0.14 Å compared to the interatomic distance (d) reported in the database (COD-1530134). The dif-

ference in interatomic distances (Δd) of Mn4Si7 obtained by hot isostatic pressing was found to be in the 

range from 0.01 Å to 0.05 Å (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 Mn4Si7 (d) [20]. 

T a b l e  

The difference in interatomic distances of Mn4Si7 obtained by hot isostatic pressing  

and obtained by the diffusion method 

COD-1530134 (d) Å Diff (d) Å Diff (Δd) Å HIP (d) Å HIP (Δd) Å 

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 Mn4Si7 silicide samples, the size of Mn4Si7 crystals was deter-

mined using the Scherrer equation [10] (3). 

 
cos

K
D 

 
. (3) 

Here K-0.9 is a constant depending on the shape of the crystallites, the angle at the center of the Θ-peak, 

λ — 0.15406 (nm) is the X-ray wavelength. In the β-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 βhkl (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. hkl = βt + βa βt — linewidth obtained from the external dimension 

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

 
 cos

t

c

k

L


 


; (4) 

 4 tg( )a    . (5) 

This line broadening can be used to measure crystal size and lattice voltage. The size (D) of crystals of 

high-manganese silicide Mn4Si7 obtained by the diffusion method ranges from 6.2∙10
–10

 m to 9.1∙10
–8

 m. 

(HIP) The size (D) of Mn4Si7 silicide crystals obtained by hot isostatic pressing has been established to be 

from 8.8∙10
-9
m to 3.6∙10

-8
m. 

It has been established that the size of Mn4Si7 crystals obtained by the (HIP) method is approximately 

3 times smaller than that of Mn4Si7 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). 

 
4* tg

hkl
 


. (6) 

Here (ε) lattice strain [3] between the atoms of Mn4Si7 silicide crystals obtained by the diffusion method 

varies from 0.31 to 3.71. It was found that the lattice strain (ε) between the atoms of Mn4Si7 silicide crystals 

obtained by hot isostatic pressing (HIP) varies from 0.01 to 0.41 (Fig. 3). 

 

  

Figure 3. Dependence of Mn4Si7 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 Mn4Si7, 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]. 

 
2

1

D
  . (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 (δ) on the surface of high-manganese silicide Mn4Si7 ob-

tained by the diffusion method ranges from 1∙10
11

 to 3.2∙10
14

. It has been established that the dislocation 

density of Mn4Si7 silicide (δ), obtained by the (HIP) method, ranges from 3.5∙10
10

 to 3.2∙10
12

 (Fig. 4). 

 

 

Figure 4. Established that the dislocation density of Mn4Si7 silicide,  

obtained by the diffusion method (A) and obtained by the (HIP) method (B) 

The degree of crystallinity of the Mn4Si7 was calculated using the program (Match-3!). Calculations 

showed that the degree of crystallization of Mn4Si7 obtained by the diffusion method is 9.3 %, the degree of 

amorphism is 90.7 %, the degree of crystallization of Mn4Si7 obtained by the (HIP) method is 7.02 %, degree 

of amorphy 92.98 %. Mn4Si7 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
3+

 is bonded to ten Si+1.71 atoms. Mn–

Si bond distances range from 2.27–2.71 Å. 

Mn
3+

 is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. Mn–Si bond distances range from 

2.27–2.56 Å. Mn
3+

 is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. Mn–Si bond distances 

range from 2.28–2.52 Å. Mn
3+

 is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. There are four 

shorter (2.36 Å) and four longer (2.38 Å) Mn–Si bonds. 5) Mn
3+

 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 Å. For Si 

there are four equivalent states Si+1.71. 

In the Si+1.71- state, Si+1.71- is bonded to five Mn³⁺ atoms in a 4-coordinate geometry. In the Si+1.71- 

state, Si+1.71- is bonded to four Mn³⁺ atoms in a 4-coordinate geometry. In the Si+1.71- state, Si+1.71- is 

bonded to five Mn³⁺ atoms in a 5-coordinate geometry. In the Si+1.71- state, Si+1.71- is bonded to five Mn³⁺ 
atoms in a 5-coordinate geometry. According to the data obtained, Mn4Si7 silicides are formed using non-

stoichiometric Mn and Si bonds. Based on this, the Mn4Si7, obtained by the diffusion and (HIP) method, has 

a high degree of amorphism and a low degree of crystallization, therefore the Mn4Si7 silicide alloy has a gen-

erally polycrystalline structure. Consequently, Mn4Si7 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 Mn4Si7 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 Mn4Si7 silicides using non-stoichiometric bonds, they exhibit 

electrophysical properties characteristic of semiconductors. 

Conclusions 

A study of Mn4Si7 silicide crystals obtained by (HIP) and diffusion methods showed that there are 11 

peaks of Mn4Si7 obtained by the (HIP) method and 14 peaks of Mn4Si7 obtained by the diffusion method. It 

has been established that the size of Mn4Si7 silicide crystals (DHIP) is from 8.8∙10
–9

 m to 3.6∙10
–8

 m, (DDiff) 

from 6.2∙10
–10

 m to 9.1∙10
–8

 m. It has been determined that lattice tension between the atoms of the Mn4Si7 

silicide crystal (εHIP) varies from 0.01 to 0.41, (εDiff) from 0.31 to 3.71. The dislocation density on the crystal 

surface (δHIP) turned out to be in the range from 3.5∙10
10

 to 3.2∙10
12

, (δDiff) from 1∙10
11

 to 3.2∙10
14

. The degree 

of crystallization of Mn4Si7 silicide obtained by the (HIP) method is 7.02 %, degree of amorphy — 92.98 %. 

(COD-1530134) Compared with the interatomic distance (d) in Mn4Si7 silicide obtained by diffusion meth-

od, the interatomic distance difference (Δd) is shorter from 0.01 Å to 0.14 Å. (HIP) Interatomic distance dif-

ference (Δd) of Mn4Si7, obtained by hot isostatic pressing was found to be in the range from 0.01 Å to 

0.05 Å. It has been established that the degree of crystallization of high-manganese silicide Mn4Si7 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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Б.Д. Игамов, А.И. Камардин, Д.Х. Нәбиев, Г.Т. Иманова,  

И.Р. Бекпулатов, И.Х. Тұрапов, Н.Е. Норбұтаев 

Рентгендік дифрактометр арқылы түрлі жағдайларда өндірілген  

Mn4Si7 силициддің қорытпаларын зерттеу 

Ыстық изостатикалық престеу (ЫИП) және диффузиялық әдістермен алынған Mn4Si7 силицид 

кристалдары зерттелді. Зерттеу нәтижесінде ЫИП әдісімен алынған Mn4Si7 кристалында 11 шың, 

диффузиялық әдіспен алынған Mn4Si7 кристалында 14 шың анықталды. Mn4Si7 силицидінің (DHIP) 

кристалдық өлшемі 8,8∙10–9 м-ден 3,6∙10–8 м-ге дейін, (DDiff) 6,2∙10
–10 м-ден 9,1∙10–8 м-ге дейін 

белгіленді. Mn4Si7 силицид кристалының (εHIP) атомдары арасындағы тордың кернеуі 0,01-ден 0,41-ге 

дейін, (εDiff) 0,31-ден 3,71-ге дейін өзгеретіні айқындалды. Кристалл бетіндегі дислокация тығыздығы 

(δHIP) 3,5∙10
10-нан 3,2∙1012-ге дейін, (δDiff) 1∙10

11-ден 3,2∙1014-ке дейін болды. (ЫИП) әдісімен алынған 

Mn4Si7 силицидінің кристалдану дәрежесі 7,02 %, аморфия дәрежесі 92,98 %. Диффузия әдісімен 

алынған Mn4Si7 силицидінің кристалдану дәрежесі 9,3 % және аморфизм дәрежесі 90,7 % болатыны 

анықталды. (КОД-1530134) (ж.). Mn4Si7 жоғары марганец силицидінің кристалдану дәрежесі төмен 

және Mn және Si стехиометриялық емес күйде байланысқандықтан аморфтылық дәрежесі жоғары 

екені айқындалды. 

Кілт сөздер: диффузия, кристалдану, стехиометриялық емес, дислокация тығыздығы, тордың керілуі, 

аморфты, агломерация 
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Б.Д. Игамов, А.И. Камардин, Д.Х. Набиев, Г.Т. Иманова,  

И.Р. Бекпулатов, И.Х. Турапов, Н.Е. Норбутаев 

Исследование сплавов силицида Mn4Si7, полученных в различных условиях,  

с помощью рентгеновского дифрактометра 

Исследованы кристаллы силицида Mn4Si7, полученные методами горячего изостатического прессова-

ния (ГИП) и диффузии. В результате исследования в кристалле Mn4Si7, полученном методом ГИП, 

обнаружено 11 пиков, а в кристалле Mn4Si7, полученном методом диффузии, — 14 пиков. Определен 

размер кристаллов силицида Mn4Si7 (DHIP) от 8,8∙10
–9 м до 3,6∙10–8 м, (DDiff) от 6,2∙10

–10 м до 9,1∙10–8 м. 

