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Abstract. The article investigates a numerical model of wear for cutting tools. The use of the parametric model of 

the cutting tool blade, under the required values of angles γ, α, α1, φ, φ1, and λ forms the corresponding working part, 

the dependences of the wear of the blade on the flank on the size of the worn surface. This allows analyzing the effect 

of blade geometry and wear parameters on the flank on energy consumption during tool wear calculate the work of 

blade wear at any amount of tool wear. It turned out that the dependences of wear on the flank h3 on the main φ and 

the auxiliary φ1 angles in the plan are linear. With increasing angles φ, φ1, α, and α1 decreases the work Uh required to 

achieve given wear on the flank h3, and with increasing angles γ and λ, such work increases. Thus, mechatronics 

combines knowledge and mechanics of wear, electronic parametric model, empirical dependence of wear of the 

cutting tool. 

Keywords: wear, cutting tool, parametric model, blade geometry, wear work.

1 Introduction 

Modern metalworking equipment consists of 

machines, cutting tools, mechanization, and automation 

tools and devices. Machines and tools are the main 

components of the technological system of cutting, 

providing the technological process in dynamic 

interaction with all other system components. 

Modern CNC machine tools are based on integrating 

mechanical, electronic, and information devices: 

mechanisms and tools, electronic channels and sensors of 

direct and feedback, microprocessors, controllers, and 

computers. 

Thus, modern CNC machine tools are mechatronic 

systems. As you know, “mechatronics is a synergistic 

integration of mechanical engineering with electronics 

and intelligent computer control in the design and 

manufacture of industrial products and processes. 

Mechatronics combines mechanical systems (mechanical 

elements, components, and machines), electronic systems 

(microelectronics, sensor, and executive technology), and 

information technology. Thus, mechatronic systems are a 

complex integration of extremely advanced technological 

components that can perform tasks with high accuracy 

and flexibility” [1]. 

Accordingly, the mechatronics of machining materials 

is a science that integrates knowledge of the process of 

chip formation and wear of cutting tools, machine tools, 

electronics, computers, computer science, and software. It 

consists of logical and didactic building from 

fundamental concepts to modern theories. 

The quality of machining and process productivity 

largely depends on the stability of cutting tools, so the 

analytical determination of wear at given radial and rear 

wear values is crucial for developing software for CNC 

machine tools. Determining the tool’s wear on the flank 

will allow you to develop such software to apply the 

optimal parameters of the technological process with the 

available geometry and tool material of the cutting 

wedge. This will help ensure the necessary product 

quality parameters with maximum productivity and 

duration of the cutting process. 

2 Literature Review 

In the cutting process, different types of blade wear are 

possible [2-4]. Temperature wear is possible because the 

blade loses its geometric shape under the action of 

temperature exceeding the critical value for this tool 

material. The blade may crack with a sharp change in 

temperature on its surfaces or break when struck and the 

formation of stresses exceeding the strength of the tool 

material. These types of wear can be prevented by 

adjusting the power and heat loads. 



 

A2 MANUFACTURING ENGINEERING: Machines and Tools 

 

Many research works are devoted to studying blade 

wear [5-9]. However, there are no non-wearing kinematic 

pairs. When rubbing two materials of different strengths, 

both materials wear out (break down). This is since the 

friction is a cyclic loading of the contact areas and 

weakens the surface of even stronger material. Thus, the 

wear of tool material at contact with the process is 

inevitable, even at the minimum thermal and power 

loadings in a cutting zone. But, as you know, the 

formation of chips occurs under conditions of high 

temperatures and pressures. 

Figure 1, under [10, 11], shows the foci of the setting 

of the processed (top) and tool (bottom) materials. At the 

single interaction, the processed material is destroyed. 

Tool material (as stronger) is not damaged. But repeated 

this process causes fatigue on the surface of the blade. 

The tensile strength of the tool material in the cyclic field 

setting is reduced, and there is destruction at some point. 

The most significant number of such seizures is the 

maximum number of load cycles of micro-areas. 

Avalanche of micro destruction – wear. 

 

Figure 1 –  Contact of surfaces of the processed  

and tool materials 

This is adhesive fatigue wear. Fatigue wear can be 

observed without adhesion. This occurs during periodic 

(cyclic) contact of the micro protrusion of the tool 

material with the processed during their relative 

movement. 

Therefore, with proper technological and instrumental 

training, which eliminates critical forces and temperatures 

on the blade surfaces, its wear occurs because of fatigue, 

which develops under the influence of cyclic loading of 

micro protrusions on its surface by the volume of the 

processed material. 

3 Research Methodology 

3.1 Complete wear work 

The work performed can be defined as follows. Let the 

area of the surface layer of the tool material on area F 

with a thickness (or height) dx, according to Figure 1, 

under cyclic bending. Then the elementary work done in 

its destruction, J: 

 𝑑𝑈 = 𝜎𝑐 ∙ 𝑑𝑥 ∙ 𝐹 ∙ 𝑧 = 𝜎𝑐 ∙ 𝑑𝑊 ∙ 𝑧, (1) 

where σc – the compressive strength of the tool 

material (for T15K6 – 4.12 GPa); dW – destroyed the 

elementary volume because of wear; z – the maximum, 

destructive number of cycles for tool material (for VK8, 

and T15K6 – z = 105–106 [12]). 

From here, it is possible to write that the entire work of 

wear, J: 

 𝑈 = 𝜎𝑐𝑧 ∫𝑑𝑊 = 𝑊𝜎𝑐𝑧. (2) 

The shape and size of the wear surface the worn 

volume depend on the shape of the cutting wedge. Wear 

primarily develops at the top of the blade (Figure 2). 

 

Figure 2 – Wear on the flank 

The development of the wear area on the flank along 

the main cutting edge is limited by the depth of cut (point 

m). By cutting the blade material with a plane parallel to 

the cutting speed passing through the point m at different 

distances from the top, it is possible to simulate the 

development of blade wear on the flank. The wear 

criterion is often taken to be the maximum size of the 

worn surface, measured in the direction of the cutting 

speed, h3. 

By choosing the value of the blade geometry (rear 

angles α and α1, angles in plan φ and φ1, rake angle γ, 

cutting edge angle λ), using the capabilities of modern 

graphic editors, you can calculate the worn volume at 

given wear on the rear surface h3. But it is quite difficult. 

For engineering calculations, it is necessary to have a 

simple mathematical dependence, which can be created 

based on the analysis of the electronic model of blade 

wear (Figure 2). 

3.2 Dependence of blade wear parameters on its 

geometry 

In the graphic editor, we will form a blade of the 

cutting tool from preparation in the form of a 

parallelepiped. Let its initial geometry be: γ = 0°, α = 12°, 

α1 = 12°, φ = 45°, φ1 = 15°, and λ = 0°. Then we obtain an 

electronic parametric model of the blade of the cutting 

tool, which when setting the required values of angles  

(γ, α, α1, φ, φ1, and λ) forms the corresponding working 

part (Figure 3). 

 

Figure 3 – Parametric model of the blade 

 



 

Journal of Engineering Sciences, Volume 8, Issue 2 (2021), pp. A1-A5 A3 

 

Set the value of radial wear, hr, as the distance from 

the coordinate plane YZ to the created parallel to it plane 

and cut the blade on this plane. 

As a result, we get the worn volume of tool material W 

(Figure 4 a) and wear flank (Figure 4 b), the value of 

which is estimated as “wear on the back surface” h3 

(Figure 4 c) when the radial wear hr. 

Determine the amount of worn volume W. The values 

of worn volume and wear on the rear surface when 

changing the blade’s geometry are entered in the 

appropriate tables and built the appropriate graphs in 

Microsoft Excel. 

 

Figure 4 – Wear volume and wear on the tool flank 

Construct the power dependences of the worn volume 

W on the main angle in plan φ at different values of radial 

wear hr and find the arithmetic mean of all the established 

exponents: 

𝑥𝜑 =
−0.507 − 0.527 − 0.479 − 0.512 − 0.51

5
= −0.508. 

Construct the power dependences of the worn volume 

W on the auxiliary angle in plan φ1 at different values of 

radial wear hr allow to determine the arithmetic mean of 

all the established exponents: 

𝑥𝜑1 =
−0.969 − 0.961 − 0.922 − 0.947 − 0.949

5
= −0.950. 

The power dependences of the worn volume W on the 

main rear angle α at different values of radial wear hr 

have an exponent: 

𝑥𝛼 = −0.269. 

The power dependences of the worn volume W on the 

auxiliary rear angle α1 at different values of radial wear hr 

have an exponent: 

𝑥𝛼1 = −0.730. 

We construct the power dependences of the worn 

volume W on the anterior angle γ at different values of 

radial wear hr. Because the anterior angle can be 

negative, the exponential trend line and the corresponding 

equation cannot be constructed. Therefore, we set the 

value (45 + γ) along the horizontal axis. As a result, we 

obtain the dependence 

 𝑊 = 𝐶𝛾 ∙ (45 + 𝛾)𝑥𝛾 , (3) 

the exponent of which: 

𝑥𝛾 = −0.103. 

We construct the power dependences of the worn 

volume W on the angle of the main cutting edge λ at 

different values of radial wear hr. Since the angle λ can be 

negative, the trend line of the power dependence and the 

corresponding equation cannot be constructed. Therefore, 

we set the value as (45 + λ) along the horizontal axis. As 

a result, we obtain the dependence 

 𝑊 = 𝐶𝜆 ∙ (45 + 𝜆)𝑥𝜆 , (4) 

the exponent of which: 

𝑥𝜆 = −0.102. 

The influence of radial wear hr on the value of the 

volume wear W at the initial values of the geometry of the 

blade in the power dependence has an exponent: 

𝑥ℎ𝑟 = 2.999. 

The exponent of the degree dependence of the volume 

wear W on the wear on the rear surface hз has the same 

value. 

4 Results 

4.1 Determination of the volume wear depending 

on the radial wear and wear on the flank 

Determined exponents allow you to write an 

expression for calculating the volume wear at different 

values of the geometric parameters and of the flank wear 

and radial wear: 

 
𝑊𝑟 = 𝐶𝑟𝜑

𝑥𝜑(𝜑1)
𝑥
𝜑1𝛼𝑥𝛼(𝛼1)𝑥𝛼1 ×

× (𝛾 + 45)𝑥𝛾(𝜆 + 45)𝑥𝜆ℎ𝑟
𝑥ℎ𝑟 .

 (5) 

In this case, considering expressions (3) and (4):  

𝑥𝜑 = −0.508, 𝑥𝜑1 = −0.950, 𝑥𝛼 = −0.269,  

𝑥𝛼1 = −0.730, 𝑥𝛾 = −0.103, 𝑥𝜆 = 0.102, 𝑥ℎ𝑟 = 2.999. 

The value of C is determined by the value of the 

volume wear W at the original geometry of the blade  

(γ = 0°, α = 12°, α1 = 12°, φ = 45°, φ1 = 15°, λ = 0°), and 

radial wear hr = 0,25 mm. Under such conditions  

W = 0.520 mm3. Then: 

 
𝐶𝑟 = 𝑊𝑟/[𝜑

𝑥𝜑(𝜑1)
𝑥
𝜑1𝛼𝑥𝛼(𝛼1)𝑥𝛼1 ×

× (𝛾 + 45)𝑥𝛾(𝜆 + 45)𝑥𝜆ℎ𝑟
𝑥ℎ𝑟].

 (6) 

After substituting the values of all parameters in 

formula (6), it can be obtained: 

𝐶𝑟 = 3622. 

Finally, mm3: 

 
𝑊𝑟 = 3622𝜑−0.508(𝜑1)−0.950𝛼−0.269(𝛼1)−0.730 ×

× (𝛾 + 45)−0.103(𝜆 + 45)0.102ℎ𝑟
2.999.

 (7) 

The determined exponent allows also to write the 

expression for calculation of the volume wear-out at 

various values of geometrical parameters of a blade and 

wear on a flank h3: 

 
𝑊ℎ = 𝐶ℎ𝜑

𝑥𝜑(𝜑1)
𝑥
𝜑1𝛼𝑥𝛼(𝛼1)𝑥𝛼1 ×

× (𝛾 + 45)𝑥𝛾(𝜆 + 45)𝑥𝜆ℎ3
𝑥ℎ3 .

 (8) 
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As before 𝑥𝜑 = −0.508, 𝑥𝜑1 = −0.950,  

𝑥𝛼 = −0.269, 𝑥𝛼1 = −0.730, 𝑥𝛾 = −0.103, and  

𝑥𝜆 = 0.102. 

The value of Сh is also determined at radial wear of 

0.25 mm at the original geometry of the blade γ = 0°,  

α = 12°, α1 = 12°, φ = 45°, φ1 = 15°, λ = 0°. The wear on 

the flank h3 = 1.05 mm, and the volume wear  

W = 0.520 mm3. Then: 

 
𝐶ℎ = 𝑊ℎ/[𝜑

𝑥𝜑(𝜑1)
𝑥
𝜑1𝛼𝑥𝛼(𝛼1)𝑥𝛼1 ×

× (𝛾 + 45)𝑥𝛾(𝜆 + 45)𝑥𝜆ℎ𝑟
𝑥ℎ3].

 (9) 

After substituting the values of all parameters in 

formula (9), it can be obtained: 

𝐶ℎ = 48.97. 

Finally, mm3: 

 
𝑊ℎ = 48.97𝜑−0.508(𝜑1)−0.950𝛼−0.269(𝛼1)−0.730 ×

× (𝛾 + 45)−0.103(𝜆 + 45)0.102ℎ𝑟
2.994.

(10) 

4.2 Empirical dependences to determine the work 

of blade wear 

The formula for calculating the wear of the blade on 

the flank at different values of radial wear hr is obtained 

by substituting the expression (5) to (2): 

𝑈𝑟 = 𝑊𝑟𝜎𝑐𝑧 = 3622𝜑−0.508(𝜑1)−0.950𝛼−0.269 ×

× (𝛼1)−0.730(𝛾 + 45)−0.103(𝜆 + 45)0.102ℎ𝑟
2.999𝜎𝑐𝑧.

 (11) 

Using for substitution expression (10) to (2), we obtain 

the formula for calculating the wear of the blade at 

different values of wear on the flank h3: 

𝑈ℎ = 𝑊ℎ𝜎𝑐𝑧 = 48.97𝜑−0.508(𝜑1)−0.950𝛼−0.269 ×

× (𝛼1)−0.730(𝛾 + 45)−0.103(𝜆 + 45)0.102ℎ3
2.994𝜎𝑐𝑧.