Установлено, что решеточное напряжение между атомами кристалла силицида Mn4Si7 (εHIP) изменяет-

ся от 0,01 до 0,41, (εDiff) — от 0,31 до 3,71. Плотность дислокаций на поверхности кристалла (δHIP) со-

ставляла от 3,5∙1010 до 3,2∙1012, а (δDiff) — от 1∙1011 до 3,2∙1014. Степень кристаллизации силицида 

Mn4Si7, полученного методом (ГИП), составляет 7,02 %, а степень аморфности — 92,98 %. Установ-

лено, что степень кристаллизации силицида Mn4Si7, полученного диффузионным методом, составила 

9,3 %, а степень аморфности — 90,7 %. (КОД-1530134) (г). Установлено, что степень кристаллизации 

высокомарганцевого силицида Mn4Si7 низкая, а степень аморфности высокая из-за того, что Mn и Si 

связаны в нестехиометрическом соотношении. 

Ключевые слова: диффузия, кристаллизация, нестехиометрический, плотность дислокаций, деформа-

ция решетки, аморфный, агломерация 
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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 IV curves of OECT based rectifier are discussed. At the forward Vds sweep, the doping of the 

drain region occurs due to the injection of anions driven by positive ΔV. 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 

Corresponding author: Ilyassov Baurzhan, baurzhan.ilyassov@astanait.edu.kz 

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 (OFETs) [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 (OECTs) [20–22]. In OECTs, 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 OECTs 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, 

https://doi.org/10.31489/2025PH2/35-46
mailto:baurzhan.ilyassov@astanait.edu.kz
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leading to I-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 I-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 × Length: 30 mm 

× 50 μm) 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 
o
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-ozone 

(UV Ozone Cleaner with UV intensity is approximately 15 mW/cm² 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. 30µL of the P3HT solution at 45 °C were 

dropped on substrate spinning at rate of 1000 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 KCl 

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 KCl 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 (Vgs = 0 V). 

At Vgs = 0 V, 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 Vgs, anions (Cl
–
) from electrolyte are injected into the bulk of P3HT and 

consequently equivalent amount of holes will be inserted from the source (at Vds < 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 (Ids), the value of which depends on the ap-

plied Vgs. The more negative Vgs results in higher Ids at fixed Vds 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 (Vds) 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 Vds sweep is higher in comparison with negative Vds sweep. This asym-

metry in the output curve is more profound at Vgs = 0 V. The rectification ratios at Vds = ±0.3 V for different 

gate biases are listed in Table. At Vgs = 0 V, OECT shows the highest rectification ratio, the current at for-

ward bias (Vds > 0) at least one order of magnitude larger in comparison with reversed current (Vds < 0). We 

observe that the more negative gate bias noticeable mitigates this IV asymmetry due to enhanced doping of 

the channel. 

 

 

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 Vds sweep in both negative and positive values relatives to the source 

T a b l e  

Rectification ratio of the drain current at different gate biases 

Gate bias (Vgs)/V Current (µA) at Vds: –0.3 V Current (µA) at Vds: +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 Vgs = 0 V, therefore it is straightforward to use 

OECT as a current rectifier at Vgs = 0 V, which allow simplifying the OECT into a two terminal device. The 

simplest approach to maintain Vgs 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 Vds of –0.4 V to +0.6 V. It is due fact that the wider range of Vds caused irreversible 

change of the channel conductivity. 

 

 

Figure 2. The schematic representation of OECT with shorted gate and source  

and shorted gate and drain and their IV characteristics  

(For comparison IV 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 IV 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 Vds, the device is more conductive and at the negative Vds 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 Vds 

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 Vds 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 IV 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 Vds sweep can be the leakage current which 

can originate between electrolyte/P3HT/drain overlap areas. However, the contribution of the leakage current 

on Ids can be easily analyzed by comparing Ids with Ig (gate current) due to Ig current is the sum of the channel 

charging current and the leakage current. Therefore, the origin of this diode-like IV 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 (ΔV) 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 (ΔV) 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 Vds, up to the value of the 

drain potential near the drain. The source and gate is shorted and the potential difference ΔV (Vch – Vg) 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 Vds 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 ΔV is changing and its 

sign depends on the Vds polarity. 

At the negative Vds 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 Vds 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 ΔV. The sweep of Vds 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 Vds sweep the current is low and is comparable to the current of the pristine P3HT device. How-

ever, at the negative Vds 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 IV 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 Vds sweep, ΔV near the drain region is 0 V (due to 

Vgs = Vds) and fixed, whereas at the source region ΔV is changing due to change of gate potential, which is 

connected to the drain. At positive Vds sweep, ΔV < 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 Vds sweep. At negative Vds sweep, near the source ΔV> 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 Ids. 
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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 OECTs, (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 Vgs or Vds 

change [38, 39]. 

In Figure 4, cyclic IV curves of the OECT rectifier with shorted gate and source at positive Vds sweep 

measured at various scan rates (Vr) 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 Vgs = 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 Vds 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 Vds, we observe inductive hysteresis, which is at-

tributed with the slow response of ions to the change of ΔV. At the forward Vds sweep, the doping of the 

drain region occurs due to the injection of anions driven by positive ΔV. When the Vds reaches the turning 

point, the channel has been doped to some extend to a more conductive state and during the backward Vds 

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. 

 

 

Measurements at each Vr were measured at least two times; second scans were performed  

after initials with 15 sec delay and they are shown as dotted lines.  

For (B) seconds scans are shown in Figure 5 

Figure 4. Cyclic voltammetry measurements at positive (A) and negative (B) Vds sweep 

The increase of Vds 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 Vr and the overall current is decreasing 

(shown in Figure 4 by a red arrow), which can be explained by the ion slow response to    change. At faster 

Vr, the channel cannot reach the density of anions that it can do at slower Vr due to ions have less time to 

dope the channel at the same Vds sweep range and therefore it is less conductive at higher Vr. The collapse of 

the inductive hysteresis at higher Vr, we attribute with capacitive contribution of the channel. Vds 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 Vds sweep rate. 
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The cyclic IV curves of OECT with shorted gate and source at negative Vds sweep also have hystereses. 

However, in contrast to IV curves in the first quadrant (at positive Vds), the hystereses in IV curves in the 

third quadrant at negative Vds sweep are purely capacitive (Fig. 4B and 5). Ion slow response to ΔV change 

can also cause capacitive hysteresis. It depends what occurs at the forward and backward Vds 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 Vds 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 Vds, the potential difference ΔV is 0 V 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 Vds sweep occurs doping due to ΔV 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. 

 

 

CV curves were measured at Vds scan rates (Vr) 8.4 mV/s to 66 mV/s.  

Measurements at each Vr were measured at least two times; second scans were performed  

after initials with 15 sec delay and they are shown as dotted lines 

Figure 5. Cyclic voltammetry measurements at negative Vds sweep 

Additionally, as can be seen from Figure 5 more clearly, with the increase of Vr, 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 Vr are approximately identical; however the backward currents at higher Vr are noticeably lower in 

comparison with the backward currents probed at lower Vr. These both trends indicate that at higher Vr 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 technique 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 Vds 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 Vds 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 Vds, the middle arc dimeter is 

too large, whereas at positive Vds its value is decreasing (Fig. 6), which is consistent with the IV curve of the 

device. 

 

 

A — Impedance spectra measured at Vds bias from 0 V to + 0.5 V; 

B, C, D — IS at Vds = +0.1 V, Vds = +0.3 V, and Vds = +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 Vds (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 Vds polarities. At negative –0.1 V 

and 0 V it has mixed diffusion and RC characteristics, whereas at positive Vds, 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 Ids. 
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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 Vds 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 OECTs 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. OECTs 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 OECTs enabling them found a new appli-

cation in organic electronics, bioelectronics and neuromorphic computing. 
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Полимерлі жұқа қабықшаларға негізделген  

электрхимиялық түзеткіш құрылғы 

Мақалада органикалық электрхимиялық транзисторлардың (OECTs) түзету сипаттамалары зерттелді. 

OECT құрылғылары симметриялы құрылғылар болғанына қарамастан, олар ағынның теріс және оң 

ығысуымен шығыс кернеуінің асимметриялық қисықтарын көрсетеді. Мұнда біз ассимметрияның 

арнадағы иондар тығыздығының таралуына әсер ететін ағын (немесе көз) потенциалы электрлік 

қосылыстардан туындайтынын көрсетеміз, бұл арнаның легирлеу/легирлеуді шешу күйін реттейді 

және осылайша оның өткізгіштігін модуляциялайды. Бұл әсер әсіресе поли(3-гексилтиофен) (P3HT) 

арна қабатына негізделген OECT жинақтау режимінде байқалады. Жинақтау режиміндегі OECT оң 

түзету полярлығы бар ток түзеткіш ретінде немесе басқару электродын тікелей көзге немесе ағынға 

қосып жай ғана өзгерту арқылы теріс түзету полярлығы бар ток түзеткіш ретінде де жұмыс істей 

алатынын көрсетілген. OECT негізіндегі түзеткіштің IV қисықтарындағы токты түзетудің негізгі 

механизмі және гистерезис талқыланды. OECT түзеткішінің IV циклдік қисықтарында оң Vds кезінде 

индуктивті гистерезисті байқаймыз, бұл иондардың ΔV өзгеруіне баяу реакциясымен түсіндіріледі. 