 (12) 

Figure 5 shows the effect of blade geometry on the 

amount of wear at h3 = 0.4 mm. The calculations were 

performed according to formula (12). In Figure 5 a,  

φ = 30°–90°, φ1 = 10°–30°. In Figure 5 b, α = 5°–25°,  

α1 = 5°–25°. In Figure 5 с, γ = –15°–15°, λ = –20°–20°. 

As an example, the wear of the hard alloy T15K6 in 

which σс = 4.12 GPa and z = 106 is considered. 

 
a               b     c 

Figure 5 – Influence of blade geometry on wear work 

5 Conclusions 

Studies of the influence of the blade’s geometry and 

the wear parameters on the flank on the work performed 

show. 

Formulas (11) and (12) allow you to calculate the 

value of the wear work of the blades with different 

geometries for any amount of wear of the tool material. 

The dependence of wear on the flank h3 on the value 

of the main angle in plan φ and the auxiliary angle in plan 

φ1 is linear. 

The dependences of the volume wear and the wear on 

the flank on the values of the main and auxiliary rear 

corners have the same exponents. 

The exponent of the degree of dependence of the value 

of the volume wear W on the radial wear hr coincides 

with the exponent of the degree of dependence of the 

value of the volume wear W on the wear on the flank h3. 

With increasing angles φ, φ1, α, and α1 decreases the 

work Uh required to achieve given wear on the flank h3, 

and with increasing angles γ and λ, such work increases. 

References 

1. Singh, S. B., Ranjan, P., Vakhrushev, A. V., Haghi, A. K. (2021). Mechatronic Systems Design and Solid Materials. Methods and 

Practices, CRC Press, doi: 10.1201/9781003045748. 

2. Astakhov, V. P., Shvets, S. V. (2020). Technical resource of the cutting wedge is the foundation of the machining regime 

determination. International Journal of Manufacturing, Materials, and Mechanical Engineering, Vol. 10(2), pp. 1-17, doi: 10.4018/ 

IJMMME.2020040101. 

3. Loladze, T. N. (1967). Requirements of tool material – Advances in machine tool design and research. Proceedings of the 8th 

International M.T.D.R. Conference University of Manchester, Part 2, pp. 821-843. 



 

Journal of Engineering Sciences, Volume 8, Issue 2 (2021), pp. A1-A5 A5 

 

4. Braithwaite, E. R. (1964). Solid Lubricants and Surfaces. Pergamon Press, Oxford – London – New York – Paris, 285 pp. 

5. Freeman-Gibb, E., Johrendt, J., Tutunea-Fatan, O. R. (2018). The effect of backing profile on cutting blade wear during high-

volume production of carbon fiber-reinforced composites. SAE International Journal of Materials and Manufacturing, Vol. 11(4), 

pp. 491-498, doi: 10.4271/2018-01-0158. 

6. Miwa, T., Inasaki, I., Yukawa, I. (1999). Blade wear and wafer chipping in dicing processes. Transactions of the Japan Society of 

Mechanical Engineers, Part C, Vol. 65(630), pp. 801-806, doi: 10.1299/kikaic.65.801. 

7. Yang, C.-L., Sheu, S.-H., Yu, K.-T. (2009). The reliability analysis of a thin-edge blade wear in the glass fiber cutting process. 

Journal of Materials Processing Technology, Vol. 209(4), pp. 1789-1795, doi: 10.1016/j.jmatprotec.2008.04.028. 

8. Freeman-Gibb, E., Johrendt, J., Tutunea-Fatan, O. R. (2018). The effect of backing profile on cutting blade wear during high 

volume production of carbon fiber-reinforced composites. SAE Technical Papers, doi: 10.4271/2018-01-0158. 

9. Xue, W., Gao, S., Duan, D., Zhang, J., Liu, Y., Li, S. (2017). Ti6Al4V blade wear behavior during high-speed rubbing with NiAl-

hBN abradable seal coating. Journal of Thermal Spray Technology, Vol. 26(3), pp. 539-553, doi: 10.1007/s11666-016-0511-8. 

10. Kragelsky, I. V., Dobychin, M. N., Kombalov, V. S. (1977). Fundamentals of Calculations for Friction and Wear. 

Mashinostroenie, Moscow, 526 pp. 

11. De Laurentis, N., Kadiric, A., Lugt, P., Cann, P. (2016). The influence of bearing grease composition on friction in rolling/sliding 

concentrated contacts. Tribology International, Vol. 94, pp. 624-632, doi: 10.1016/j.triboint.2015.10.012. 

12. Ostafiev, V. A. (1979). Calculation of the Dynamic Strength of the Cutting Tool. Mashinostroenie, Moscow, 169 pp. 



 

A6  

 

JOURNAL OF ENGINEERING SCIENCES 

Volume 8, Issue 2 (2021) 

 

 

 
 

 



 

Journal of Engineering Sciences, Volume 8, Issue 2 (2021), pp. B1-B6 B1 

 

JOURNAL OF ENGINEERING SCIENCES 

Volume 8, Issue 2 (2021) 

 

Panchuk V., Onysko O., Kotwica K., Barz C., Borushchak L. (2021). Prediction of the accuracy 

of the tapered thread profile. Journal of Engineering Sciences, Vol. 8(2), pp. B1-B6, doi: 

10.21272/jes.2021.8(2).b1  

Prediction of the Accuracy of the Tapered Thread Profile 

Panchuk V.1[0000-0002-2246-280X], Onysko O.1*[0000-0002-6543-9554], Kotwica K.2[0000-0001-7696-5763],  

Barz C.3[0000-0001-8028-2981], Borushchak L.1[0000-0002-4090-0279] 

1 Ivano-Frankivsk National Technical University of Oil and Gas, 15, Karpatska St., 76000, Ivano-Frankivsk, Ukraine;  
2 AGH University of Science and Technology, 30, Adama Mickiewicza Ave., 30-059, Krakow, Poland;  

3 Technical University of Cluj-Napoca, North University Center of Baia Mare,  

62A., Victor Babes St., 430083 Baia Mare, Romania 

Article info: 

Submitted: 

Accepted for publication: 

Available online: 

 

July 29, 2021 

November 4, 2021 

November 9, 2021 

*Corresponding email: 

onysko.oleg@gmail.com 

Abstract. The efficiency of drill string largely depends on the pipe-end connector’s accuracy named tapered 

thread tool joint. Most of those are made by using lathes. Turning tools were made with a profile identical to the 

thread profile, and all well-known world brands’ plants make the back rake angle of such a cutter with zero value. 

This is obviously due to the lack of a precise algorithm for calculating the cutter profile and ensuring the accuracy of 

the tapered thread profile. A virtual experiment was carried out of three-dimensional modeling of the process for 

shape creation. It showed that in the case of lathe machining of the thread of NC23 type, the deviation from the 

nominal half profile of the obtained thread is only 0.02°. This result prompted the decision to propose a new 

algorithm for predictive calculation of the half-angle of the cut profile based on the parameter associated with actual 

turning – the working height of the profile – h in contrast to previous scientific sources where this calculation was 

based on the parameter H – not truncated thread Height which is associated with the theoretical base of the accuracy 

of the thread. The result of the program application, created based on the algorithm proposed in the article, showed 

that the predicted accuracy of the obtained profile’s half-angle could be in a range from –0.03° to +0.10°, which is 

equivalent to 4–13 % of tolerance of this dimension. 

Keywords: flank, not truncated thread Height, back rake angle, half profile angle, angle of inclination.

1 Introduction 

Tapered threads are very widely used to connect drill 

pipes. These threads are made using lathe cutters, the 

profile of which is equivalent to the profile of the thread 

itself. However, companies that manufacture these tools 

adhere to only one value of the leading angle – zero. This 

is because the theoretical basis has not yet become 

known, and there is no appropriate algorithm for 

calculating the profile of the tool’s cutting edge with a 

non-zero value of the leading angle. 

There are a number of publications that, to some 

extent, represent the study of high-strength and high-

precision tool-joint tapered threads. In paper [1], the 

connection test was carried out on the threaded joint. 

According to the test data and the simulation results, the 

final joint thread structure was optimized, which is 

fundamental in designing a tool joint. But only the stress 

distribution in the joint thread was indirectly studied. 

However, the accuracy of the thread was not investigated. 

 

 

This model is a proper benchmark for assessing the 

quality of a joint thread seal is presented in [2]. But only 

the analysis software ANSYS Workbench is applied to 

stimulate the distribution of contact stress and sealing 

properties. The accuracy of the manufactured thread was 

not researched in it. 

In the study [3], the implemented data acquisition 

system allowed us to know, in real-time, the intensity of 

the cutting force in conventional lathes. But these 

researchers did not deal with the machining of thread  

The cutting tool profile depends on the operating 

parameters and the required geometry, using a numerical 

model based on an analytical model based on a tangential 

motion condition [4]. But this research is about whirling 

but not threading machining. 
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2 Literature Review 

An impact of the edge and the rake angle of the lathe 

tool on the strength field was studied experimentally in 

the paper [5]. In research [6] using the cutting force 

prediction and using a validated mechanistic force model, 

the energy consumption in turning can be estimated. The 

accuracy of manufactured thread is not researched in 

[5,6]. 

The study [7] focuses on the threading of non-

symmetric profiles. But that method of machining is 

milling only. The only stress concentration factors in the 

pin and box are calculated in [7]. 

In the study [8], the NC35 tool joint with the double 

shoulder is considered the research object and studied by 

finite element method (FEM) using nonlinear thermo-

mechanical coupled-mode but not using the accuracy 

parameters of thread. In [9], the generalized mechanics 

model of multi-point thread turning operations is 

presented. The model can be used for both turning 

planning but not for accurate prediction. 

The paper [10] deals with the comparison of measured 

and calculated results of cutting force components. The 

paper [11] studies the dependence of the dynamic 

oscillatory movements in the area of drill string sticking 

on the parameters of the vibrating mechanism only. 

In [12], the authors developed a laser triangulation 

device to measure deformations but not the accuracy of 

thread joint details. The article [13] deals with studying 

the vector components of the kinematics of the surface 

forming of the tapered thread by turning machining and 

does not study the influence of tool profile on thread 

accuracy. 

The effect of the accuracy of the profile pin threads for 

equivalent stresses, fatigue safety indicators, and contact 

pressure in drill pipe joints are studied in paper [14]. 
So the purpose of this research is: learn the counter 

algorithm of the influence of the geometric parameters of 

the tool on the profile deviations of the tapered thread 

made by the lathe. 

3 Research Methodology 

3.1 Calculation of the profile angle based on the 

theoretical parameter H 

The algorithm for calculating the profile of the tool-

joint tapered thread based on the developed theoretical 

basis is presented in [15]. Theoretically, it is based on the 

parameter H – not truncated thread Height (Figure 1). 

According to this scheme, the angles are calculated by 

formulas [15]: 

 𝛼𝐴𝐷 = 𝑎𝑟𝑐𝑡𝑔 (
|𝑍𝑎−𝑍𝑑|

|𝑋𝑎−𝑋𝑑|
); (1) 

 𝛼𝐴𝐵 = 𝑎𝑟𝑐𝑡𝑔 (
|𝑍𝑎−𝑍𝑏|

|𝑋𝑎−𝑋𝑏|
); (2) 

 𝑍(𝑥) = 𝑡𝑔 (𝛼1)𝑥
𝑠𝑖𝑛𝜏

𝑠𝑖𝑛𝛾
−

𝑃𝜏

2𝜋
; (3) 

 𝜏 = 𝛾 − arcsin (
𝑑𝑚𝑖𝑛𝑜𝑟

2𝑥
𝑠𝑖𝑛 𝛾), (4) 

where α1 –the angle of the profile of the cutting edge 

of the cutter, for a conventional cutter α1 = 30°; P – the 

thread pitch, dminor – the inner diameter of the thread 

(Figure 2). 

 

Figure 1 –Scheme used for calculating the half angles of the 

profile of a tool-joint tapered thread based on the parameter H 

 

Figure 2 – The scheme of the half angles of the thread profile 

based on the parameter h 

However, the parameter H is theoretical, and the 

parameters h and h1 are effective in the real tool-joint 

tapered thread. The parameter h1 is the one that is realized 

with the help of a cutting tool, and the parameter h – the 

working height of the thread is actually decisive for the 

straight section of such an implementation. In Figure 2, 

the profile of the cutter is shown by a bold line, and the 

obtained straight sections of the profile are marked 

between the points J and Q and between the points E and 

F. Half profile angle – α/2 is the angle between the 

straight side section and the axis of symmetry of the 

threaded turn. The radius of the obtained radial part is r. 

However, the algorithm represented by equations (1) and 

(2), based on the scheme in Figure 1, determines the half 

profile angles of the sides of the original triangle ADB 

using the coordinates of the points: Xa, Xd, Xb and 

calculated by formulas (3), (4) and is corresponding to 

their coordinates Za, Zb, Zd. 
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3.2 Calculation of the profile angle based on the 

actual parameter h 

According to the API 7 standard, one of the parameters 

of a tool-joint tapered thread is the value of b – root 

truncation (Figure 3). Using this parameter, you can 

represent the following relationship: 

 𝐻 = 𝑏 + ℎ + 𝑏. (5) 

 

 

Figure 3 – Scheme used for calculating the half angles of the 

profile of a tool-joint tapered thread based on the parameter h 

Thus, by analogy with equations (1)–(2), we can 

present the calculation of the half profile angles of the 

tool-joint tapered thread in its shaping by a real cutter 

based on Figures 2–3: 

 𝛼𝐴1𝐷1
= 𝑎𝑟𝑐𝑡𝑔 (

|𝑍𝑎1−𝑍𝑑1|

|𝑋𝑎1−𝑋𝑑1|
); (6) 

 𝛼𝐸𝐹 = 𝑎𝑟𝑐𝑡𝑔 (
|𝑍𝐹−𝑍𝐸|

|𝑋𝐹−𝑋𝐸|
), (7) 

where the coordinates Xa1, Xd1, XF, XE can be 

determined by the formulas: 

 𝑋𝑎1
= 𝑋𝑎 − 𝑏; (8) 

 𝑋𝑑1
= 𝑋𝑑 + 𝑏; (9) 

 𝑋𝐹 = 𝑋𝑏 + 𝑏; (10) 

 𝑋𝐸 = 𝑋𝑑 − 𝑏. (11) 

The coordinates Za1, Zd1, ZF, and ZE can be determined 

by formulas (3) and (4). 

Figure 4 of [15] can serve as an illustration of the 

difference between the algorithm based on equations (1)–

(2) and the algorithm based on formulas (6)–(7). It shows 

a red straight line according to the API 7 standard, and a 

blue curve shows the profile predicted by turning the 

profile. The Z coordinate of the last point of the blue 

profile is visibly different from the Z1 coordinate of the 

red profile. However, the values of the z-coordinates 

corresponding to the points with X coordinates between 

34.0 mm and 35.75 mm are not so obvious. 

Given that the value of b = 1.43 mm, the initial value 

of X = 32.6, and the final X = 37.1, we can determine the 

following: the real range of coordinates X according to 

formulas (8)–(11) between 32.60 + 1.43 = 34.03 (mm) 

and 37.10–1.43 = 35.58 (mm). 

 

Figure 4 – Diagrams of rectilinear sections of profiles given  

by the standard thread (red line) and made by a cutter  

with a non-zero value of the back rake angle 

4 Results 

4.1 Predicting of the accuracy of the profile 

obtained by the simulated turning of the thread 

of size NC23 

In order to verify the algorithm declared above, a 

model of forming a tapered thread of size of NC23 by 

lathe is submit on Figure 5. 

 

Figure 5 – Model of shaping of tool-joint tapered thread  

of NC23: 2 – plane, normal to the tangent to the first turn  

of the thread (λ = 2.61°); 3 – plane of the rake surface  

of the tool with negative back rake angle γ = –5° 

The geometric parameters of the tool are selected: the 

back rake angle γ = –5°, and the angle of inclination 

λ = 2.61°, which corresponds to the slope of the first turn 

of the thread. 

The axial section of the shape-created model of the 

specified size shows the high accuracy of a thread profile 

in the axial plane – 60.02° (Figure 6). 

The API 7 standard provides for the accuracy of the 

half-angle of the profile of the notch α/2 = 30° ± 0.40'. 

Thus, the high accuracy of the cut profile of the thread 

provided on the 3D model proves the need of the creation 

on the basis of equations (3)–(11) of a special automatic 

algorithm for calculating the profile of the thread and the 

implementation of its analysis of its predicted accuracy. 
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Figure 6 –Prediction of the axial profile  
on the threaded model NC23  

4.2 Software prediction of the accuracy of the 

profile of the tapered thread NC23 made by 

lathe 

Software implementation of the algorithm for 

calculating equations (3) and (4) provides for the input 

parameters: the size of the thread, the back rake angle of 

the cutter, the angle of inclination of the thread, the step 

of calculating the X coordinate, as well as selecting the 

desired distance from the pin end to this turn, long or the 

small side (A1D1) of the EF. 

Figure 7 shows a fragment of the program where the 

back rake angle is –5°, the inclination angle for the turn at 

a distance of 60.125 mm – 1.8 ° (Corresponds to the latter 

in the direction from the end of the turn). The calculating 

step is 0.1 mm. 

Figures 8–10 show fragments of the forecast 

calculation starting from point D (X = 27.16, Z = 0), and 

ending with point A (X = 32.66, Z = 3.18). 

The coordinate Z1 in the program refers to the profile 

of the cutter in case of need for its modernization, the 

coordinate. Coordinate Z2 is the predicted axial profile 

according to formulas (3)–(4), obtained by a tool with the 

specified geometric parameters (γ = –5°, λ = 1.8°), and 

the profile of the cutting edge, which is identical to the 

nominal profile of the standard thread (α/2 = 30°). 

Given that the standard API 7, b = 1.43 mm (root 

truncation) and using formula (9), we obtain 

xd1 = 28.59 mm, which is closest to the value of 

28.56 mm in the program fragment in Figure 9, which 

means the corresponding value of the coordinate 

Z2 = 0.815 mm. 

 

Figure 7 – Visual application for predictive calculation of the 

profile of the thread NC23 

 

Figure 8 – Projected thread profile NC23  

short side AD last turn (part 1) 

Given that the API 7 standard, b = 1.43 mm  

(root truncation) and using formula (8), we obtain 

xa1 = 31.23 mm, which is closest to the value of 

31.26 mm in the program fragment in Figure 10. 

Therefore, the corresponding value of the coordinate 

Z2 = 2.38 mm. 
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Figure 9 – Projected thread profile NC23  

short side AD last turn (part 2) 

 

Figure10 – Projected thread profile NC23  

short side AD last turn (part 3) 

The obtained results are entered in Table 1 (right 

column) and on their basis and using formulas (1) and (6) 

the forecast calculations αAD = 30.19°, and αA1D1 = 30.10° 

are obtained (highlighted in bold in the right column of 

Table 1). 

Table 1 – Data for counting profile angle of short flank AD 

Parameters 
The 1st turn  

(λ = 2.61°) 

The last turn,  

(λ = 1.8°) 

Xa 22.16 mm 27.16 mm 

Za 0.00 mm 0.00 mm 

Xd 27.66 mm 32.66 mm 

Zd 3.20 mm 3.20 mm 

αAD 30.19° 30.19° 

Xa1 23.59 mm 28.59 mm 

Xa1 table 23.56 mm 28.56 mm 

Za1 0.815 mm 0.815 mm 

Xd1 26.23 mm 31.23 mm 

Xd1 table 26.26 mm 31.26 mm 

Zd1 3.18 mm 2.38 mm 

αA1D1 30.09° 30.10° 
 

Similar calculations were performed for the first thread 

turn of the pin, for which λ = 2.61°. The prediction of the 

half profile angle with respect to the long side was 

performed according to formulas (2) and (7) and using 

formulas (10) and (11), and these results are presented in 

Table 2. 

Table 2 –Data for counting profile angle of long flank AB 

Parameters First turn( λ=2.61°) Last turn (λ==1,8°) 

Xa 22.16 mm 27.16 mm 

Za 0.00 mm 0.00 mm 

Xb 27.96 mm 32.96 mm 

Zb 3.34 mm 3.34 mm 

αAB 29.94° 29.94° 

XE 23.59 mm 28.59 mm 

XE table 23.56 mm 28.56 mm 

ZE 0.805 mm 0.807 mm 

XF 26.53 mm 31.53 mm 

XF table 26.56 mm 31.56 mm 

ZF 2.53 mm 2.54 mm 

αEF 29.90° 29.97° 
 

The data in Tables 1–2, which are highlighted in bold, 

indicate the values of the half profile angles αAD and αAB, 

which are programmatically predicted based on the 

theoretical parameter H by formulas (1) and (2) (at the 

top) and αA1D1 and αEF by equations (6) and (7) based on 

the actual parameter h in the lower part. Three of the four 

values of the half-angle based on the actual parameter h 

are ones with a minor deviation from the nominal value 

of 30° than the value of the half-angle according to the 

theoretical parameter H 

5 Conclusions 

The presented forecast calculations give good reasons 

to consider the equation based on the actual parameter h 

(working height of the thread). Therefore, the predicted 

accuracy of lathe machining the thread by the parameter 

of the half-angle of the profile can reach the initial value 

in a range from –0.03° to +0.10°. This range is equivalent 

to 4–13 % of the tolerance on the half-angle α – 45'. 

The three-dimensional model reveals a more accurate 

execution of the thread profile (0.02°), but the software 

implementation allows visual-graphical profiling and 

analytical with any step of calculation accuracy. 
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Abstract. Dynamic economic development and the fast implementation pace of innovative, economical solutions 

force companies to continue finding methods of increasing the efficiency of their operations. One of the ways to 

increase the effectiveness of activities is to use a project approach that allows achieving all the set goals efficiently. 

The project approach is gaining popularity due to its high efficiency. Also, it is treated as a separate trend called as 

“projectification” and “project orientation”. The article defines what a project and project management methodology 

are. The specificity of railway transport projects concerning rolling stock was characterized. The elements of 

traditional and agile project management methodologies were described, indicating their differences. Project areas 

were selected in which the implementation of the elements of agile project management methodologies is the easiest 

and fastest to carry out. 

Keywords: traditional project management, agile project management, methodology, methodology elements.

1 Introduction 

Technological development, increasing consumer 

awareness, and the fast pace of changes in the modern 

world force enterprises to design, construct and develop 

products, services, and new technologies in the shortest 

possible time frame, while also reducing costs [9]. The 

competitive advantage of enterprises is often related to 

innovative projects, which is closely related to the use of 

project management methodology. The increasing 

complexity of innovative projects forces companies to 

search for more effective implementation methods. At a 

particular stage of project complexity, traditional project 

management methodologies become simply insufficient. 

Combining traditional and agile project management 

methodologies and implementing a transport project for 

rolling stock based on the resulting hybrid methodology, 

adapted to the specificity of a given company and 

industry, can increase the efficiency of project 

implementation. The hybrid methodology combines 

elements of traditional and agile methodologies, 

previously regarded as contradictory to each other. 

Implementing a project based on the hybrid methodology 

gradually eliminates the antinomies between the two 

methodologies and ensures a synergistic effect. 

Combining elements of two seemingly contradictory 

methodologies can be performed successfully during the 

implementation of projects in other industries. 

2 Literature Review 

The concept of a project is commonly used in many 

fields, e.g., in education, economy, health care, and 

public administration. A project is virtually any 

undertaking with a start and end date involving specific 

resources (human, financial, material) that end with a 

specific result. The specificity of project undertakings 

results primarily from their complexity, periodicity, and 

innovation. Many project definitions indicate conditions 

that must be met for a given undertaking to be called a 

project. 

According to the definition developed by the IPMA 

(International Project Management Association), a 

project is defined as a unique set of coordinated activities, 

limited in time and costs, aimed at obtaining a set of 

predefined products (a scope that meets the project 

objectives), while maintaining quality standards and 

requirements [1]. According to the traditional PRINCE2 

methodology (“PRojects IN Controlled Environments 2”) 

[5], a project is a temporary organization established for a 

period, which is created to deliver one or more business 

products according to an established business case. 

Projects are unique undertakings with a high level of 

complexity, with a defined implementation period (with 

the beginning and end marked), requiring the 

involvement of significant, but limited resources 
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(material, human, financial, information). Projects are 

carried out by a team of highly qualified contractors from 

various fields (interdisciplinary) that is relatively 

independent of the company’s regular repetitive activities 

[4]. They are associated with a high level of technical, 

organizational, and economic risk, which forces their 

implementation to be performed using specialized 

methods and tools. Most often, a project is carried out by 

people from various departments of any given 

organization. This allows for the collection and use of the 

most valuable skills, which, combined with appropriate 

coordination, allows achieving results that could not be 

achieved if the project was entrusted to one department of 

the organization [10]. Trocki [8] similarly defines a 

project. 

The multitude of definitions and, at the same time, 

some standard features among them allow summarizing 

that a project as an undertaking whose genesis is an idea 

that responds to the existing demand. A concrete idea, 

translated into an action plan, placed in time and with a 

specific goal, becomes a project. It is a separate 

undertaking, not related to the routine activities of the 

company or institution. It is characterized by temporality, 

high demand, uniqueness, an appropriate degree of 

complexity, and novelty. The project uses business 

opportunities and translates them into real benefits for the 

company, increasing competitiveness and the company’s 

profitability. Project implementation requires the 

involvement and separate management of 

interdisciplinary human resources and financial and 

material resources. An undertaking characterized by the 

features mentioned above can thus be described as a 

project. 

Project Management Institute defines project 

management as applying knowledge, skills, tools, and 

techniques used for project activities to meet the project 

requirements [6]. This is achieved by applying and 

integrating project management processes such as 

initiation, planning, execution, monitoring and control, 

and project closure. 

Project management is a system of achieving goals and 

tasks and is treated as a subset of activities related to 

strategic planning [3]. It provides outcomes and results 

that can be transformed into business value and financial 

gains. It is currently perceived as a system for achieving 

strategic business goals. The use of appropriate project 

management methods by enterprises is a tool for 

developing their own business and building up a 

competitive advantage over their competition. The 

increase in the project’s complexity and the emphasis on 

shortening the project’s duration and reducing costs force 

the project’s implementation to be performed using 

already proven tools. Project management methods are 

commonly used in cases where there is a need to 

implement a complex, atypical, comprehensive project 

with an inherent risk of failure. 

Project management should be executed in line with 

the general management principles of a given enterprise. 

Integrating project management with other management 

processes in the enterprise is the key to the effective 

implementation of projects. According to H. Kerzner [2], 

as shown in Figure 1, project management should be 

integrated with the following management processes of 

the company: with the management of engineering works 

(understood as the core business of the company), along 

with the management of quality, risk, and change. Such 

management reduces operating costs, reduces the need 

for resources, minimizes the documentation necessary to 

develop, and eliminates duplication of efforts. 

 

Figure 1 – Integration of management processes  

of an enterprise [2] 

There is no one universal method of project 

management suitable for all types of projects. There are 

general methods that can be used in the implementation 

of projects in different branches of the economy, as well 

as sectoral methods adapted to specific departments, e.g., 

IT, government administration, or construction. The use 

of a given method depends on the specificity of a given 

project. One of the most effective ways to implement 

projects is to combine selected elements from various 

project management methods and adapt them to a specific 

project and the company’s specifics, thus creating a 

hybrid method explicitly made for the implementation of 

a given project. When selecting activities and tools for 

project implementation and then adapting them to the 

needs of a specific project, the nature of the enterprise, its 

organizational culture, work culture, and general 

principles of the company’s operation should be 

considered. 

3 Research Methodology 

Transport and railway rolling stock projects are 

interdisciplinary, complex projects requiring a large 

project team, often consisting of several dozen people. 

Due to their complexity, the implementation of these 

projects takes on an average of 5–7 years. Rolling stock 

projects belong to the group of capital-intensive projects 

with an average budget of several million EUR. The need 

to engage human and financial resources to such a large 

extent and over such a long time significantly increases 

the project risk. Efficient and effective implementation of 

this project type requires using project management 

methodologies during the implementation process. 

Rolling stock projects, the effect of which is 

implementing a new production solution developed as a 

part of the project, are most often carried out in a 
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consortium consisting of two or three 

companies/scientific institutions. This requires a 

coordination, a collaboration between consortium 

members and different project teams. As part of the 

project roles, a Project Manager is designated, whose task 

is to coordinate the work and ensure day-to-day 

cooperation of all members of the consortium, and the 

Research and Development Manager, who is responsible 

for the substantive scope of the project work. Separation 

of these two management areas is necessary to ensure 

efficient project implementation and substantive work 

progress. The Project Management Office (PMO) plays 

an essential role in implementing projects in each 

institution implementing the project. The PMO is 

responsible for all administrative, financial, and legal 

matters related to the project implementation. 