Тікелей Vds қосылуы кезінде ағынды аймақтың легирленуі оң ΔV туындаған анионды инжекциялау 

арқылы жүреді. Тікелей сканерлеу кезінде канал жоғары өткізгіштікпен жұмыс істей бастайды, бұл 

тікелей токтың жоғарылауына әкеледі. Керісінше, кері сканерлеу кезінде канал үлкен кедергіге ие, бұл 

токтың төмендеуіне әкеледі. Иондық инерциядан туындаған сыйымдылықты гистерезистен басқа 

байқалатын гистерезис сонымен қатар электронды құрылғыларды зарядтауға/разрядтауға және 

иондардың бүйірлік қозғалысының  поляризациясына байланысты. 

Кілт сөздер: органикалық электрхимиялық транзистор, электрхимиялық транзисторлық түзеткіш, 

электрхимиялық транзисторлық диод, асимметриялық IV қисық, индуктивті гистерезис, иондық-

электронды өткізгіш, P3HT қабаты 
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Электрохимическое выпрямительное устройство  

на основе тонких полимерных пленок 

В статье изучены характеристики выпрямления органических электрохимических транзисторов 

(OECTs). Несмотря на то, что устройства OECTs являются симметричными, они демонстрируют 

асимметричные кривые выходного напряжения при отрицательном и положительном смещении стока. 

Нами показано, что асимметрия возникает из-за электрических соединений с потенциалом стока (или 

источника), влияющих на распределение плотности ионов в канале, что настраивает состояние леги-

рования/снятия легирования с канала и, следовательно, модулирует его проводимость. Этот эффект 

особенно заметен в режиме накопления в OECT на основе канального слоя из поли(3-гексилтиофена) 

https://doi.org/10.1021/acs.jpcc.3c04672
https://doi.org/10.3390/app13095754
https://doi.org/10.1021/acs.jpclett.3c03062
https://doi.org/10.1002/adfm.202004939
https://doi.org/10.1002/adts.202100563
https://doi.org/10.1103/physrevapplied.20.044022
https://doi.org/10.1021/acs.chemrev.1c00214
https://doi.org/10.1002/advs.202410393


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

46 Вестник Карагандинского университета 

(P3HT). Мы демонстрируем, что OECT в режиме накопления может работать либо как выпрямитель 

тока с положительной полярностью выпрямления, либо как выпрямитель тока с отрицательной по-

лярностью выпрямления путем простого изменения подключения управляющего электрода либо не-

посредственно к источнику, либо к стоку, соответственно. Обсуждается основной механизм выпрям-

ления тока и гистерезисы в IV кривых выпрямителя на основе OECT. При прямом сканировании ка-

нал начинает работать с высокой проводимостью, что приводит к увеличению прямого тока. Напро-

тив, при обратном сканировании канал обладает большим сопротивлением, что приводит к снижению 

тока. Помимо емкостного гистерезиса, вызванного инерцией ионов, наблюдаемый гистерезис также 

обусловлен собственным емкостным гистерезисом, связанным с зарядкой/разрядкой электронных 

устройств и поляризацией из-за бокового перемещения ионов. 

Ключевые слова: органический электрохимический транзистор, электрохимический транзисторный 

выпрямитель, электрохимический транзисторный диод, асимметричная кривая IV, индуктивный гис-

терезис, ионно-электронный проводник, слой 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 

Corresponding 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-

https://doi.org/10.31489/2025PH2/47-54
mailto:algol@tpu.ru
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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. 

 

 

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 15ХМ 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 

Iw1 = 8.4 kA turns, where I denotes the solenoid current and w1 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  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 Iw1 = 8.4 kA 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  

after grid superimposition 

Figure 3. Magnetic induction distribution along  

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 Iw1, 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 Iw1 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. 

 

 

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 Iw1 

А/cmIw1, кА-

turns 

H, А/cm 

0 

50 

100 

150 

250 

5 6 7 8 9 10 

200 



A.E. Goldstein, K.A. Stryapchev 

50 Вестник Карагандинского университета 

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 Iw1 = 8.4 kA-turns. 

 

 

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: 

 
2 3( ) 381.003 27.145 0.932 0.016H T T T T    . 

The inverse transformation function T(H) can also be approximated with high accuracy by a polynomial 

of the third degree: 

 
4 2 7 3( ) 33.179 0.185 3.955 10 3.628 10T H H H 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  between the pipe edge and the transverse symmetry plane of the solenoid. 

 

 

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  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. 

 
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   

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  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  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 . 

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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Магниттік ағынның шашырау әдісімен ферромагниттік құбыр  

қабырғасының қалыңдығын магниттік бақылау 

Мақалада ферромагниттік құбырлардың қабырғасының қалыңдығын бақылау үшін магнит ағынының 

шашырау әдісін қолдану қарастырылған, ол бақыланатын құбыр учаскесінің қысқа соленоиды арқылы 

бойлық магниттелуіне және электрмагниттік құбыр мен бақыланатын Холл датчигі арасындағы ауа 

саңылауындағы магнит өрісінің кернеулігінің бойлық кеңістік құраушысын өлшеуге негізделген. 

Сынақ объектісінің сызықты емес магниттік қасиеттерін және оның геометриялық параметрлерін, 

оның ішінде түтіктің жиегі мен магнит өрісінің кернеулігін өлшеу жазықтығы арасындағы 

қашықтықты ескере отырып, қысқа соленоидтың магниттеу өрісінің ферромагниттік түтікпен өзара 

әрекеттесуінің сандық моделі әзірленді. Сандық модельдің дұрыстығы физикалық модельдеу 

нәтижелерімен расталады. Магнит өрісінің кернеулігінің бойлық құрамдас бөлігінің құбыр 

қабырғасының қалыңдығына оңайлатылған аналитикалық тәуелділігі алынады. Магнит өрісінің 

кернеу мәнін және өлшеу жазықтығынан құбырдың шетіне дейінгі қашықтықты бірлесіп өлшеуге 

негізделген өлшеу жазықтығынан құбырдың шетіне дейінгі қашықтық қабырғасының қалыңдығын 

бақылау нәтижелеріне әсерін азайту әдісі ұсынылған. Ұсынылған бақылау әдісін қолданған кезде, 

құбырдың жиегі мен магнит өрісінің кернеулігін өлшеу жазықтығы арасындағы қашықтықты ескере 

отырып, жиек әсеріне байланысты қабырға қалыңдығын өлшеу қателігін шамамен 10 есе азайтуға 

болады. Мақалада келтірілген нәтижелер магнит өрістерін құру, математикалық модельдеу және 

өлшеу есептерін шешуде, соның ішінде болат бұрғылау құбырларын магниттік бақылау үшін 

пайдаланылуы мүмкін. 

Кілт сөздер: магниттік бақылау, магнит ағынының ағу әдісі, соңғы элементтер әдісі, аналитикалық 

модель, Холл датчигі 
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А.Е. Гольдштейн, К.А. Стряпчев 

Магнитный контроль толщины стенки ферромагнитных труб  

методом рассеяния магнитного потока 

Рассмотрено использование метода рассеяния магнитного потока для контроля толщины стенки фер-

ромагнитных труб, основанного на продольном намагничивании с помощью короткого соленоида 

участка контролируемой трубы и измерении продольной пространственной составляющей напряжен-

ности магнитного поля в воздушном промежутке между соленоидом и контролируемой трубой с по-

мощью датчиков Холла. Разработана численная модель взаимодействия намагничивающего поля ко-

роткого соленоида с ферромагнитной трубой, учитывающая нелинейные магнитные свойства объекта 

контроля и его геометрические параметры, в том числе, расстояние между краем трубы и плоскостью 

измерения напряженности магнитного поля. Корректность численной модели подтверждена результа-

тами физического моделирования. Получена упрощенная аналитическая зависимость продольной со-

ставляющей напряженности магнитного поля от толщины стенки трубы. Предложен метод уменьше-

ния влияния на результаты контроля толщины стенки расстояния от плоскости измерения до края 

трубы, основанный на совместном измерении значения напряженности магнитного поля и расстояния 

от плоскости измерения до края трубы. При использовании предлагаемого метода контроля благодаря 

учету расстояния между краем трубы и плоскостью измерения напряженности магнитного поля по-

грешность измерения толщины стенки, обусловленная краевым эффектом, может быть снижена при-

мерно в 10 раз. Результаты, представленные в статье, могут быть использованы при решении задач 

создания, математического моделирования и измерения магнитных полей, в том числе для магнитного 

контроля стальных бурильных труб. 