4 Results 

Criticism of traditional, planar project management 

methodologies has led to the emergence and development 

of new trends in project management, which are agile 

methodologies as part of Agile Project Management 

(APM) [7]. The initial source of these methodologies was 

IT projects, characterized by uncontrollable changes in 

scope, which resulted in a low percentage of projects 

being successfully completed using traditional project 

management methodologies. Agile methodologies are 

intended to eliminate unnecessary administrative 

activities. They are most effective in areas characterized 

by high uncertainty and the inability to precisely plan out 

the entire project. They require a high level of interaction 

by the project team. The most famous schools of agile 

thinking include Scrum, XP (“eXtreme Programming”), 

Lean, and Kanban [7]. Agile methodologies do not treat 

design as a linear process with easily predicted steps. 

They are based on the specific competencies of the 

project team and the incremental creation of value for the 

client. The project’s effect is not delivered once at the end 

but gradually over time, as the functionality of the project 

results increases. In the Agile approach, the design is 

unpredictable and non-linear. Implementation of projects 

based on agile methodologies is not based on a precise 

plan. Usually, the initial stages of a project are scheduled. 

The agile approach focuses on interpersonal interactions 

and dynamic planning. 

A comparison of selected elements of traditional and 

agile methodologies is presented in Table 1. 

Table 1 – Comparison of traditional and agile project 

management methodologies 

Project elements 
Traditional 

methodologies 

Agile 

methodologies 

Project management 

cycle 

– deterministic, 

linear, based on 

defined stages; 

– defined key 

processes; 

– the basis of the 

project 

management is a 

detailed schedule 

– iterative, 

empirical, based 

on providing 

elements of 

functionality, 

– adaptability, 

adapting to 

changing 

conditions, 

– short schedules 

for the 

implementation 

of the next stages 

Focus – process and 

division of tasks; 

– control 

procedures; 

– tools and 

techniques 

supporting the 

project 

implementation 

– stakeholders; 

– providing 

functionality 

Project goals – precisely 

defined and in 

detail under the 

SMART 

methodology; 

– cascade, short-

term, and long-

term goals based 

on a needs 

analysis; 

– execution of 

planned works on 

time, under the 

schedule and 

budget 

– precisely 

defined, 

constitute a 

hypothesis, 

speculation for 

the future; 

– general vision 

Organizational aspect – division of 

labor within the 

project; 

– high level of 

formalization; 

– extensive 

project 

documentation; 

– focus on 

maintaining a 

balance between 

limited resources, 

such as costs, 

quality, and time 

– simplified work 

organization, 

focused on quick 

and flexible 

adaptation to 

changes; 

– low degree of 

formalization 

Project costs – carefully 

estimated budget 

for the entire 

project 

– a specific 

estimated budget 

only for the first 

of several initial 

project stages; 

– overall cost 

forecast for the 

next stages of the 

project 
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Project elements 
Traditional 

methodologies 

Agile 

methodologies 

Personnel / Project 

team aspect 

– a team based on 

a narrow 

specialization; 

– high team 

competencies; 

– task-oriented, 

democratic and 

inclusive 

management 

style; 

– project manager 

focused mainly 

on the budget, 

schedule, and 

scope of the 

project 

– work based on 

small groups of 

self-organizing 

and self-

disciplined 

project teams  

(9–12 people); 

– emphasis on 

cooperation, 

integration, and 

communication 

between team 

members; 

– a cooperative 

leadership style 

based on steering, 

not controlling 

Deviations from the 

plan / Implementation 

of changes 

– difficulties with 

introducing 

project changes; 

– treated as a 

consequence of 

incorrect project 

management; 

– requires 

remedial action, 

– implementation 

of changes 

hindered by a 

bureaucratic, 

formalized 

structure 

– openness to 

changes, flexible, 

adaptive 

approach to 

changes; 

– introducing 

changes while 

maintaining 

previously 

defined goals; 

– the causes of 

deviations form 

the basis of the 

analysis and 

conclusions for 

the future; 

– change is the 

engine of 

innovative 

processes 

Control – high level of 

formalization, 

control of all 

processes, degree 

of achievement of 

goals, time, 

scope, budget, 

resources, people 

– low level of 

formalization; 

– system 

approach; 

– control of the 

degree of 

achievement of 

goals and time 

 

Depending on the project specifics, various project 

management methodologies can be used. The evolution 

of the project management field is moving away from the 

traditional approach to the agile methodologies, the 

greatest advantage of which is adaptability, creativity, 

and quick customer-oriented actions. 

The elements of agile methodologies that can be most 

easily and quickly implemented in organizations 

implementing projects so far without the use of any 

methodology or based on traditional methodologies are: 

– involvement of all or, in the case of numerous 

project teams, the main contractors working on the 

project together with the project manager at the stage of 

planning the project work; 

– planning works in short periods, e.g., weekly or 

monthly, depending on the specifics of a given project; 

– cyclical, short meetings of the project team, where 

the current status of the project is discussed (what a 

specific member of the project team has done since the 

last team meeting, what will he or she be doing in the 

near future, to the next meeting and what current 

problems/obstacles in project implementation are 

encountered). Regular, status project meetings should 

take place in the same place, at the same time, preferably 

standing, so that they do not turn into long meetings; 

– regular retrospections, meetings where members of 

the project team think about how to improve the way they 

work; 

– use of a project status visualization tool, e.g., a task 

board (physically hanging on the wall or a digital board 

prepared in a project management program) showing the 

status of the project and the work to be done in the 

project. 

It allows to visualize the rate of work being done and 

monitor the progress of work in the project. This provides 

simultaneous access to project status information for all 

project team members and stakeholders. 

The use of the above elements in the implementation 

of the project is an introduction to the development of a 

dedicated hybrid methodology for a given company, and 

then its implementation, where effective communication 

between members of the project team and project 

stakeholders is the foundation of the working 

methodology. 

5 Conclusions 

Elements of agile methodologies are beginning to be 

used in implementing projects previously based on 

traditional management increasingly more often, which in 

turn leads to the creation of hybrid methodologies 

containing elements of both traditional and agile 

approaches. 

The implementation of a transport project regarding 

rolling stock with the use of elements of agile 

methodologies, based on a hybrid methodology, adapted 

to the specificity of a given company/organization, is a 

response to the growing economic requirements 

regarding innovation of products/project results, the pace 

of technology development, shortening the project life 

cycle, reducing project costs, as well as flexible and 

effective cooperation with project stakeholders. 

Traditional methodologies are used at the level of 

project management, while elements of an agile approach 

are used for project management at the project team level. 

The synergy effect obtained in this way increases the 

efficiency of project implementation. 
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Abstract. The paper is devoted to developing a methodology for failure mode and effects analysis on the example 
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1 Introduction 

All defects in composite materials are divided into two 

major classes [1]: manufacturing defects that occur in 

structures or in the process of their manufacture, 

manufacturing component components, and operational 

damage that occurs during operation. 

According to the degree of danger, the first group 

includes defects associated with a low degree of curing of 

the polymer matrix and deviations in the material 

composition from the entire volume of the normalized 

values [2]. They lead to a decrease in heat resistance of the 

material, a sharp deterioration of performance 

characteristics such as water and moisture resistance, to 

reduce the resistance of the material to aggressive 

environments, and changes like material destruction under 

static and dynamic fatigue loads. Deviations in the 

composition of a significant amount of material lead to 

significant changes in the characteristics of strength, 

elasticity, and operational reliability [3]. These changes 

depend to varying degrees on the type of deformation 

(tension, compression, shear), the nature of the stress state 

(uniaxial, flat, volumetric), as well as the duration and 

cyclicity of the load. 

The second group includes delamination [4] (Figure 1). 

Manufacturing and operational defects and damage of 

composite materials are presented in Table 1. 

 

Figure 1 – Delamination in defective composite material [5] 

The effect of delamination on the material properties 

significantly depends on the type of stress state. The tensile 

strength and modulus of elasticity of the delamination in 

its pure form are practically not affected. Simultaneously, 

the compressive strength of the delamination material can 

be significantly reduced depending on the depth and length 

of the delamination. 
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Table 1 – Manufacturing and operational defects and damage  

of composite materials 
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M
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d

e
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ct

s 
Defects of reinforcing fibers 

Matrix defects in the intervals between the 

elementary fibers 

Defects at the “matrix – fiber” interface 

M
in

id
ef

ec
ts

 

Twisting the fibers 

Curvature of fibers 

Fiber misorientation 

Different degrees of fiber tension 

Small risks, scratches, dents 

Unreinforced binder areas 

Breakage of individual threads, bundles, or 

groups of elementary fibers 

Depletion of binder in separate sections of 

threads or bundles 

Dimensional rejects of composite material 

blanks 

Dimensional rejects of workpieces during 

processing 

Chips 

M
ac

ro
d

ef
ec

ts
 

Cracks and notches that cross the layers 

inward (through and not through) 

Sinks and dents on the surface of composite 

material 

Impact defects (not visible, visible not 

through, though) 

Delamination, bulging, non-adhesion, air 

micro-connections (open, closed, multi-

storey) 

Buckling of the structure 

Overlapping layers or turns of reinforcing 

material 

Foreign microinclusions 

Significant scratches with a depth of more 

than one elementary layer of composite 

material 

Formation of folds of reinforcing material 

with an influx of binder (internal, surface) 

Local decrease in adhesive strength between 

layers of composite material 

O
p

er
at

io
n

al
 d

am
ag

e Mechanical wear 

Fatigue wear 

Aging 

Combat damage 

Emergency damage 

Damage from improper and negligent 

maintenance 

Other damage 

 

The third group of defects is cracking [6]. Cracks create 

a high concentration of stresses, disrupt the integrity of the 

composite, and can lead to delamination of the material. 

The fourth group of defects includes local areas with 

high fiber content, matrix, and pores [7]. The degree of 

danger of these defects ultimately depends on the defect’s 

size, shape, and location. 

The fifth group includes folds, swirls, shells, foreign 

inclusions, joints, and overlaps of reinforcing filler [8]. 

Joints and overlaps mainly affect the physical and 

mechanical characteristics due to changes in the 

composition of the material. 

Particularly, an increase in the degree of reinforcement 

in the overlap zone and a decrease in the butt zone, and to 

a lesser extent, affect mechanics stress concentrators. 

Folds, swirls, and foreign inclusions have a very similar 

effect on the physical and mechanical properties of the 

material, as they lead to the local curvature of the fibers 

and changes in the composition of the material in the cross-

section of the defect. The effect of these defects on the 

strength and elasticity increases with increasing degrees of 

reinforcement of the material because these defects affect 

more layers of material [9]. 

The sixth group consists of chips, cuts, and holes, 

concentrating stresses [10]. Studies show [11] that the 

effect of stress concentrators in the form of spots on the 

strength of carbon plastics decreases both with prolonged 

static load over the test duration and with the increasing 

speed of one-time static and dynamic deformation. 

Increasing the test temperature also leads to a decrease in 

the effective stress concentration of carbon fiber with a 

complex scheme of reinforcement [12]. 

The seventh group includes defects associated with the 

curvature of the fibers of the plane of the layers, with a 

slight deviation of the reinforcement angle from the 

specified value [13]. In most cases, defects of this type are 

not large-scale, and the curvature or deviation of the 

reinforcement angle, as a rule, affect only one or more 

layers of the composite. Their size is much smaller than 

the size of the structural element. 

Quality control of polymer composite materials (PCM) 

products must be carried out throughout their life cycle 

[14]. The life cycle of PCM parts consists of four main 

stages: design, production, operation (including repair), 

and utilization (including recycling) [15]. 

The rule of 10 times A illustrates the cost of eliminating 

defects. Feigenbaum [16]. The cost of correcting the defect 

increases ten times at each subsequent stage of the product 

life cycle: 

1:10:100:1000 

1000 monetary units – the necessary operating costs, 

100 monetary units – the necessary costs of production, 

10 monetary units – the necessary costs in preparing for 

production, 

1 monetary unit – the necessary costs for the design of the 

product. 

In this regard, the actual task is analyzing and 

assessment the types and consequences of defects that 

occur during the manufacturing and operation of polymer 

composite materials and industrial products from them 

according to the FMEA. 

The main application of FMEA is to improve product 

design (service characteristics) and its manufacturing and 

operation (service delivery) processes [17]. The analysis 

can be applied concerning newly created products 

(services) and processes and existing ones [18]. 
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2 Research Methodology 

The research object is defects of PCM and their 

evaluation by FMEA (Figure 2). 

 

Figure 2 – Different polymer composite material defects, 

including the research object 

Stages of FMEA included: 

1) construction of structural component, functional and 

flow models of the object of analysis; 

2) research models. During the study of models are 

determined: 

– potential defects of each of the elements of the 

component model of the object. Such defects are usually 

associated either with the failure of the functional element 

(its destruction and breakage), with the incorrect 

performance of its valuable functions (failure of accuracy 

and performance), or with harmful functions of the 

element. It is also necessary to consider potential defects 

during transportation, storage, and external conditions 

(humidity, pressure, temperature). 

– potential causes of defects. Ishikawa diagrams, 

constructed for each object’s functions with the 

appearance of defects, can be used for detection. 

– potential consequences of consumer defects. Since 

each of the considered defects can cause a chain of failures 

in the object, the analysis of the consequences uses 

structural and flow models of the object. 

– the ability to control the appearance of defects. It is 

determined whether the defect can be detected due to the 

measures provided in the object of control and diagnosis; 

3) expert analysis of models. The following parameters 

are defined (Figure 3): 

– the parameter of the severity of the consequences of 

the consumer S. It is an expert assessment, which is usually 

given on a 10-point scale; the highest score is given for 

cases where the consequences of the defect lead to legal 

liability; 

 

Figure 3 – Assessment of PCM defects 

– defect frequency parameter O – it is also an expert 

assessment, which is given on a 10-point scale; the highest 

score is given when the estimate of the frequency of 

occurrence is 1/4 and above; 

– defect detection probability parameter D – like the 

previous parameters, it is a 10-point expert assessment; the 

highest score is given for hidden defects that cannot be 

detected before the consequences; 

– consumer risk parameter PNR (priority number of 

risk). It is defined as the product S x O x D (Figure 3). This 

parameter shows what relationship to each other is 

currently the causes of defects. Defects with the highest 

risk priority factor (PNR is greater, or 100–120) must be 

eliminated in the first place. 

The assessment of factors S, P, and D are assessed on 

the qualimetric scales presented in Figure 3. 

3 Results and discussion 

An analysis of the types and consequences of failures 

was performed to assess PCM defects discussed above. 

For each type of defect, the value of the priority number of 

risks is calculated. For the most critical defect, measures 

to reduce potential losses are proposed.  

To obtain the results, it was not the potential failures 

considered but those determined from PCM defect 

statistics analysis. 

Due to the structural analysis at different scale levels, 

the actual material is accumulated, which allows obtaining 

initial data for structural-parametric modeling: 

– determining the values of the effective characteristics 

of all components of the composite; 

– estimates which of these components and at what load 

will be destroyed in the first place; 

– quantitative assessment of the impact of stress 

concentrators on the growth of the main crack. 
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Structural modeling allows to describe in general the 

dynamics of the destruction process but does not give 

numerical estimates of the obtained models. Among the 

many parametric models used to describe the behavior of 

polymeric composite materials under load, the theory of 

percolation is becoming more widespread. It allows 

finding a correlation between the corresponding geometric 

(e.g., considering the scheme of filler, the effect of 

thickness, and defects) and physical characteristics. 

3.1 Construction of the Ishikawa diagram on 

the example of a defect in the carbon fiber-

filled PTFE-composite 

The occurrence of the defect of the PCM based on 

polytetrafluoroethylene and carbon fibers [19] was 

analyzed. 

The practical methodology of the Ishikawa method is 

illustrated in Figure 4.  

First, a macrostructural analysis of the polymer 

composite was performed. A visual study of the surfaces 

of the studied samples showed the heterogeneity of the 

distribution of carbon fiber in the matrix of the polymer 

(a), the spotted structure (b), and the presence of cracks (c). 

During the wear tests, an increase in the temperature in 

the friction zone up to 200 °C was noted, which led to the 

sample set with the counter body. It is due to the material’s 

low physical and mechanical properties (low density, 

uneven distribution of carbon fiber in the matrix), which 

confirms the results of further tests. 

Secondly, tests were conducted to determine carbon 

fiber-filled PTFE composite’s physical, mechanical, and 

tribotechnical characteristics. The mechanical tests 

showed that all samples have a low elongation at break 

(30-100 %). It is usually a consequence of poor mixing of 

the source components – coagulated fiber in the 

composition matrix. 

Third, the Ishikawa diagram was constructed using a 

step-by-step algorithm of the causal analysis method. The 

causes of defects were divided into six key positions – 

man, method, material, mechanisms, control, and 

environment. The most significant causes of this problem 

were identified in low-skilled workers and in violation of 

mixing technology. 

3.2 Drawing up a protocol for FMEA of PCM 

defects 

For the priority number of risks, a critical limit (PNRcr) 

should be set in advance from 100 to 125. Reducing PNRcr 

corresponds to the creation of higher quality and reliable 

products.  

Next, we need to make a list of defects for which the 

value of PNR exceeds PNRcr. For such defects, it is 

necessary to recommend ways to eliminate and prevent 

them, and therefore, general methods to improve the 

effectiveness of polymer composite materials. 

The protocol of the analysis of types, causes, and 

consequences of polymer composites is given in Table 2. 

3.3 Quality control of products from PCM 

The use of modern non-destructive testing methods at 

all stages of the product life cycle eliminates the lack and 

increases the durability of parts with PCM (Figure 5). 

At the design stage, control the technical documentation 

to produce parts. There are input, interoperative, and 

output quality control at the production stage. At input, 

control has checked the quality of the used raw materials. 

 

Figure 4 – The detailed practical methodology for the construction of Ishikawa diagram 
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Table 2 – Protocol for analysis of types, causes, and consequences of defects of polymer composites. 

Defect type 
Consequences of the 

defect 

Rank 

“S”, 

ball 

The cause of the defect 

Rank 

“O”, 

ball 

Defect detection 

measures 

Rank 

“D”, 

ball 

RNR, 

ball 

Low degree of 

curing of the 

binder during 

molding 

It leads to significant 

changes in the 

characteristics of 

strength, elasticity, and 

operational reliability 

7 

Deviation from the norm in the 

binder. Non-compliance with the 

temperature-hour mode of formation 

4 

The degree of 

polymerization is 

less than 95-98 % 

4 112 

Non-compliance 

with the norm of 

the composition 

of the material 

throughout the 

volume of the 

part or most of it 

It leads to significant 

changes in the 

characteristics of 

strength, elasticity, and 

operational reliability 

7 

Deviation of the composition of the 

prepreg from the norm, violation of 

the terms or conditions of storage. 

Non-compliance with the formation 

regime 

4 

Set volumetric 

values of matrix 

(V%), fibers (V%) 

4 112 

Layering 

It leads to significant 

changes in the 

characteristics of 

strength, elasticity, and 

operational reliability 

7 

Getting anti-adhesive lubricants, 

films. Insufficient content of volatile 

binders. Violation of the mode of 

formation: increased temperature, 

high cooling rate, unregulated 

thermal or mechanical effects. The 

poor anti-adhesive coating on the 

surface of the equipment 

4 

It is determined 

visually by the shape 

and size in the plan, 

the depth of 

occurrence 

4 112 

Crack Destruction of details 9 

Violation of the forming mode, high 

cooling rate. There is a 

predominance of permissible 

mechanical loads when removing a 

part by tooling and transportation. 

Impact during operation 

3 

It was determined 

visually. The size of 

the defect in the 

plan. It affected 

layers and the 

direction of cracks 

on the part. 

3 81 

Sink 

Affect the physical and 

mechanical properties 

of the material, as they 

lead to the local 

curvature of the fibers 

and changes in the 

composition of the 

material in the cross-

section of the defect 

7 

Increased content of volatile 

elements in the prepreg. Violation of 

the modes of formation: the heating 

rate, time, value, applied pressure 

5 

The size of the 

defect in the plan. 

Depth of occurrence 

3 105 

Extraneous 

inclusion 

Affect the physical and 

mechanical properties 

of the material, as they 

lead to the local 

curvature of the fibers 

and changes in the 

composition of the 

material in the cross-

section of the defect 

5 

Getting foreign materials in the 

manufacture of prepreg, when it is 

exposed calculations 

4 

Dimensions in plan 

and thickness of 

inclusion. Depth of 

occurrence. Location 

and orientation of 

the area on the 

details 

4 80 

Local non-

compliance with 

the norm of 

material 

composition 

Destruction of details 9 An uneasy grip when molded. 

Uncertainty of rolling 

 

Failure to comply with the applied 

fall heating rate’s forming mode, 

time, and magnitude. Deflection of 

prepreg content 

3 

Determined visually. 

The size of the 

defect in the plan. 

Affected layers and 

direction of cracks 

on the part 

3 81 

A local area with a shift 

in the matrix of abo 

fibers 

9 3 3 81 

Local area with pore 

space 
9 4 3 91 

In the process of interoperation control, it is necessary 

to control the correctness and accuracy of compliance 

with technological regimes, assess their reliability, 

manufacturability, and design. Finished products are 

subject to initial control. At this stage, check the 

compliance of finished products to the specified 

requirements.  

Input control of raw materials used and output control 

of finished products can be continuous or selective. A 

continuous control, each production unit (raw materials) 

is checked. Continuous control is used in conditions of 
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exceptionally high requirements for the level of quality 

of products, in which it is unacceptable to pass defects 

into further production or operation due to significant 

losses (material and labor). Also, it may be in cases 

where the number of parts is insufficient to obtain 

samples or samples risks of the manufacturer and the 

consumer, and if technological process (equipment) 

does not provide stability of quality of the made details. 

 

Figure 5 – Methods of quality control at different stages of 

the life cycle of PCM parts 

In the case of selective control, only a specific part of 

the products (sample) is subject to inspection. Selective 

control gives a good result in the presence of a stable and 

well-established technological process of manufacturing 

parts. 

At the stage of operation and repair of products with 

PKM and methods of visual diagnostics, the most 

widely used are various non-destructive testing 

methods. Depending on the physical nature of the signal 

used and the nature of its interaction with matter, these 

methods are divided into acoustic, eddy current, 

dielectric, thermal, and radiometric. 

Disassembly, sorting, reusability assessment, and 

recycling are performed at the disposal stage. Most 

environmental indicators are monitored (safety of 

utilization). 

4 Conclusions 

FMEA is effective in reliability and in creating fault-

tolerant systems that any developer should have. This 

method can allow developers to reduce the risk of 

critical situations. FMEA also increases product safety 

and, importantly, is easy to learn. 

As a result of the application of the developed 

FMEA-methodology for the analysis of types and 

consequences of defects of polymer composites in 

operation, it was defined: 

– the highest value of the priority number of risk 

(PNR) is 112. It corresponds to the low degree of curing 

of the binder during molding and non-compliance with 

the norm of the composition of the material throughout 

the part or most of it and delamination.  

– reduction of PNR for the defect «Low degree of 

curing of the binder during molding» is possible due to 

the improvement and automation of control systems of 

the degree of polymerization less than 95-98 %.  

– reducing PNR for the defect «Material composition 

norms for the entire volume of the part or most of it» is 

possible by controlling the set value of the volumetric 

value of the matrix and fibers.  

– reducing PNR for the defect «Layering» is possible 

due to the improvement of mechanical and automated 

programs. 

The paper tested Ishikawa’s method to identify the 

cause of defects in low-quality carbon fiber PTFE-

composite, which was divided into six key positions – 

man, method, material, mechanisms, control, and 

environment. The most significant causes of this 

problem were identified in low-skilled workers and in 

violation of mixing technology. 

The task of ensuring high quality, reliability, and 

competitiveness of PCM products for industrial use, 

operating in harsh production conditions, cannot be 

successfully solved without effective modern control 

methods at all stages of the production cycle and life of 

this type of technical product. In this case, each step 

corresponds to its control methods, which are divided by 

quantitative, qualitative, and alternative characteristics. 
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Abstract. The suitability of date-seed/snail shells as a carburizer for enhanced mechanical properties of mild-steel 

using the packed carburization technique was investigated in this work. Standard tensile, impact and hardness test 

samples prepared from mild-steel were subjected to pack-carburization process using mixtures of date-seed and snail 

shell in the ratio 60:40 respectively at 800, 900, and 1 000 °C for 3 hours. The carburized samples were quenched in 

water at room temperature and further tempered at 300 °C for 30 minutes for residual stress relief of the quenching 

effect. The mechanical properties and optical microstructure of carburized specimen were performed. Results indicated 

an enhanced mechanical property of the carburized mild-steel using date-steel/snail shell as a carburizer compared to 

un-carburized same steel material. The tensile strength and hardness increased with increasing carburizing temperature, 

though with an associated decrease in ductility. The peak hardness (32.82 HRB) and tensile strength (521 MPa) with 

equivalent 31.28 and 51.45 percentage increments respectively were obtained at carburizing temperature of 1 000 °C. 

Hence, using date-seed/snail shell powder as a carburizer can enhance the mechanical properties of mild-steel. 

Keywords: carburization, mild-steel, mechanical properties, date-seed, snail shell.

1 Introduction 

In today’s technological world, nearly everyone 

depends on carbon steels materials. This is due to a wide 

array of their applications in automotive chassis, body, and 

component parts, reinforcement of concrete in the 

structure, fuel, and water tankers, as well as manufacturing 

of engineering parts (ball bearing, shaft, drill bit, and gear) 

and equipment for mobility, health, safety and economic 

well-being of human sustenance [1, 2]. 

The versatility of mild-steel in engineering applications 

can be anchored on its moderate yield strength, availability 

at lower cost, and good toughness and ductility 

characteristics suitable for various applications. However, 

the quest for more improved properties of low carbon steel 

is on the increase for the production of durable machines 

and structures with high-quality performance and 

efficiency to meet the present technologically driven-era 

requirements and attracted researchers’ interest [3–5]. 

Therefore, improving the mechanical strength of mild steel 

will enhance the structural integrity and widen its 

suitability in high precision engineering applications. One 

of the essential means of achieving this is by heat treatment 

processes such as carburization. This technique was 

widely reported to be suitable for improving low carbon 

steel materials’ mechanical and wear properties [4, 6, 7]. 

This process can be achieved by either gas, packed, 

vacuum, or liquid methods. However, the packed 

carburization technique has gained more attention from 

researchers due to its cost-effectiveness without 

compromising the quality of parts. 

Pack-carburization is a surface impregnation thermo-

diffusional heat treatment technique in which metallic 

specimen usually steels, exposed to packed carbonaceous 

materials at controlled elevated temperature, pick-up free-

carbon from surrounding furnace atmosphere followed by 

desirable cooling mode to modify the surface and 

properties of metal. It is one of the most commonly 

performed heat treatment methods to enhance hardness, 

wear, and mechanical properties by impregnating alloys of 

steel surfaces with carbon [8]. Over the years, 

carburization was usually performed in a conventional 

carbon-rich environment (coke, activated carbon, and 

charcoals) using synthetic barium or calcium carbonate as 
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an energizer. However, recent findings have unveiled the 

suitability of various agro-wastes, which are readily 

available, as a carburizer and, in turn, will also help in the 

maintenance of a clean environment for a healthy life [3, 

5, 6, 9–12]. 

According to Adly et al. [13], the temperature, soaking 

time, and types of the carburizing atmosphere have a more 

significant influence on the performance of the 

carburization process. Consequently, various researchers’ 

findings on the carburization of mild steel under different 

conditions are well documented in the literature. 

Aramide et al. [14] examined the effect of carburizing 

temperatures (850, 900, and 950 °C) and time 15 and 

30 minutes on mechanical properties of mild steel using 

activated carbon as the carburizing agent. Analysis of their 

investigation revealed that the carburizing temperature and 

time significantly influenced the mechanical properties of 

mild steel. However, the optimum combination of 

mechanical properties was recorded at 900 °C carburizing 

temperature followed by quenching in oil. 

A similar result was obtained by Olufemi et al. [15], 

where the best combination of mechanical properties was 

achieved at 950 °C over a soaking time of 2 hours in 

carbonized palm kernel carburizing atmosphere. 

Furthermore, Umunakwe et al. [6] investigated the 

suitability of palm kernel shell and coconut shell powders 

as a carburizer in singular and hybrid forms. It was 

discovered that tensile strength and hardness properties 

were better enhanced with mixtures of a carburizer 

compared to single carburizing media. Furthermore, 

80 wt. % of coconut shell and 20 wt. % palm kernel shell 

hybrid mixtures yielded the peak mechanical properties. In 

another study [3], charcoal was used as carburizing 

materials and cow bone as energizer at different weight 

proportions. The carburization process was carried out at 

900 °C for 8 hours in a muffle furnace. Evidence obtained 

from this experimentation showed an adequate case depth 

of 2.32 mm with the best hardness profile recorded at 

60 wt. % charcoal and 40 wt% cow bone composition, 

which affirms the usability of cow bone as a suitable 

energizer for mild steel carburization. 