Ключевые слова: магнитный контроль, метод рассеяния магнитного потока, метод конечных элемен-

тов, аналитическая модель, датчик Холла 
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Simulation of a Stirling Engine with a Reversible Reaction CO + 2H2  CH3OH 

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 + 2H2  CH3OH. 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 Tmin (heater) and minimum Tmax (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) Vc, and the heater is combined with the volume (expansion, 7) Ve. 

 

 

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 Vc and Ve are essentially a cooler and a heater. Accordingly, they maintain 

constant temperatures Tc and Te. They are taken as the minimum and maximum temperature in the car. The 

gas masses in each of the indicated volumes are equal to mc and me. 

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 Vb and pressure pb 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 kd. The 

displacer can move freely inside the cylinder, surrounded by a cylindrical regenerator with length Lr and 

working space thickness dr. 

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 Dp. 

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. 
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The regenerator is represented by a narrow and long channel in the space between two coaxial cylinders 

with diameters d1 and d2 = d1 + 2dr. The average speed of one-dimensional gas motion in it with density r 

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 m = rArx, where the elementary volume in a section of length x 

and cross-sectional area Ar is equal to Arx. This elementary volume is acted upon by two forces: 

● the first of them Fp is associated with the change in pressure in space, Fp = Ar(p(x +x)  p(x)). If 

there is a local section on the path of gas movement at point x = x0, then this section is characterized by the 

coefficient of hydraulic resistance Kr. Here the momentum of the flow changes, a force acts on it 

 0

1
( ) ( ) ( )

2
p r r rF p x x p x x x K u u x A

 
         
 

, 

where (x = x0) is the Dirac delta function; 

● the second force Fr 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 , and Ffr = x. 

From hydrodynamics [14], we accept the equality 

 const r u u   , 

where  is the coefficient of hydrodynamic resistance;  — channel perimeter,  = 2(d1 + dr). Thus, we get 

 fr

1

8
rF u u x    . 

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

 0 fr

1
( )

2
r r r r

du p
m A x x x K u uA x F

dt x


         


. 

Hence, after replacing the total time derivative in the sense of Lagrange with the derivative in the sense 

of Euler [14], 

 
d

u
dt t x

 
 
 

, 

and also using the definition of mass m and in the limit x  0, the equation is obtained [15] 

 0

1 1 1
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r r

u u p
u u u x x K u u

t x x A

   
       
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. (1) 

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 ru 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 

 0

1 1 1
( )

8 2
r

r r

du p
u u x x K u u

dt x A

 
      

 
, 

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, u/x  0, by integrating 

over the length of the regenerator this equation is reduced to the form [15] 

 
1 1 1

8 2

r
r r

r r

Ldu
L p u u K u u

dt A


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

. (2) 

The pressure difference p 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 Lr and diameter D, the ratio /Ar = 4/D, and then it 

follows 
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     . 

This is the Darcy-Weisbach equation for a pipe. For a regenerator (Fig. 1), the ratio of the perimeter to 

the flow area is /Ar = 2/dr. 

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 xd with mass md is measured from the equilibrium position xd,0, the 

initial coordinate of the piston xp with mass mp coincides with the coordinate reference point x. 

The gas in the buffer volume compresses and expands under adiabatic conditions with index . External 

and initial pressure p0. 

The equations of motion of the displacer and piston have the form [5] 
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The coefficient Dp characterizes the production of electrical energy by a linear generator. Equations (3) 

and (4) are supplemented with formulas for determining pressures: 
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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 Rg,c and Rg,e are introduced for the 

gas constant. 

The volumes contained here are found using the formulas 

 ,0 ,0( ),c c p d d pV V A x x x     (7) 

 
,0 ,0( ),e e d d dV V A x x    ,0 ,0( ) .b b rod d d p pV V A x x A x     

Here Vc,0, Ve,0 are the initial volumes of the cooler and heater. 

The gas masses in the displacer mc and heater me are determined by solving the equations 

 ,c e
r r

dm dm
m m

dt dt
    . (8) 

The gas mass flow rate mr in the regenerator is found from equation (2) and this issue is discussed be-

low. The pressure pr and temperature Tr in the regenerator are taken to be the average values in the heater 

and cooler: 

 ,
2 2

e c e c
r r

p p T T
p T

 
  . (9) 

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 pc – pe and Tc – Te are 

small values, and dr/Lr << 1. 

Then the gas density in the regenerator r is determined from the equation of state 

 
( )

e c
r

e c g

p p

T T R


 


. (10) 

Equation (10) is necessary to find the mass of gas in the regenerator mr. Density r can be more accu-

rately determined by calculating the average density using linear functions p(x) and T(x) and the gas equation 
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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 Vc and Ve, there are local sections of gas flow rota-

tion; they are included in the regenerator and are characterized by the coefficient Kr. 

Equation (2) can also be written for mass flow mr(t) = u(t)rAr. Using this definition and taking into ac-

count the constancy of density r, we write the equation for flow velocity, 

 
1

,
2

rr r
r

r r

K mdm A
p m

dt L m




    (11) 

 , , .
2

r
r r r r r r r r r r

r

L
K K m L A V V L A

d
          (12) 

According to Figure 1, the positive direction of gas movement corresponds to a positive sign of the 

pressure drop p, so it should be p = pc  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 Vr. Here it is assumed that 

the porosity is close to unity. 

Let us denote by mc,0 and me,0 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 

 
,0 ,0( )c c e em m m m    , (13) 

 
0 ,0 0 ,0

,0 ,0

, ,

,
c e

c e

g c c g c e

p V p V
m m

R T R T
  . 

Chemical reactions of the first order take place in volumes Vc and Ve. In the first of them, the chemical 

transformation (reverse reaction) proceeds according to the scheme B → A at a rate kc, and in the second (di-

rect reaction) according to the scheme A → B at a rate ke. At the same time, a mass of gas enters (or leaves) 

the indicated volumes at a speed mr; 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 mA and mB, 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 gB, 

and 

 gA + gB = 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, gB. 

Since the gas mass in the cooler and heater is different, gB will be determined in different ways. There-

fore, below gB is supplemented with indices indicating its value in Vc and Ve, i.e. gB,c and gB,e. Using them, 

you can determine the gas constants Rg,c and Rg,e [17]: 

 
B, B,

,

B A

1
,

c c

g c

g g
R R

 
  

  
 

B, B,

,

B A

1
,

e e

g e

g g
R R

 
  

  
  (15) 

where R is the universal gas constant; A, B 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 mr, the gas constant in it Rg, r is determined by the conditions: 

 if mr  0, then Rg,r = Rg,c; if mr < 0, then Rg,r = Rg,e. 

Mass mr is found from the equation of state 

 
,

r r
r

g r r

p V
m

R T
 . 

The above data is sufficient to determine the parameters of the regenerator. 
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Consider the volume Vc and the 1
st
 case mr > 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 mB,c, 

 
B,

B, B,

c

c r c c c

dm
g m m k g

dt
   . (16) 

According to the definition of relative mass concentration, 

 
B,

B,

c

c

c

m
g

m
 . 

Then, taking into account the first equality in (8), equation (16) can be written for gB, c: 

 
B,

B,

c

c c

dg
k g

dt
  . (17) 

In the 2
nd

 case, mr < 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 Ve, the reaction A  B takes place. There, its concentration 

is designated gB, e. The mass conservation equation will now take the form 

 
B,

B, B,

c

e r c c c

dm
g m m k g

dt
   . 

After passing here to the concentration gB, c, we obtain 

 
B, B, B,

B,

c c e

r c c

c

dg g g
m k g

dt m


  . (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r > 0 for the mass mB, e, the following equation is obtained: 

 
B,

B, B,(1 )
e

c r e e e

dm
g m m k g

dt
   . 

To pass to the equation for the concentration gB, e, we use the second equality in (8) and the definition 

gB, e = mB, e/me, as a result, we obtain 

 
B, B, B,

B,(1 )
e c e

r e e

e

dg g g
m k g

dt m


   . (19) 

In the case of mr < 0, the concentration gB, e is determined from the equation 

 
B,

B,(1 )
e

e e

dg
k g

dt
  . (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 + 2H2  CH3OH is considered [18, 19]. Substance 

A is a mixture of carbon monoxide and hydrogen with molar mass A = 0.0107 kg/mol; substance B is meth-

anol with molar mass B = 0.032 kg/mol. At low temperature Tc, the decomposition reaction of methanol 

predominantly occurs according to the scheme B → A with the reaction constant kc; at high temperature Te, 

methanol is formed according to the scheme A  B with the reaction constant ke. 

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
–4

 s. Initial conditions: 

 ,00: 0, , 0, 1m/s;
p d

p d d

dx dx
t x x x

dt dt
      

, ,0, 0.15, 0.85r b c b em g g    . 
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Electrical power Pel is always positive and equal to 

 

2

p

el p

dx
P D

dt

 
  

 
. 

At the initial moment of time, the pressure in all volumes of the engine and outside was the same and 

equal to p0; the mechanical system is in equilibrium. Then the total power of the engine Pm, or the rate of 

production of mechanical work, is equal to 

 0 0( ) ( ) ( ) ( )
pc e d d

m c e e c e p e d

dxdV dV dx dx
P p p p p p p A p p A

dt dt dt dt 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 el was determined by the average power 

values Pel and Pm: 

 
el

el

m

P

P
  . 

The results in Figures 2–4 were obtained for the following input parameters: 

● general and for buffer volume — 

 p0 = 20 MPa;  = 1.37; Vb,0 = 2.010
6
 m

3
 (the buffer volume is taken very large to exclude it); 

● for displacer and working piston — 

 md = 3.0, mp = 3.3 kg; kd = 50 kgs
2

; 

 d1 = 0.8, drod = 0.05, Le = 0.3 m; Dp = 5500 kgs
1

; 

● for heater and cooler — 

 Tc = 293, Te = 673 K; Vc,0 = 0.94, Ve,0 = 0.54 m
3
; xd,0 = 1.6 m; 

 kc = 4.010
2

, ke = 4.210
2

 s
1

; Lc1 = 1.0, Lc2 = 0.5 m; 

● for regenerator — 

 Lr = 1.2, dr = 0.1 m; Ar = 0.28 m
2
; Kr = 0.01,  = 0.12. 

Work [21] gives a specific (per unit mass of copper catalyst) reaction constant for CO consumption of 

about kCO = 10
2

 mol/(kgcats). Here reaction constants of the order of 0.01…0.1 s
–1

 are used and in a different 

dimension. But a correlation can be established between these reaction constants: the gas volumes Vc and Ve 

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 kCO ~ 0.01 с
1

, which is com-

parable to the given value of ke. The rate of the reverse reaction kc 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. 

 

 

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 <Pel> = 355.3, <Pm> = 906 W; el = 0.392. The oscillation frequency is  = 0.16 Hz. 

 

 

Figure 3. Dependence of powers Pm and Pel on time 

The efficiency of an ideal Stirling cycle with a reversible chemical reaction St is characterized by a 

dimensionless parameter [3] 

 B B
St

A A

( 1)

( 1)

  
 

  
, 

where A, B are the adiabatic exponent of substances A and B. The condition for exceeding St efficiency of 

the Carnot cycle with a chemically inert working gas 0 is given by the inequality 

 max
St

min

T

T
  . (21) 

The A exponent is easily determined, since detailed experimental data exist for the gases CO and H2; 

from them it is easy to determine A = 1.37. The situation is more complicated with the adiabatic index of 

methanol B; 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] 

 B

2i

i


  , 

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 B = 1.2. This, together with A = 1.37, gives the value St = 1.76, and in-

equality (21) is not satisfied, since Tmax/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 0 = 1  Tmin/Tmax = 0.565 > el. 

In [3] a formula was proposed for calculating the efficiency of an ideal Stirling cycle St; in the nota-

tion adopted here it has the form: 

 min
St

max

1 ( )
T

G
T

    , (22) 
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1 ( 1)
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
 
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. 

Here there is a volume ratio  on the upper (or lower) isotherm. This parameter  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 Vc/(pc – p0) 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 St = 0.354. 

This is less than the result obtained above el = 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]. 

 

 

Figure 4. Image of the cycle in the Stirling engine in coordinates Vc/(pc – p0),  

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 

A = 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 ( = 0.17 Hz), 

which explains the almost doubling of power: <Pel> = 684.6, <Pm> = 1739 W. There was also a very slight 

increase in electrical efficiency el = 0.394. 

 

 

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 B = 0.032 kg/mol, the work-

ing piston does not shift either. But the power and oscillation frequency are significantly reduced: 

<Pel> = 59.64, <Pm> = 152.3 W;  = 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  (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 Lc,2. Below are the results for three options Table: 

T a b l e  

Lc,2, m  <Pel>, W <Pm>, W el St 

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  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 Lc,2 = 0.5, but 

with Le = 0.5 m instead of the previous value Le = 0.3 m gives < Pel > = 342 and <Pm > = 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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К.О. Сабденов, Ж.К. Смагулов, М. Ерзада, Т.А. Жакатаев  

Стирлинг қозғалтқышын қайтымды реакциямен 

CO + 2H2  CH3OH модельдеу 

Қарапайым компьютерлік модельдің көмегімен Стирлинг қозғалтқышының қасиеттері зерттелген, 

мұнда жұмыс заты CO + 2H2  CH3OH қайтымды реакциясы бар химиялық әрекеттесетін газ 

қоспасы. Мұндай қозғалтқыш алғашқы рет қарастырылуда. Модель регенератордағы 

гидродинамикалық процестердің релаксация уақытын ескереді. Бұл жағдайда қозғалтқыш үш негізгі 

бөліктен тұрады: қыздырғыш, регенератор және салқындатқыш камералар, осы жаңа модель 2006 

жылы ұсынылған Langlois Justin моделінен екінші түбегейлі айырмашылығымен сипатталады. 

Қозғалтқыштағы қысым 20 МПа, жұмыс поршені бос. Зерттеуде тиімділік екі жағдайда 

салыстырылады: 1) қайтымды химиялық реакция жұмыс газында жүреді және 2) жұмыс газы 

салыстырмалы түрде жоғары және төмен молярлық массасы бар химиялық инертті. Тербеліс 

кезеңіндегі орташа қуат бірнеше жүз ватт, бірақ максималды қуат 2 кВт-қа жетуі мүмкін. Қайтымды 

химиялық реакциясы бар қозғалтқыштың қуатын арттыру үшін салқындатқыштың көлемін ұлғайту 

және жылытқыштың көлемін азайту қажет. Модельдеу нәтижелері авторлардың бірінің бұрын алған 

теориялық нәтижелерімен жақсы сәйкес келеді (К. Сабденов, 2023) қайтымды химиялық реакциясы 

бар Стирлинг циклін талдауға негізделген. 

Кілт сөздер: Стирлинг циклі, Стирлингтің бос поршенді қозғалтқышы, метанол, қайтымды химиялық 

реакция, ПӘК және қуат 
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К.О. Сабденов, Ж.К. Смагулов, М. Ерзада, Т.А. Жакатаев  

Моделирование двигателя Стирлинга  

с обратимой реакцией CO + 2H2  CH3OH 

С помощью простой компьютерной модели впервые изучены свойства двигателя Стирлинга, где ра-

бочим веществом является химически реагирующий газ с обратимой реакцией CO + 2H2  CH3OH. 

Модель учитывает время релаксации гидродинамических процессов в регенераторе. В данном случае 

двигатель считается состоящим из трех основных частей: нагревателя, регенератора и охладительной 

камеры. В этом состоит второе принципиальное отличие от модели Langlois Justin, предложенной в 

2006 году. Давление в двигателе составляет 20 МПа, рабочий поршень свободен. Эффективность дви-

гателя сравнивается для двух случаев: 1) в рабочем газе происходит обратимая химическая реакция и 

2) рабочий газ химически инертен с относительно высокой и низкой молярной массой. Средняя мощ-

ность за период колебаний составляет несколько сотен ватт, но максимальная мощность может дости-

гать 2 кВт. Чтобы увеличить мощность двигателя с обратимой химической реакцией, необходимо 

увеличить объем охладителя и уменьшить объем нагревателя. Результаты моделирования хорошо со-

гласуются с ранее полученными теоретическими результатами одного из авторов (К. Сабденов, 2024), 

основанными на анализе цикла Стирлинга с обратимой химической реакцией. 

Ключевые слова: цикл Стирлинга, свободнопоршневой двигатель Стирлинга, метанол, обратимая хи-

мическая реакция, КПД, мощность 
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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 1 12 0.2 D R m  , and after a sharp expansion 2 22 0.3 D R m  , the step

height 
 1

0.05  ,   0.25
2

H
H m

R
  , the expansion coefficient 

2

2

1

2.25
R

ER ER
R

 
   

 
. The pipe length 
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2

12    40
x

L m
D

 
  

 
. The average axial velocity and average temperature at the inlet

1 10.2 0.8 ,   303  ,m

m
U T K

s
    respectively. The wall temperature is constant and varies within the range

273 293 wT K  . The Reynolds number   41 1

1

0.7 3 10m

w

U D
Re

v
    , where 1 1 /w wv   . The Prandtl num-

ber of paraffinic oils at the inlet is 
1 1 1/ 42w p wPr C   . 

1.2 Basic equations 

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

 0U   (1) 

      / / / /2 2eff effUU P S u u S           (2) 

      / / :p pC TU T C u t U          (3) 

The coefficient of effective molecular viscosity 
eff  is found from the expression [12–15]: 

 

1

0 0

0

,  

,  

p
eff

      
  

   

 (4) 

The singular property 
0    of formula (4) can be regularized using the approach [14, 15] and written 

as: 

 
 0 1 exp

eff p

m     
   


,  (5) 

where the regularization parameter is 1000   m s  [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]: 

    / / / / / /T

j i j ij ij ij eff lm l m i j NNF

j l k m

C T
U u u P v u u u u D

x x x

   
            

    
 

     / /

1 2

1 T

j eff lm l m NNF

j T l m

C T
U C C v u uP

x T x x



 



   
           

    
 

 2 2 1TL     (6) 

here, ijP  and 0.5 kkP P  are stress production terms, ij  is redistribution term [17], 
3/2 3/4

1/4
, T

k v
L m C

 
  

  
 

and max , T T

k v
T C

 
     

 are turbulent time and length macroscales, where / /2 i jk u u  is the turbulent kinet-

ic energy, ij  is viscous dissipation rate tensor of turbulent stresses, 0.5 kk   , and   is a blending coeffi-

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 

 / /

2
0;  const;  2 ;  0w W

k
U V u u T T v

y
          (7) 

on the pipe axis: 

 
/ /

0
U T u u

V
r r r r r

    
     

    
 (8) 

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). 