Other wastes explored as carburizing agents for 

improving mild steel properties include periwinkle snail 

shells, as reported by Adzor et al. [16]. Prepared mild steel 

samples were packed in a mixture of 85 % of carbonized 

periwinkle shell powder and 15 % barium carbonate and 

were fired at 850, 900, and 950 °C using an electric furnace 

under different soaking times followed by tempering. The 

results revealed that hardness increased with increasing 

carburizing temperature and dwelling time. However, a 

decreasing trend in impact strength was recorded with 

increased carburizing temperature and soaking time. This 

result corroborated with the recent findings of Adzor et al. 

[5], where 80 wt. % of snail shell and 20 wt. % melon shell 

mixture was used as a carburizer. 

Undoubtedly, available literature has shown that 

extensive works had been done on the potential of various 

agro and animal wastes such as date-seed and African giant 

snail shells as a carburizer to enhance the mechanical 

properties of mild steel. However, it was observed that 

there are still numerous other agro-wastes such as date-

seed, whose suitability as an alternative carburizer has not 

yet been explored in the heat treatment of mild-steel. Date-

seeds are discarded parts of a date-fruit after the fleshy 

parts have been eaten or removed. The challenges of 

incessant discarding of this seed with no economic value, 

especially in most Asian countries and northern parts of 

Nigeria where date-palm fruit are being grown and 

consumed heavily, are alarming and constituting 

environmental nuisance [17]. 

In addition, giant African snail shells are readily 

available at low or no cost in most tropical parts of Africa 

and the western region of Nigeria, where they are 

consumed as meat for food. The use of these wastes (date-

seed and African snail shell) as a carburizer are rarely 

found in the literature despite their discarding consequence 

on the environment and human health concerns. Hence, 

this study aims to present the suitability of date-seed and 

giant African snail shells as a carburizer to enhance the 

mechanical properties of mild steel. 

2 Materials and Methods 

2.1 Materials and equipment 

The materials and equipment used in this study include 

mild steel with chemical composition as shown in 

Figure 1, date-seed wastes, African giant snail shells, 

Sieving machine, steel boxes, muffle furnace, optical 

microscope, weighing balance, fired clay, tong and bench-

vice, water, Universal tensile testing machine (UTM), 

impact testing machine and Rockwell hardness tester 

(HRB). 

 

Figure 1 – Chemical composition of mild-steel specimen 

2.2 A carburizer and specimen preparation 

Date-seed was procured from Ipata market in Ilorin, 

Kwara state Nigeria, and the snail-shell used was sourced 

from a DJ restaurant in Osogbo, Osun state Nigeria. To 

remove moisture, the date-seed was washed and oven-

dried at 110 °C for eight hours (8 hours). The dried seed 

was crushed with hammer mill, pulverized using a disc 

mill, and sieved down to 200 µm particle size at Land and 

Water Engineering Laboratory, National Centre for 

Agricultural Mechanization (NCAM), Ilorin, Kwara State, 
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Nigeria. A similar procedure was adopted in processing 

snail shell before it was sieved down to 200 µm sizes. The 

clay powder retained on 150 µm sieve sizes was used for 

sealing purposes in this study to prevent oxidation. Each 

of the sieved samples was kept intact at different air-tight 

containers before use. This work used a mild steel rod 

(10232) of dimension 1 000 mm in length and 20 mm 

diameter with percentage carbon of 0.05–0.25 % procured 

at Agodi Market, Ibadan Oyo State, Nigeria. Tensile test 

specimens were machined out of this sample according to 

ASTME8/E8M-16a standard (see Figure 2 a, hardness 

(20 mm height by 10 mm diameter) Figure 2 b and impact 

specimens with 2 mm depth V-notched shape under 

ASTM D256 specification and as reported by Oluwafemi 

et al. were used in this work. 

 
a 

 
b 

Figure 2 – Samples of a specimen prepared for tensile (a)  

and hardness (b) testing 

2.3 Carburization heat treatment of mild-steel 

samples 

The calculated and weighed amount of the carburizing 

ingredients in the ratio 60:40 wt. % of date-seed and snail 

shells, respectively, were mixed. The mixture (date-seed 

and snail shell) was then packed around prepared 

specimens (tensile, impact, and hardness samples) in 

triplicates inside a rectangular metallic box and covered. 

All air-openings in the packed box were sealed with sticky, 

moist clay to prevent oxidation of the samples and placed 

in the chamber of an electric muffle furnace with the 

temperature set to 800 °C and fired at a heating rate of 

10 °C/min with a dwelling time of one hour. After that, the 

carburized samples were quenched in water at room 

temperature, tempered in the furnace at 300 °C for 

30 minutes, and air-cooled to room temperature. The same 

procedure was adopted for the heat treatment of other 

samples at 900 and 1 000 °C, while the control specimens 

for the same examination were left without heat treatment. 

2.4 Evaluation of mechanical properties and 

microstructure 

In this work, tensile, impact, and hardness tests were 

used to evaluate the mechanical properties of both 

carburized and uncarburized standardized samples. The 

tensile test was carried out at National Centre for 

Agricultural Mechanization Ilorin, Kwara State Nigeria, 

under ASTME8/E8M-16a standard on Testometric 

Universal Testing Machine (0500-10080). The samples 

were subjected to a uniaxial tensile loading at 10 mm/min 

machine test speed until failure occurred. Both treated and 

untreated samples’ hardness was performed on Rockwell 

hardness tester (HRB) with 5 indentations taken from 

Materials Science and Engineering Laboratory, Malete, 

Kwara State University. The average of the five 

indentations was used as the hardness of the sample for 

each of the variations. Impact strength testing of the V-

notched specimen was performed by applying a constant 

impact force on the Avery Dension Impact testing machine 

located at the material testing laboratory, University of 

Ilorin, Ilorin, Nigeria. 

Samples for surface morphology examinations were 

first cut using parting-off tools on the lathe machine. The 

surface was flattened and smoothened using different sizes 

of emery paper of 400, 600, 800, and 1 000 μm grit size in 

that order on a rotating disc grinding machine. The 

polished samples were etched using 2 % Nital solution, 

after which surface morphology was viewed using 

Olympus BX 41M microscope. 

3 Results and Discussion 

3.1 Tensile strength behavior 

The influence of the date-seed/snail shell powder 

packed-carburizing process on yield tensile strength of 

mild-steel at 0, 800, 900, and 1 000 °C temperatures are as 

shown in Figure 3. It was revealed that the yield tensile 

strength of mild-steel increases with an increase in 

carburizing temperature though at the expense of ductility, 

as discernible in Figure 3. The yield tensile strength was 

lowest in uncarburized mild-steel samples with a 

magnitude of 344 MPa and 32 % as percentage strain. The 

yield strength rose to 357 MPa with no significant loss in 

ductility when carburized at 800 °C. A similar trend was 

noticed as the carburizing temperature increases to 900 and 

1 000 °C with the corresponding yield strength of 

514 MPa and 521 MPa, respectively. Hence, the peak 

ultimate tensile strength was obtained when the mild steel 

was carburized at 1 000 °C. However, the percentage 

strain decreases to 30 and 24 % at 900 and 1 000 °C 

carburizing temperatures, respectively. This implies a loss 

of ductility as yield strength increases due to increasing 

carburizing temperatures. The increase in strength 

observed in this work could be attributed to the increased 

diffusibility of carbon in date-seed as energized by thermal 

decomposition of snail shell brought about by carburizing 

temperature. The increasing carburizing temperature tends 

to increase the diffusion process for more infiltration of a 

carbon atom at the interstices of the atomic structure. This, 
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in turn, increases the dislocation density at the surface to a 

particular depth level of the carburized materials. 

Consequently, the strength of mild-steel increases. This 

result was in good agreement with authors [13, 14, 18, 19], 

where increment in ultimate tensile strength was reported 

using various types of a carburizer and carburizing 

parameters. 

 

Figure 3 – Influence of carburizing temperature  

on the yield strength of mild steel 

3.2 Impact energy 

Figure 4 shows the impact strength of un-carburized and 

carburized mild-steel at different temperatures (800, 900, 

and 1 000 °C). It was observed that the carburizing 

temperature influenced the impact strength of mild steel. 

The lowest impact strength (96 J) was recorded in 

uncarburized mild-steel samples. But when it was 

carburized at 800 °C, the impact strength rose to 133.5 J. 

Increasing the carburizing temperature to 900 °C only had 

little influence on the impact strength by increasing it to 

137 J. At 1 000 °C carburizing temperature, the impact 

strength of mild-steel decreases to 133.5 J. The equivalent 

increase in impact strength carburized at 800, 900, and 

1 000 °C respectively is 39, 43, and 40 % compared to 

uncarburized mild steel. As obtained in this work, these 

findings indicated a deviation from earlier researchers [11, 

14–16], where an increase in carburizing temperature 

resulted in impact strength reduction of the carburized 

mild-steels. However, the initial rise in impact strength as 

presented in this study can be attributed to the case 

hardening effect of the mild-steel due to carbon 

depositions below the saturation limit at 800 °C. But as the 

carburizing temperature increases, more deposition of 

carbon atoms occurs closer to the saturation limit. This 

results in increased hardness of the mild-steel, and 

consequently, brittleness of the mild-steel rises. The high 

hardness value resulting from increasing carburizing 

temperature, which in turn translates to brittleness, can be 

responsible for the 3 % drop in impact strength as 

discernible in Figure 3 when the carburizing temperature 

was raised from 900 to 1 000 °C. 

 

Figure 4 – Impact energy of date-seed/snail shell  

carburized mild-steel at different temperatures 

3.3 Hardness properties of carburized steel 

The hardness distribution of uncarburized and carburized 

mild steels at a distance of 2 mm to the surface are 

presented in Figure 5. It was observed that the carburizing 

temperature significantly influences the hardness 

distributions of samples. The least hardness (25 HRB) was 

obtained in uncarburized mild steel samples, and when it 

was carburized at 800 °C, the hardness rose to 27.83 HRB. 

Similar increment characteristics were recorded at 900 and 

1 000 °C. The peak hardness (32.82 HRB) was obtained 

when carburized at 1 000 °C. This increment is equivalent 

to 31.32 % relative to uncarburized sample. The increase 

in hardness with increasing carburizing temperature as 

obtained in this work follows a typical pattern of results 

reported by earlier findings [5, 18, 19]. The increase in 

hardness observed in this work can be attributed to the 

formation of a well-dispersed hard martensitic phase in all 

carburized samples, as discernible in Figure 6. The higher 

carbons content at the surface due to carbon diffusion 

implies higher hardness on the surface than in the core, as 

evidenced in Figure 6. 

 

Figure 5 – Hardness behavior of mild-steel  

at varying carburizing temperatures 
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3.4 Microstructural examination 

Figure 6 shows the optical micrographs of uncarburized 

and carburized mild-steels at different carburizing 

temperatures taken at 1 mm from the surface for all 

specimens. It was evidenced from Figure 6 that 

morphological transition occurred from uncarburized to 

carburized mild-steel samples. For uncarburized sample, 

the micrograph displayed mixtures of coarse ferrite and 

pearlite microstructure. But when carburized, quenched, 

and tempered, the morphology of the mild-steel became 

altered in terms of size and geometries of the pearlite, 

ferrite, and martensitic structure. The mild-steel carburized 

at 800 °C, quenched and tempered, shows a reduction in 

the size of pearlite and ferrite structure with some traces of 

carbon infiltration in the interstices of pearlite and ferrite. 

Further increase in carburizing temperature (900, 

1 000 °C) revealed a finer microstructure than un-

carburized and 800 °C carburized samples. Black finer 

particles of carbon which were highest in Figure 6 d, were 

seen been dispersed in the microstructure of highly dark 

dense pearlite. This indicated the formation of hard 

martensitic (Fe3C) darker structure in carburized samples 

compared to un-carburized samples, which could be 

responsible for increased hardness. This finding agrees 

with the results of Thee and Chaiyawat [20], where the 

microstructure displayed the formation of the hard phase 

responsible for the increment in hardness of the carburized 

samples. 

 
a 

 
b 

 
c 

 
d 

Figure 6 – Optical micrograph of carburized mild-steel  

at different temperatures 

4 Conclusions 

This work carried out the suitability of date-seed/snail 

shell as a carburizer on the mechanical properties of pack 

carburized mild steel, and the following deductions were 

made. 

The date-seed/snail shell has good potential to be used 

as a carburizer for improved mechanical properties of 

mild-steel. 

The parabolic nature of impact strength behavior with 

an increase in carburizing temperature and least value 

recorded in un-carburized sample implies that the 

tempering process after quenching can enhance the 

toughness of packed date-seed/snail shell carburized mild-

steel. 

The peak tensile strength (521 MPa) and hardness 

(32 HRB) were obtained at 1 000 °C carburizing 

temperature. These values translate to a 52 % and 31 % 

increase in tensile strength and hardness, respectively, 

relative to un-carburized samples. 

It is recommended that a comprehensive study of 

carburizing variables such as particles sizes of date-seed in 

carbonized form, temperature, and soaking time be 

considered in further studies to determine the carburization 

parameters that will produce the optimum surface 

hardness, wear-resistance, and mechanical properties 

suitable for critical engineering applications. 
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Abstract. The recycling of copper coil into finished products via sand casting with subsequent cold extrusion was 

investigated. This paper examined the effects of cold extrusion on the mechanical properties of the scrapped copper 

coil using a locally manufactured extruder with a conventional face die. The mechanical properties tested on the 

extrudates are limited to hardness, tensile, and compressive strength. The results reveal that the hardness of extruded 

copper of 11.10 mm and 11.45 mm improved significantly by 39 % and 41 %, respectively, compared with respective 

non-extruded copper. The compressive and tensile strength increases by 42 % and 22 %, respectively, for 11.10 mm 

extruded copper compared with the corresponding non-extruded copper. Also, the elongation of the extruded copper 

of 11.10 mm and 11.45 mm increases by 33 % and 34 %, respectively. It was deduced that the extruded copper is more 

ductile than the non-extruded copper. The micrograph reveals that grains in non-extruded copper are relatively coarse 

and nonuniform with voids, but fine and relatively uniform grains are obtained in extruded copper. The grains are 

refined during cold extrusion, and voids and dislocations are reduced significantly. 

Keywords: billet, extrudate, extrusion, die, deformation.

1 Introduction 

Scrap metals, machining chips, and coils which are 

environmental nuisance and contaminants can be recycled 

into ingot or die-casting products using different metal 

forming processes to reduce environmental degradation 

[1]. Scrap materials can be recycled with remarkable 

properties through processes like rolling, extrusion, and 

forging [2]. 

Copper is a non-ferrous metal with a reddish 

appearance, and it has an excellent conductor of heat and 

electricity with a crystal structure of face-centered cubic 

(FCC) [3, 4]. The copper present in pre-alloyed iron 

powder (comprising copper, nickel, and molybdenum) 

boosts hardenability and strength in the powder metallurgy 

part [5]. 