 

    
 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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T a b l e  

The length of recirculation region. Comparisons with measurements of [18] 

Fluid Um1, m/s ReW xR/H [14] 
Authors’  

simulations 

Water 4.61 1.35×10
5
 8.43 9 

Water 1.73 5.03×10
4
 8.71 9 

0.1 % XG 3.04 1.96×10
4
 6.93 7.5 

0.2 % XG 4.05 1.94×10
4
 7.14 7.4 

0.2 % XG 5.01 2.72×10
4
 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. 

 

  
 a) b) 

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 NF

Rx  and 
max

NFk  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
4
 and 2.0·10

4
 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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 a) b) 

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. 

 

            
 a) b) 

 
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
4
; (b): Bm = 17 

For a Newtonian fluid (Bm = 0), the maximum negative values of the reverse flow ‒Umax/Um1 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 (‒Umax/Um1 ≈ 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  2

1/ 2 /f W mC U   along the flow is shown in Fig-

ure 5c for different Bingham numbers Bm. The flow reattachment point for NF and NNF is located at Cf = 0. 

The value of the wall friction coefficient is negative in the recirculation region for NF and NNF due to the 

reverse flow (Fig. 5c). 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 Cf 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. 

 

 

Figure 6. Distributions of yield shear stress τ0 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 (τ0 ≈ 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 τ0 ≈ 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 (–Umax/Um1 ≈ 0.075) and reduc-

tion of the friction coefficient  2

1/ 2 /f W mC U    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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У.К. Жапбасбаев, Д.Ж. Босинов, М.А. Пахомов, З.К. Саттинова 

Жылу желісі кенеттен кеңейгенде құбырдағы тұтқырпластикалы  

сұйықтықтың турбулентті ағынын модельдеу 

Мақалада жылу желісінің кенеттен кеңеюі бар құбырдағы тұтқырпластикалы сұйықтықтың 

турбулентті изотермиялық емес ағынының математикалық моделі келтірілген. Тұтқырпластикалы 

сұйықтықтың изотермиялық емес ағынының суық ортамен жылу алмасуы оның тұтқырлығы мен 

аққыштығының жоғарылауына әкеледі. Шведов-Бингем реологиялық моделі сұйықтықтың тұтқыр-

пластикалық күйін көрсетеді. RSM турбуленттік моделі кенет кеңеюі бар құбырдағы пульсациялы 

қозғалыстың жылдамдық компоненттерінің анизотропиясының қасиеттерін сипаттайды, сонымен 

қатар турбуленттілік анизотропиясын болжау мүмкіндігі турбуленттік тұтқырлықтың сызықтық 

моделін құру үшін қолданылады. Есептелген деректер Рейнольдс және Бингам сандарының әртүрлі 

мәндері үшін алынды. Есептеу нәтижелері Бингам санының ұлғаюымен құбырдың кенеттен кеңею 

қимасының артында циркуляциялық аймақтың кішірейетіндігін көрсетеді. Нормаланған осьтік орташа 

және флуктуация жылдамдығының радиалды профильдерін кенет кеңеюі бар құбыр бойындағы 

тәжірибелік мәліметтермен салыстыру нәтижелері берілген. Нәтижелер DNS (Direct Numerical 

Simulation) моделінің деректерімен сәйкес келетін тербелмелі қозғалыстың осьтік және радиалды 

жылдамдық профильдерінің анизотропты қасиеттерін көрсетеді. 

Кілт сөздер: кенеттен кеңею құбыры, изотермиялық емес турбулентті ағын, тұтқырпластикалы сұйық, 

RSM турбуленттік моделі, аққыштық шегі, жылу тасымалдау, рециркуляция аймағы, флуктуация 

жылдамдығы 

 

У.К. Жапбасбаев, Д.Ж. Босинов, М.А. Пахомов, З.К. Саттинова 

Моделирование турбулентного течения вязкопластичной жидкости  

в трубе тепловой сети с резким расширением 

В статье приводится математическая модель турбулентного неизотермического течения вязкопла-

стичной жидкости в трубе с резким расширением. Теплообмен неизотермического потока вязкопла-

стичной жидкости с холодной окружающей средой приводит к повышению ее вязкости и предела те-

кучести. Реологическая модель Шведова-Бингама представляет вязкопластичное состояние жидкости. 

RSM модель турбулентности описывает свойства анизотропности компонент скорости пульсационно-

го движения в трубе с резким расширением. Расчетные данные получены при различных значениях 

числа Рейнольдса и Бингама. Результаты расчетов показывают, что с ростом числа Бингама циркуля-

ционная зона сокращается за сечением резкого расширения трубы. Приведены результаты сравнения 

радиальных профилей нормализованной осевой средней и флуктуационной скорости с опытными 

данными вдоль трубы с внезапным расширением. Результаты показывают анизотропное свойство осе-

вых и радиальных профилей скорости флуктуационного движения, которые находятся в согласии с 

данными DNS (Direct Numerical Simulation) модели. 

Ключевые слова: труба внезапного расширения, неизотермическое турбулентное течение, вязкопла-

стичная жидкость, модель турбулентности RSM, предел текучести, теплопередача, область рецирку-

ляции, скорость флуктуации 
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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) 

Corresponding author: Kengesbekov Aidar, aidar.94.01@mail.ru 

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 

https://doi.org/10.31489/2025PH2/75-86
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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. 

T a b l e  

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 CuKα 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 I = 30 mA; exposure time 1 s; im-

aging step 0.02°, and the investigated area of angles 2θ 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: 

 
2

1.854P
HV

d
 . (1) 

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 ISO14577. 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: 

 
  0

0

100 %
h t h

CIT
h


  .  (2) 

Tribological tests on the “ball-disk” scheme. Tribological tests for sliding friction were carried out on a 

TRB
3
 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 Si3N4 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; c — 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. 

 

 

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; c — 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. 

 

 

a — after the 1st pass; b — after 2 passes; c — after 3 passes; d — after 4 passes 

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. 

 

 

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

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]. 

 

 

No. 1 — initial state; No. 2 — after hardening; No. 3 — after aging 

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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Б.К. Рахадилов, А.Б. Кеңесбеков, Н.М. Магазов,  

А.А. Кусайнов, Л.С. Каирбаева, Е.С. Молбосынов 

Термомеханикалық өңдеулердің бериллий қоласының қасиеттеріне  

әсерін оның қолданылуын кеңейту мақсатында зерттеу 

Мақала термомеханикалық өңдеулердің бериллий қоласының механикалық және физика-химиялық 

қасиеттерінің әсерін зерттеуге арналған, яғни қазіргі заманғы технологияларда қолдану аясын кеңейту 

мақсатында. Қатаю сияқты термомеханикалық өңдеудің әртүрлі әдістері егжей-тегжейлі 

қарастырылған. Бұл әдістердің қорытпаның микроқұрылымын өзгертуге әсер ету механизмі 

сипатталған, бұл оның жұмысына тікелей әсер етеді. Алынған нәтижелер бериллий қоласын 

өнеркәсіпте, авиақұрылыста және басқа да салаларда қолдану салаларын кеңейтуге мүмкіндік береді. 

Сонымен қатар, негізгі тұжырымдар термомеханикалық өңдеудің озық әдістерін енгізу қоланың 

физикалық өнімділігін арттыруға ғана емес, бұл материалды аэроғарыш және автомобиль өнеркәсібі 

сияқты жаңа салаларда қолдануға мүмкіндік беретіндігіне байланысты. Авторлар мақалада 

материалтану және машина жасау мамандары үшін өте маңызды, өйткені ол бериллий қола 

бұйымдарын өндіру және пайдалану процестерін жақсартатын жаңа деректер мен ұсыныстарды 

ұсынған. 

Кілт сөздер: БрБ2 бериллий қоласы, термиялық өңдеу, механикалық өңдеу, термомеханикалық өңдеу, 

тозу, қатаю, материалдың микроқұрылымы, теңарналы бұрыштық престеу (ТАБП) 

 

Б.К. Рахадилов, А.Б. Кенесбеков, Н.М. Магазов,  

А.А. Кусайнов, Л.С. Каирбаева, Е.С. Молбосынов 

Изучение влияния термомеханической обработки на свойства  

бериллиевой бронзы с целью расширения области ее применения 

В статье исследовано влияние различных режимов термомеханической обработки на структуру и 

свойства бериллиевой бронзы. Описан механизм воздействия этих методов на модификацию микро-

структуры сплава, что напрямую влияет на его эксплуатационные характеристики. Основные выводы 

сводятся к тому, что термомеханическая обработка повышает физические характеристики бронзы. В 

статье представлены новые данные и рекомендации, которые помогут улучшить процесс производст-

ва и эксплуатации изделий из бериллиевой бронзы, расширить области ее применения в промышлен-

ности, авиастроении и других отраслях. 

Ключевые слова: бериллиевая бронза, термическая обработка, механическая обработка, термомехани-

ческая обработка, старение, закалка, микроструктура материала, равноканальное угловое прессование 

(РКУП) 
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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 
0

0

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

 . In this case, the reactances of the inductive elements will be equal to L , 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 
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Introduction 

When solving various scientific and technical problems, it becomes necessary to reveal type 
0

0
  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 

https://doi.org/10.31489/2025PH2/87-96
mailto:vladimir.kucheruk@gmail.com
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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   is called an infinitesimal number if and only if 

  r R r    . (1) 

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: 2 3 k     — 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 R  standard or Archimedean numbers in contrast to non-standard 

(non-Archimedean) numbers * *r R . Every non-standard number contains a standard part 

 *r r  ,  (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 

 0a b  . (4) 

Two non-standard numbers *a  and *b  are called equivalent, or infinitely close to each other, if and on-

ly if 

 * *a b  . (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): 

 , , , , sin , cos 1.km m m m
m n n m n n

n n n n

 
             


 (6) 

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  . 

Let define the derivative of the function ny x . 
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 (7) 

Let define the derivative of the function 
1

n
y

x
 . 
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 (8) 

Let define the derivative of the function y x . 

 
  

     
1 1

.
2

x x x xdy x x x x

dx xx x x x x x

      
    

        
 (9) 

Let define the derivative of the function tgy x . 
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 

2 2

2

2 2 2 2

2 2 2
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1
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 (10) 

Let define the derivative of the function ctgy x . 
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 (11) 

Let define the derivative of the function sec .y x  Because 
1

sec ,
cos

x
x

  that 
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.
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  (12) 

Let define the derivative of the function  cosec .y x  Because  
1

cosec ,
sin

x
x

  that 



S. Katsyv, V. Kukharchuk et al. 

90 Вестник Карагандинского университета 

 

 

2 2 2 2

1 1 1 1
sin sin sin cos sin cos sin

sin sin cos sin cos cos cos
.

sin cos sin cos sin sin cos sin sin

x xdy x x x

dx

x x x x x

x x x x x x x

       
 

    
   
     

 (13) 

Let define the derivative of the function xy e . Because 
1

lim 1

n

n
e

n

 
  

 
, then within the framework of 

non-standard analysis we can write  
1

1e   ,  1
x

xe   . 
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   
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1 1 1 1 1 1 1 1

1 1 1
1 1 1

1 .

x x x x x x

x
x

x
x

dy
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e

  

       



 




                  
   

  

 
           

     
 

 (14) 

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: 

 , .m jn jn m jn 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  . Taking  , for the complex 

resistance of the inductance we can write 

 LZ j L  .  (16) 

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

of the circuit. 

 

 

Figure 1. Circuit with shorted ideal inductance 

In the circuit shown in Fig. 1, the inductance 1L  is short-circuited. The question arises as to how best to 

represent a branch that is switched on in parallel with 1L . If this branch is represented as an ideal resistor R  

with zero resistance, then two different infinitesimal numbers 1  and 2R    will appear simultaneously 

in the problem. At the same time, the ratio between 1  and 2  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 2Z , in which 

2 2L   . In this case, the total complex resistance of this branch can be written as 
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 1 2Z j   . (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 

 2

1 2 1j jm    , (18) 

or 

 2

1 2 2j jm    . (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 

 
  

   

2 2 3
1 1 1 21 1 1

12

1 1 1 1 1 1 1 1

вх

j L jm j m L L
Z r r r jm

j L jm j L m L m

  
      

       
, (20) 

and according to (15) 

 вхZ r . (21) 

Hence 
U

I
r

 , and the voltage on the parallel branches is 

 
   

2 21 1
1 1

1 1 1 1

L

L LU
U jm I jm

L m r L m
   

   
, (22) 

and after transformations, we get 

 
 

2 2 21 1
1 1 1

1 1 1

L

L LU U U
U jm jm jm

r L m r L r
     

 
. (23) 

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

 
2

1
1 1

1 1 1 1 1

0L jmU U U m
I

j L r j L r L


    

 
, (24) 

and in the parallel branch 

 
2

1
2 2 2

1 1

L jmU U U
I

jm r jm r


  

 
. (25) 

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. 

 

 

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 1r , 2r  are infinitely small numbers, i.e. 1 1r   , 2 2r   . This problem, it is necessary to consider 

three different infinitesimal numbers  , 1 1r   , 2 2r   , 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 1r , 2r , 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   is equal to the order of the resistances 1r , 2r , i.e. 

 1 2   .  (26) 

Variant 2. The order of the direct current frequency   is greater than the order of the resistances 1r , 2r , 

i.e. 

  1 2    .  (27) 

Variant 3. The order of the direct current frequency   is less than the order of the resistances 1r , 2r , i.e. 

  1 2    .  (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 

 1 m   , 2 n   ,  (29) 

where m , n  — arbitrary standard numbers (in particular 1). 

Then for the impedances of the circuit branches (Fig. 2) we can write 

  1 1 1 1 1 1 1Z r j L j L m j L m jL           , (30) 

  2 2 2 2 2 2 2Z r j L j L n j L n jL           , (31) 

 3 3Z r . (32) 

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

 
   

   

  

 
1 2 1 21 2

3 3 3 3

1 2 1 2 1 2

.вх

m jL n jL m jL n jLZ Z
Z Z r r r

Z Z m jL n jL m n j L L

      
      

       
 (33) 

Hence 
3

U
I

r
 , and the voltage on the parallel branches 1Z  and 2Z  

 
  

 

  

 
1 2 1 2

1 2 1 2

Z

m jL n jL m jL n jLU
U I

m n j L L r m n j L L

     
 

     
, (34) 

and the currents in the branches 

 

  
 

 

 

 

1 2

1 2 2

1

1 1 1 2

Z

m jL n jLU

r m n j L L U n jLU
I

Z m jL r m n j L L

  

   
  

       

, (35) 

 

  
 

 

 

 

1 2

1 2 1

2

2 2 1 2

Z

m jL n jLU

r m n j L L U m jLU
I

Z n jL r m n j L L

  

   
  

       

. (36) 

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 

 
1

km   , 2 1n   ,  (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 

 1 1 1 1 1 1 1 1

kZ r j L j L jm L         ,  (38) 

 2 2 2 2 2 1 1 2

kZ r j L j L n jm L          ,  (39) 

 3 3Z r .  (40) 

The impedance of the entire circuit (Fig. 2) is given by the expression 
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Hence 
3

U
I
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 , and the voltage on the parallel branches 1Z  and 2Z  
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and the currents in the branches 
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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 

 
1

km   , 
2

kn   ,  (45) 

where m , n  — arbitrary standard numbers (in particular 1). 

Then for the impedances of the circuit branches (Fig. 2) we can write 

  1

1 1 1 1 1 1 1

k kZ r j L j L m j L m jL             ,  (46) 

  1
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k kZ r j L j L n j L n jL             ,  (47) 

 3 3Z r .  (48) 

The impedance of the entire circuit (Fig. 2) is given by the expression 
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Hence 
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and the currents in the branches 
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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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С. Кацыв, В. Кухарчук, В. Мадьяров, В. Кучерук, П. Кулаков, М. Грибов 

Электртехникадағы стандартты емес талдау. Әр түрлі ретті шексіз  

кіші параметрлері бар тұрақты токтың идеалды индуктивті тізбектері 

Теориялық электртехниканың стандартты әдістерін қолдана отырып, идеалды индуктивті элементтері 

бар тұрақты ток DC тізбектерін талдау өте күрделі немесе тіпті мүмкін емес болуы мүмкін, өйткені 

оларды пайдалану кезінде көбінесе 
0

0
 типтік белгісіздіктерді анықтау қажет. Осыған байланысты 

мақалада тұрақты ток жиілігі нөлге тең емес,   шексіз аз сан ретінде қабылданатын стандартты емес 

талдауды қолдану ұсынылған. Бұл жағдайда индуктивті элементтердің реактивтері L  тең болады 

және теориялық электртехниканың барлық стандартты әдістерін қолдануға болады. Мақалада тұрақты 

токтың идеалды индуктивті тізбектерін DC талдау мысалдары қарастырылған, олардың есебі 

гетерогенді параметрлер үшін шексіз аз сандарды қолдануды қажет ететін тізбектерге ерекше назар 

аударылған. Мұндай жағдайларда бұл сандардың орналасу реті жеке ойлар негізінде анықталады және 

бұл стандартты емес тапсырма.  