Extruded materials possess a combination of properties 

such as high strength and density, high ductility, good 

workability and weldability [6], high hardness, tensile and 

compressive strength [7], yield, and ultimate tensile 

strength [8]. Severe plastic deformation methods can 

produce ultrafine-grained material with high ductility and 

strength [9]. 

 

 

Impact test on specimens parallel to the direction of 

rolling demonstrated a higher impact toughness value in 

contrast to the specimen perpendicular to the direction of 

rolling [10]. 

Extrusion involves compacting metal scraps, chips, and 

coils into billets through a die to produce extrudates of the 

constant cross-section according to the profile of the die 

orifice [11]. An increase in die angle decreases the 

extrusion load. The surface roughness and hardness 

increased with the die angle [12]. The grain size of copper 

tubes under hydrostatic extrusion increases as the 

extrusion ratio increases [13]. 

The processing parameters of ECAP, such as extrusion 

pass, die angle and pressing velocity, affect the mechanical 

properties [14]. The ductility of aluminum chips extruded 

with solid rectangular profile through porthole dies 

increased compared to the profile extruded through a flat-

face die [6]. The annealing twins available after the hot 

extrusion in powder metallurgy materials deteriorate after 

cold working [15]. 



 

C8 MANUFACTURING ENGINEERING: Materials Science 

 

2 Literature Review 

Many researchers have studied the mechanical 

properties and microstructural analysis of extruded metals. 

Kahlani and Jafarzadeh [16] investigated the mechanical 

properties and microstructure of bimetallic Al-Cu 

composite rods fabricated via the spiral extrusion 

technique. The experimental results show that the bonding 

quality of the specimen increased due to the application of 

spiral extrusion. Lv et al. [17] analyzed the CuAl7 alloy 

plane micro spring fabricated through the cold extrusion 

process using a micro-extrusion die. The micro spring 

microstructure depicted the equiaxed grains with both 

internal and surface cracks. 

Berndt et al. [9] investigated the effect of cold and warm 

extrusion on the microstructure and mechanical 

characterization of cylindrical rods that were extruded 

from cast billets of an AA6060 aluminum alloy at room 

temperature (RT) and 170 °C (aging temperature of the 

alloys) respectively. Li et al. [18] experimentally 

investigated the microstructure changes of Al-Mg-Si 

alloys produced via hot extrusion and cold rolling. The 

results showed that the grain growth and dynamic 

recrystallization occur during hot extrusion, resulting in 

coarse and equiaxed grain structure. 

Vignesh et al. [19] studied the influence of hot extrusion 

on grapheme platelets (GNPs) dispersed aluminum 

composites. The result showed that the strain hardening 

exponent and strength coefficient values of aluminum 

composites with 1.5 wt % GNPs dispersion produced by 

hot extrusion was two times higher than aluminum and 

non-extruded Al-GNPs composites. Chen et al. [20] 

studied the evolution of the microstructure and texture in 

copper processed via repetitive extrusion-upsetting (REU) 

and subsequently annealed at different temperatures. 

There were significant changes in grain morphology and 

crystallographic texture during the REU process. 

Adequate lubrication is needed in the cold extrusion 

process because it reduces extrusion loads and wear. It also 

improves the tool life and quality of the products [21]. 

Kamitani et al. [22] evaluated the performance of different 

lubricants for producing products with smooth surfaces 

during the cold extrusion process. Their findings showed 

that the smooth surface roughness of the billet was retained 

when paraffinic mineral oil was used as a lubricant. 

Another manufacturing process involved in this study is 

casting. This method involves the process in which molten 

metal flows into the mold due to gravity or another force, 

and the molten metal is cooled and solidified according to 

the form of the mold [3, 23, 24]. One of the techniques of 

the casting of metals is sand casting. Sand casting involves 

pouring molten metal into a mold made from a mixture of 

sand and solidifies in the mold at room temperature [25]. 

It has a rough surface finish, dimensional inaccuracy, and 

occasional surface impurities [26]. The low crystallization 

rate in sand casting of copper silumins leads to the 

development of a rough microstructure that is 

consequently accountable for relatively low strength and 

ductility [27].  

The mold is usually made of sand particles bound 

together with an inorganic agent like resin-bonded, green 

sand, clay binder. [23]. This process is also relatively 

cheap and suitable for producing metals with complex 

shapes in a low production volume [28]. 

This research investigates the effect of sand casting and 

cold extrusion on the mechanical properties and 

microstructure analysis of scrapped copper coil using a 

locally manufactured extruder. The mechanical properties 

tested on the extrudates are limited to hardness, tensile, and 

compressive strength. 

3 Research Methodology 

3.1 Material preparation 

The material used in this research was scrapped copper 

coil, which was thoroughly cleaned. Acetone was further 

used to remove impurities and stains from the copper 

scraps. The elemental composition of the scrapped copper 

coil is indicated in Table 1 using optical emission 

spectroscopy. 

The materials were pounded into small shapes and sizes 

to be easily accommodated by the crucible pot before 

being put into the pit furnace for casting. 

 

Table 1 – Elemental composition of the scrapped copper coil, wt % 

Zn Cu Pb Si Ni Fe Co Al Sn P 

0.02 99.5 0.015 0.15 0.04 0.03 0.04 0.01 0.02 0.05 
 

3.2 The casting of the sample 

The casting process adopted in this study was sand 

casting. The sand mold was used to form a cylindrically 

shaped mold cavity which was crushed to remove the cast 

copper. 

The sand was packed around the pattern to create the 

mold. The copper scrap was fed into a crucible pot and 

heated to about 1120 °C. 

The molten copper was charged into the mold and 

cooled at room temperature for solidification. 

 

 
 

The cast sample (copper) with the dimensions from 

20 mm to 18 mm tapered diameter and 120 mm long was 

fixed on the 3-jaw chucks lathe machine and machined to 

the dimensions of 16 mm diameter and 120 mm long as 

shown in Figure 1. 
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Figure 1 – Machined copper sample 

3.3 Cold extrusion of cast copper 

Cold extrusion of cast copper was carried out on a 

locally fabricated extruder. The locally manufactured 

extruding machine is situated at the Department of 

Mechanical Engineering, Kwara State University, Malete, 

Nigeria. The conventional flat face die was employed 

during cold extrusion under the extrusion ratio of 1.14. The 

die of 14 mm diameter was used to extrude the copper rod 

that was machined to 16 mm diameter. The ram of the 

extruder was lubricated correctly to reduce the friction 

between the barrel and ram/piston. The copper billet was 

inserted between the ram and die. Then the barrel cover 

was closed and tightened to the endpoint of the barrel to 

provide a barrier that prevents the free fall of the die. The 

extrusion machine was powered electrically, and the 

electric motor was operated with an adjusted speed of 450 

rpm. Then a copper extrudate with a final diameter of 

14 mm is produced, as shown in Figure 2. 

 

Figure 2 – Extruded copper 

The two samples that were provided for testing are 

stated in Table 2. 

Table 2 – List of samples provided for testing 

Sample Copper type Rod diameter, mm 

A Non-extruded 11.10 

B Extruded 11.10 

C Non-extruded 11.45 

D Extruded 11.45 
 

3.4 Testing of mechanical properties and 

microstructural analysis 

Tensile strength testing of all specimens was conducted 

under ASTM E8/E8M-11. Two identical test specimens 

for each section thickness per sample were tested at room 

temperature with a strain/ loading rate of 5 mm/min using 

a computerized Instron Testing (model 3369). The Brinell 

hardness test was performed according to ASTM E10-18. 

Using a Brinell hardness tester, the test was done on the 

extruder and non-extruded copper samples. Compressive 

test analysis was carried out on all the samples at room 

temperature using a Universal Testing Machine (UTM). 

This was done according to ASTM E9. Each of the 

specimens was placed on the jaw of UTM one after the 

other. Loads of 2.5 kN and 4.7 kN were then applied to 

each copper sample until the specimen failed. 

The samples were grounded using silicon carbide 

papers of different grades 220, 320, 400, and 600 grits and 

polished with cloth swamped with the solution of 0.5 µm 

Silicon carbide until a mirror-like surface was attainable. 

The samples were subsequently etched with 2 % NITAL 

(2 % Nitric Acid and 98 % Ethyl Alcohol) and dried in 

desiccators. The microstructure of the samples was 

characterized by light optical microscopy under polarized 

light. 

4 Results and Discussion 

4.1 Compressive test 

The compressive test was carried out on the samples 

(11.10 mm) for non-extruded and extruded copper. 

Figure 3 presented the graph of compressive stress against 

the compressive strain (mm/mm) of all the samples. 
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Figure 3 – Compressive strength for all the samples 

The maximum compressive strength for samples A, B, 

C, and D is 22.0 MPa, 37.6 MPa, 23.2 MPa, and 

41.3 MPa, respectively. 

The study revealed that the maximum load-bearing 

capacity, compressive strength, and breaking a load of 

sample B increase by 43 %, 42 %, and 94 %, respectively, 

when compared with sample A. 

4.2 Tensile test 

The tensile test results (stress/strain curve) of the copper 

samples before and after extrusion are presented in 

Figure 4, respectively. The maximum load-bearing 

capacity, the ultimate tensile strength, and breaking load 

for sample A (non-extruded copper) are 3.48 kN, 

271.0 MPa, and 46.8 N, respectively. The maximum load-

bearing capacity, the ultimate tensile strength, and 

breaking load values for sample B (extruded copper) is 
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5.20 kN, 348.0 MPa, and 736.8 N, respectively. The study 

revealed that the extruded copper’s maximum load-

bearing capacity, tensile strength, and breaking load 

increased by 33 %, 22 %, and 94 %, respectively. Also, the 

elongation of the extruded copper of 11.10 mm and 

11.45 mm approximately increases by 33 % and 34 %, 

respectively, compared with the corresponding non-

extruded copper, as shown in Figure 4. It can be deduced 

from the analysis that the extruded copper is more ductile 

than the non-extruded copper. 
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Figure 4 – Tensile strength for the copper samples 

4.3 Hardness test 

The hardness test was carried out on each sample of 

copper. The test was performed on a Brinell hardness 

tester. The tests carried out on the samples were presented 

in Figures 5–6. 
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Figure 5 – Elongation for the copper samples 

The values recorded for sample 11.10 mm (non-

extruded and extruded) copper increases from 49.7 BHN 

to 69.1 BHN. Therefore, it can be inferred that the 

hardness of the extruded copper has a reasonable 

increment compared to the material before extrusion. The 

hardness improved significantly by 39 % and 41 % for 

extruded copper of 11.10 mm and 11.45 mm, respectively, 

compared with respective non-extruded copper. 
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Figure 6 – The hardness of the samples 

4.4 Microstructure analysis 

In the metallographic examination, the microstructure 

images of all extruded and non-extruded copper samples 

were examined at 100 µm, as depicted in Figure 7. 

 
a 

 
b 

 
c 
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d 

Figure 7 – Optical micrograph of non-extruded (a, c) and 

extruded (b, d) copper: a, b – 11.10 mm; c, d – 11.45 mm 

The grains in non-extruded copper are relatively coarse 

and nonuniform with voids, but fine and relatively uniform 

grains are obtained in extruded copper. These coarse grains 

structures and voids are probably due to the slow cooling 

and formation of oxides at the interface during the 

deposition in sand casting. Also, the nonuniformity of the 

grain structure in non-extruded copper is due to the 

presence of silica during the sand casting. 

Significant shear deformation in the particles is 

apparent compared to the microstructure before extrusion. 

The change in orientation of grains during and after 

extrusion would lead to a more homogeneous grain size 

than the copper before extrusion. The grains are refined 

during cold extrusion, and voids and dislocations are 

reduced significantly. 

5 Conclusions 

Scrapped copper coils were recycled through sand 

casting and subsequently subjected to cold extrusion in this 

research work. The extruded copper’s microstructural 

analysis, hardness, and tensile and compressive test were 

compared with the non-extruded copper. The following 

conclusions were deduced from the analysis. 

The hardness of extruded copper of 11.10 mm and 

11.45 mm improved significantly by 39 % and 41 %, 

respectively, compared with the respective non-extruded 

copper samples. 

The compressive test reveals that the maximum load-

bearing capacity, compressive strength, and breaking load 

of the extruded copper increases by 43 %, 41.6 %, and 

94 %, respectively, compared with the non-extruded 

copper. 

The tensile test indicates that the maximum load-

bearing capacity, tensile strength, breaking load, and 

elongation of the extruded copper increase by 33 %, 22 %, 

94 %, and 33 %, respectively, compared with non-

extruded copper. 

The micrograph reveals that grains in non-extruded 

copper are relatively coarse and nonuniform with voids, 

but fine and relatively uniform grains are obtained in 

extruded copper. The coarse grains are refined during cold 

extrusion, and voids and dislocations are reduced 

significantly. The limitation of this research is associated 

with the constructed extrusion machine that cannot 

withstand the extrusion of copper material that exceeds 

11.45 mm. More research would be done to redesign the 

extrusion machine. 
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Abstract. From the great variety of methods to improve the efficiency of cutting tools, it is necessary to highlight 

the methods of applying wear-resistant coatings, which in recent years are increasingly used. Applying wear-resistant 

coatings on the cutting tool can significantly increase its efficiency and intensify machining modes. Mechanisms of 

strengthening the wear-resistant coating for materials have been analyzed under the impact of technological parame-

ters of coating condensation process on its structure parameters and mechanical properties, formation of single and 

multi-element coatings based on titanium nitrides, aluminum, and silicon, the transformation of coating properties by 

obtaining complex coatings, and principles formation of complex coatings designed for different cutting tools. The 

influence of the coating on the mechanical properties of high-speed steel is shown. In the magnetron sputtering coat-

ings on P6M5 steel samples, the microhardness of the coatings is TiN – 20–24 GPa, AlN – up to 16 GPa, TiAlN – up 

to 35 GPa, AlTiN – up to 32 GPa, TiAlSiN – 32–37 GPa, including while the microhardness of the substrate of steel 

P6M5 – 6–9 GPa. The microhardness of TiAlN and TiAlSiN coatings applied on an instrumental basis is 1,5 - 1,9 

times higher than the microhardness of TiN, AlN coatings. It was found that the wear intensity of P6M5 steel without 

coating is 6 times higher than with AlTiN, TiAlN, and TiAlSiN coating, 3 times higher than with TiN and AlN coat-

ing. The coated tool is characterized by increased reliability and higher stability and allows the processing process 

with higher cutting modes. 