Кілт сөздер: шексіз аз сан, шексіздік, гиперреал сандар, дәстүрлі емес сандар, идеалды реактивті 

элемент 

 

С. Кацыв, В. Кухарчук, В. Мадьяров, В. Кучерук, П. Кулаков, М. Грибов 

Нестандартный анализ в электротехнике. Идеальные индуктивные цепи 

постоянного тока с бесконечно малыми параметрами разного порядка 

Анализ цепей DC постоянного тока с идеальными индуктивными элементами с использованием стан-

дартных методов теоретической электротехники слишком сложен или даже невозможен, поскольку 

при их использовании часто возникает необходимость выявления неопределенностей типа 
0

0
 . В связи 

с этим в статье предлагается использовать не обычный математический анализ, а нестандартный, при 

котором частота постоянного тока берется не за ноль, а за бесконечно малое число α. В этом случае 

реактивные сопротивления индуктивных элементов будут равны αL, и становится возможным приме-

нять все стандартные методы теоретической электротехники. В статье рассматриваются примеры ана-

лиза идеальных индуктивных цепей DC постоянного тока, при этом особое внимание уделяется це-

пям, расчет которых требует использования бесконечно малых чисел для неоднородных параметров. 

В таких случаях порядок расположения этих чисел определяется исходя из индивидуальных сообра-

жений, и это нестандартная задача. 

Ключевые слова: бесконечно малое число, бесконечность, гиперреальные числа, нетрадиционное чис-

ло, идеальный реактивный элемент 
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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 

https://doi.org/10.31489/2025PH2/97-106
mailto:asem.alibekova@inbox.ru
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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. 

 

 

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. 

T a b l e  1  

Parameters of a cylindrical blade with a deflector 

Parameter Value 
Unit of 

measurement 

Deflector radius (R1) 0.05 m 

Radius of the cylinder (R2) 0.025 m 

Cylinder length (L) 0.205 m 

Deflector area (S1) 0.00785 m² 

Cylinder area (S2) 0.01025 m² 

Total cross-sectional area (s1) 0.0181 m² 

Kinematic viscosity (v) 0.0000149 m²/s 

Density (ρ) 1.21 kg/m³ 

 

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). 

 

 

 

Figure 3. Experimental layout of a cylindrical blade  

with a metal active deflector (made of aluminum) 

Figure 4. Experimental layout of a cylindrical blade  

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]. 

T a b l e  2  

Comparative characteristics of aluminum and polypropylene for an active deflector 

Characteristic Aluminum Polypropylene 

Density, kg/m
3
 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 
High rigidity,  

minimal deformation 

Low rigidity,  

prone to deformation 

Aerodynamic properties Lowdrag, highlift High drag, lowlift 

Weight at the same size 
Heavier due to higher density, 

offset by a smaller thickness 

Lighter, but requires more 

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 Х1, Х2, Х3 and ХN according to the functional dependence (1): 

  1 2 3, , NY f X X X X . (1) 

For each input parameter Xi, participating in the model, the estimate is made taking into account its val-

ue xi and the standard uncertainty хі and the standard uncertainty u(хі). The estimate of the input quantities 

(х1, х2 ... хn) is their mathematical expectation, and the standard uncertainty u(хі) is the standard deviation. 

The methods for estimating standard uncertainties depend on the available information about the value 

of Xi and can be performed according to type A or type B. The standard uncertainty of type A is calculated 

using the formula (2): 
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where, iF  — measurement of the value; n  — number of measurements; F  — the arithmetic mean, calcu-

lated as 1
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The standard uncertainty of type B is estimated based on non-statistical information using the formu-

la (3): 

  
3

B

F
U F


  , (3) 

where, F  are the limits of the permissible error of the device. 

The total standard uncertainty is determined by the following expression (4): 

 2

1

n

c i i

i

u k u


  , (4) 

where, iu  is the standard uncertainty of the i-th factor; ik  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: 
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The following expression was used to calculate the drag coefficient (6): 
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where, xF  — the drag force, [N]; yF  — lifting force, [N]; ρ — the air density, [kg/m
3
]; u — the air flow 

velocity, [m/s]; S — the area of the midsection, [m
2
]. 

To determine the Reynolds number characterizing the ratio of inertial forces to viscosity forces, the 

formula was used (7): 

 Re
U D




, (7) 

where D is the characteristic linear size of the stream lined body; ν 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. 

 

 

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

 

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). 

T a b l e  3  

Results of calculating the uncertainty of the drag of a metal layout 

V, m/s 
Arithmetic 

mean. 
Uncert. А Uncert. B 

Total 

uncertainty 

Standard 

deviation 

Confidence 

interval 

Error  

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 
 

T a b l e  4  

Results of calculating the uncertainty of the lifting force of a metal layout 

V, m/s 
Arithmetic 

mean. 
Uncert. А Uncert. B 

Total 

uncertainty 

Standard 

deviation 

Confidence 

interval 

Error  

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 
 

T a b l e  5  

Results of calculating the uncertainty of the drag of a plastic layout 

V, m/s 
Arithmetic 

mean. 
Uncert. А Uncert. B 

Total 

uncertainty 

Standard 

deviation 

Confidence 

interval 

Error  

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 
 

T a b l e  6  

Results of calculating the uncertainty of the lifting force of a plastic layout 

V, m/s 
Arithmetic 

mean. 
Uncert. А Uncert. B 

Total 

uncertainty 

Standard 

deviation 

Confidence 

interval 

Error 

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. 

 

 
а) 

 
b) 

a — coefficient of drag force; b — coefficient of lift 

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
5
, 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
5
, 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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Магнус желтурбинасының қалақшаларына белсенді дефлекторды  

пайдаланып, аэродинамикалық оңтайландыру 

Жұмыста цилиндрлік қалақшалы белсенді дефлекторымен енгізу арқылы желтурбиналарин 

оңтайландыру қарастырылған. Пластикпен (полипропилен) салыстырғанда, металл (алюминий) 

дефлекторын қолдану қалақшаның аэродинамикалық тиімділігін едәуір арттырады. Алюминий 

дефлекторы кедергі күшін 18–20 %-ға төмендетіп, көтеру күшін 2,7 есеге арттыратыны көрсетілді. 

Максималды көтеру күші 15 м/с жел жылдамдығында алюминий дефлекторымен 2,16 Н-ға жетті. 

Сонымен қатар, алюминий дефлекторымен қалақша жоғары айналу жылдамдығына жетті, яғни 

1100 айн/мин дейін, бұл дегеніміз полипропилен дефлекторы бар қалақшамен салыстырғанда 10 % 
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жоғары. Жақсартылған көрсеткіштер алюминий материалдың жоғары қаттылығы мен ауа ағынының 

әсерінен минималды деформациясына байланысты. Белсенді алюминий дефлекторын қолдану 

қосымша электр қозғалтқыштарының қажеттілігін жояды, құрылымды жеңілдетіп, пайдалану 

шығындарын төмендетеді. Алынған нәтижелер белсенді алюминий дефлекторын қолдану Магнус жел 

турбиналарының тиімділігін арттыратынын және жаңартылатын энергия технологияларын дамытуға 

ықпал ететінін көрсетеді. 

Кілт сөздер: цилиндрлік қалақша, белсенді дефлектор, жел турбиналары, өздігінен іске қосылатын 

айналу, аэродинамикалық сипаттамалар, алюминий дефлекторы, көтеру күші, маңдайлық кедергі 

күші, Магнус әсері, жел жылдамдығы, айналу жылдамдығы, жел турбинасын оңтайландыру 
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Аэродинамическая оптимизация лопастей ветровых турбин Магнуса  

с использованием активного дефлектора 

В данной работе рассматривается оптимизация ветряных турбин путем введения цилиндрической ло-

пасти с активным дефлектором. Использование металлического (алюминиевого) дефлектора, по срав-

нению с пластиковым (полипропиленовым), значительно повысило аэродинамическую эффектив-

ность лопасти. Показано, что алюминиевый дефлектор снижает силу сопротивления на 18–20 % и 

увеличивает подъемную силу в 2,7 раза. Максимальная подъемная сила достигла 2,16 Н при скорости 

ветра 15 м/с с алюминиевым дефлектором. Кроме того, лопасть с алюминиевым дефлектором достиг-

ла более высокой скорости вращения — до 1100 об/мин, что на 10 % выше по сравнению с лопастью с 

полипропиленовым дефлектором. Улучшение характеристик обусловлено высокой жесткостью и ми-

нимальной деформацией алюминиевого материала под воздействием воздушного потока. Использо-

вание активного алюминиевого дефлектора устраняет необходимость в дополнительных электродви-

гателях, упрощая конструкцию и снижая эксплуатационные расходы. Полученные результаты свиде-

тельствуют о том, что использование активного алюминиевого дефлектора повышает эффективность 

ветровых турбин Магнуса и способствует развитию технологий возобновляемой энергетики. 

Ключевые слова: цилиндрическая лопасть, активный дефлектор, ветряные турбины, самозапускаю-

щееся вращение, аэродинамические характеристики, алюминиевый дефлектор, подъемная сила, сила 

лобового сопротивления, эффект Магнуса, скорость ветра, скорость вращения, оптимизация ветряной 

турбины 
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