Keywords: coating, cutting tool, structure, properties, wear resistance. 

1 Introduction 

The low life of tools and machine parts is mainly due 

to rapid wear and corrosion damage to their surface lay-

ers. 

To eliminate or inhibit the processes that adversely af-

fect the performance of products, use various methods of 

targeted changes in the properties of the surface layers of 

materials. One of the effective ways to increase the effi-

ciency of the cutting tool is to apply wear-resistant coat-

ings to its working surfaces. Wear-resistant coatings al-

low the tool to obtain working surfaces with the required 

performance characteristics, usually without changing the 

properties of the base material. 

Advantages of application of the cutting tool with a 

covering: transition to higher modes of cutting; increase 

the service life of the tool; improving the quality of the 

treated surface; efficient use of equipment; reducing the 

cost of products [1]. 

Based on the operating conditions of the tools, wear-

resistant coatings must have: high hardness and store it at 

cutting temperatures; inertness to adhesion and high-

temperature corrosion with the processed material in the 

whole range of cutting temperatures; stability of mechan-

ical properties up to the temperature of heat resistance of 

tool material; inertness to dissolution in the processed 

material at high temperatures; resistance to failure at 

significant fluctuations in temperature and stress [2-4]. 

The urgency of the work is to study the effect of 

nanostructured wear-resistant coatings based on nitrides 

Ti, Al, Si, obtained by reactive magnetron sputtering, on 

the structural-phase state, mechanical and tribological 

properties of materials for cutting tools. 

Wear-resistant coatings, having a lower coefficient of 

friction than the tool substrate and a higher stability 

temperature, significantly affect the various parameters of 

the cutting process. In particular, reduce the length of 

elastic and plastic contact of chips with the tool’s 
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working surfaces, reduce the cutting force, reduce the 

temperature in the machining area, change the angle of 

the conditional shear plane, and, consequently, affect the 

formation of surface layer quality. 

In this regard, the development of the coating compo-

sition, which has high strength characteristics, wear-

resistant and tribological properties, is an urgent scientific 

and technical task. 

2 Literature Review 

In modern production, wear-resistant coatings of cut-

ting tools are subject to increased requirements due to 

complex factors. These factors are related to improving 

the properties of coatings, the composition of the “coating 

– tool material”, and the optimization of the operating 

conditions of the cutting tool. Optimization of conditions 

of use of the tool relates to a decrease in the growth and 

intensity of adhesive-fatigue processes, increase in rigidi-

ty of the design of the tool and the machine tool equip-

ment. Coatings can be considered an intermediate techno-

logical environment between tools and processed materi-

als [3, 4]. 

Based on this provision, the general requirements for 

protective coatings have been systematized, which are the 

basis of some specific coating requirements for cutting 

tools. Such requirements can be classified into three main 

groups based on the provision that coverage should [4]: 

– overtime to function stably on the contact pads of 

the tool without premature failure (the role of the coating 

as a single solid body); 

– to provide favorable transformation of contact pro-

cesses at cutting (official purpose of a covering); 

– have a strong adhesive bond with the substrate ma-

terial (substrate) (tool materials and coating materials 

must function as a single solid body). 

Refractory metal-metalloid (Me-X) compounds are 

used as wear-resistant coating materials, where refractory 

metals of groups IV-VI of the Periodic Table of the Ele-

ments are used as a metal, and carbon, nitrogen, and oxy-

gen are used as metalloids.  

There is a three-level division of factors that deter-

mine the properties of coatings [3-6]: 

1. Factors related to the coating process parameters 

(e.g., substrate temperature and the process itself, the 

interaction of reagents and reaction products, mechanical 

stresses arising in the coating due to thermal and shock 

action by a bombardment of streams, and various 

particles). 

2. Factors related to the condition of the substrate, the 

coating, and the entire system “substrate – coating” in 

general. 

3. Factors associated with structural strengthening 

(microstructure), including grain size and orientation, 

grain boundaries, density (porosity). 
ZrN, CrN, TiN, AlN, BN, Mo(W)S2 coatings were 

widely researched. Those coatings and modified TiAlN, 

AlCrN, and other coatings and successfully used in 

industry [3, 7]. 

The following areas of improvement of the cutting 

tool with wear-resistant coatings are considered 

[5, 6, 8, 9]: improved coating technology and new coating 

compositions, development, and improved multilayer 

coating structures. 

Thus applied nitride coatings of TiAlN, TiCN, 

TiZrCN, TiZrN increase the period of stability of end 

mills with carbide inserts MK8 in 1.5–3.0 times in 

comparison with the cutting tool with TiN coating in the 

processing of billets of steel 5HNM, 18H18N10T and 

titanium alloy [8, 10-11]. 

The influence of the parameters of coating TiN and 

ZrN by methods of magnetron sputtering and CIB on 

their hardness is considered in the works [2, 8, 10,  

12-16]. The maximum hardness of coatings at a 

stoichiometry of structure reached by optimization of 

technological parameters – the pressure of reaction gas, 

bias voltage, induction of a magnetic field, and discharge 

current is noted. 

The influence of condensation temperature in the 

coating process is considered in the works [15-18]. A 

method of increasing the efficiency of the cutting tool by 

applying coatings in the combined temperature mode is 

proposed. The temperature of the coating affects its 

defect and, consequently, its strength and hardness, as 

well as the strength of the adhesive bond with the tool 

base and the level of residual stresses. Deposition of the 

lower layer of the coating at high process temperatures 

helps to increase the strength of adhesion to the tool base 

and the formation of the upper layer at lower 

temperatures, increasing the hardness and wear resistance 

of the coating. 

The authors of the work [19] consider the effect of 

plasma flow separation on the structure, physical and 

mechanical characteristics, and wear resistance of TiN 

coating. Reducing the content of the dripping phase, 

improving the structural characteristics lead to an 

increase in wear resistance of such coatings by 1.5–

2.0 times. 

Coatings based on modified titanium nitride have 

become the most widespread in world practice. 

Zirconium, aluminum, molybdenum, chromium, iron, and 

silicon are alloying elements. [3, 6, 20]. The influence of 

alloying elements is manifested in the improvement of 

the physical and mechanical properties of coatings, 

changing the conditions of contact interaction of the 

coating with the processed material and the strength of its 

adhesion to the tool base. Studies of physicomechanical 

properties of TiN coatings doped with molybdenum, 

chromium, and silicon [3, 6, 20], have shown that doping 

with these elements increases the microhardness of 

coatings by 18-25 %, residual compressive stresses – 1.3–

1.9 times; at the same time, the strength of adhesion to 

the tool base decreases, as evidenced by the increase in 

the coefficient of exfoliation by 35-80 %. 

The study of the influence of the composition of 

TiMoN coating obtained from separate cathodes on the 

physical and mechanical properties and performance of 

the coated cutting tool was carried out in the following 

work [20]. The studied coatings have a 1.5 to 1.6 times 
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higher microhardness than TiN coatings. There is a 

decrease in the bond strength with the tool material for 

the coating based on titanium nitride and molybdenum. 

The use of TiMoN coating allowed increasing the period 

of stability of carbide plates when turning workpieces 

from steels 30HGSA and 12H18N10T in 1.2–2.2 times in 

comparison with one-element TiN coating. The use of 

silicon as an alloying element has a number of advantages 

[20]. 

Therefore, this work aims to establish the influence of 

physical and technological parameters of deposition, 

working gas pressure, and shear potential on the 

formation of nanostructured nitride coatings Ti, Al, Si, 

and N, establishing their structural-phase state, 

mechanical and tribological characteristics, as in the use 

of single-element coatings, and as in the use of complex 

coatings. 

It is necessary to determine the nature of the 

material’s behavior in operating conditions before and 

after coating. 

3 Research Methodology 

3.1 Research objects 

The cutting tool (Figure 1) on which the coating is 

applied has types that conditionally classify it as manual 

and machine. 

 

 

 
Figure 1 – Varieties of cutting tools [21] 

Currently used tool materials are divided into the 

following groups: carbon and low-alloy tool steels, fast-

cutting steels, hard alloys, mineral ceramics and cermets, 

synthetic compositions of boron nitride, synthetic and 

natural diamonds. 

Depending on the materials for the cutting tool, the 

coating methods shown in Figure 2 are used [22]. 
 

 
Figure 2 – Parameters and basic methods of coating [22] 

 

Within these groups, there are a large number of 

coating methods, including combined or methods with 

support or activation of the process from other energy 

sources. 

3.2 Research methods 

A variety of PVD methods based on glow discharge is 

magnetron sputtering. Magnetron ion sputtering systems 

are diode-type sputtering systems in which atoms of the 

sprayed material are removed from the surface of the 

target by bombarding it with ions of working gas (usually 

argon) formed in the plasma of an abnormal glow dis-

charge. For increasing the spray rate, it is necessary to 

increase the intensity of ion bombardment of the target, 

i.e., the ionic current density on the surface of the target 

[2, 8]. 

Magnetron sputtering (DCMS) refers to sputtering ma-

terials by ion bombardment. 

The main elements of the magnetron sputtering system 

are a flat cathode made of sprayed material, an anode 

mounted on the perimeter of the cathode, a magnetic 

system (usually based on permanent magnets), and a 

water-cooling system (Figure 3). 

  

a b 

Figure 3 – Magnetron for vacuum deposition of coatings:  

a – appearance; b – an arrangement in GDP-5M; 1 – one of the 

targets; 2 – holder for samples with the possibility of rotation;  

3 – is the gas supply pipe between the sample holder and the 

magnetron [2, 8] 
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Magnetron sputtering of titanium, aluminum, and 

silicon in the reaction medium of nitrogen and argon 

allows obtaining coatings that do not contain hydrogen, 

oxide, and other impurities.  

Gases were used for the processes of magnetron 

sputtering of coatings: 

– gaseous nitrogen of exceptional purity 99.999 % 

(GOST 9293-04); 

– argon gaseous high purity of 99.999% 

(GOST 10157-07). 

The uniformity of the composition in the thickness of 

the coating will be high, and at the lowest thicknesses, the 

porosity will be minimal. The condensation rate varied 

depending on the voltage applied to the target and the gas 

flow.  

Investigations of the structure and properties of TiN, 

AlN, TiAlN, and TiAlSiN films deposited by magnetron 

sputtering at the VUP-5M unit at a residual pressure in 

the working chamber 10–3 – 10–4 Pa were performed on 

samples of fast-cutting steel P6M5 after standard heat 

treatment and polished plates of monocrystalline silicon. 

The rate of deposition and measurement of the thickness 

of the coatings was controlled by the in-situ method using 

a quartz thickness gauge according to standard methods. 

P6M5 steel substrates were placed over the magnetron 

with subsequent table rotation to ensure uniformity of 

coatings in thickness. Before the application process, the 

vacuum chamber was pumped to a residual pressure of 

1∙10–3 Pa. The formation of a gas mixture of argon and 

nitrogen in the required proportions took place from 

independent sources in the spraying process. For remov-

ing uncontrolled contamination of the target surface and 

substrates, short-term etching with argon bombardment 

ions was used. 

The coatings’ structure was studied using a Tescan 

VEGA 3 scanning electron microscope (EDX spectra 

were obtained using additional detectors on the same 

microscope), a PEM 125K transmission electron micro-

scope, and atomic force microscopy (AFM). 

Tests for wear resistance of coatings were carried out 

under conditions of “dry” friction on a friction machine 

SMT-1, which is designed for testing for friction and 

wear, to study the friction and wear processes of metals, 

alloys, and rigid structural plastics. Counter-body 

material - hard alloy coated with cubic boron nitride, 

hardness of counter-body – 80 HRC, dimensions of 

counter-la – Ø 30 mm, load on the sample (F) – 

2 941 g/cm2, friction path of test – 2 km, number of 

revolutions of the counterbody – 355 rpm, test time – 60 

and 120 minutes. 

3.3 Heat treatment of P6M5 steel substrate for 

applying coatings 

Research of the structure and properties of TiN, AlN, 

TiAlN, and TiAlSiN coatings deposited by magnetron 

sputtering at the VUP-5M unit were performed on P6M5 

high-speed steel samples after standard heat treatment. 

The chemical composition of the substrate P6M5 is 

shown in Table 1. 

Table 1 – Chemical composition of steel Р6M5, % 

C Si Mn Ni S P Cr Mo W V Co 

0.82 0.30 0.44 0.35 0.008 0.027 4.34 4.83 5.91 1.94 0.27 

 

Standard heat treatment of P6M5 steel consists of 

preliminary heat treatment – isothermal annealing for 

6 hours; final heat treatment – hardening with two heats 

for 0.75 hours and three times for 1 hour each (Figure 4). 

 

Figure 4 - Graph of heat treatment of experimental plates 

made of P6M5 steel 

After proper heat treatment, the steel had a martensite 

structure with evenly distributed small and medium-sized 

carbides (Figure 5). 

 

Figure 5 – Microstructure of P6M5 steel after heat treatment 

(isothermal annealing, quenching with heating,  

triple tempering), x500 

The hardness of the tool after tempering was 63–

65 HRС. The proposed final heat treatment reduces the 

amount of residual austenite in the steel and increases the 

wear resistance of the tool by 2.5–4.0 times. 

Before deposition of the coatings, the substrates were 

polished by a mechanical method combined with a 

diamond grinding wheel. Then the substrates were 

sonicated for 10 minutes, successively in acetone and 

ethyl alcohol. 

4 Results 

4.1 Study of coatings 

4.1.1 Study of TiN coatings 

Titanium nitride TiN is a widely used, traditional 

compound applied to carbon, stainless and fast-cutting 

steels, and hard alloys and ceramics. In metalworking, the 

tool’s temperature is reduced due to the high surface 
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density of titanium nitride. TiN was one of the first-

facing materials used in industrial cutting tools, and it is 

still used as diffusion barriers and for decorative coatings.  

The material can be obtained by physical vapor 

deposition (PVD) and chemicals. Like most other 

ceramic materials, it has a brilliant appearance and golden 

color, relatively good mechanical and thermal properties. 

Titanium nitride is oxidized at a reasonably high 

temperature (above 450 °C), one of its main 

disadvantages when used as a coating tool. Evaporation 

of the nitride coating in an inert atmosphere leads to a 

decrease in its internal hardness due to the annihilation of 

defects and stress relaxation.  

To study the effect of deposition parameters on the 

characteristics of titanium nitride coatings applied to 

substrates - polished plates of monocrystalline silicon Si 

using a magnetron spray system on a universal vacuum 

unit GDP 5M in Ar and N2, changing the flow rate of 

nitrogen into the working chamber and the distance 

between target and substrate “Ls-c” (s – substrate, c – 

coating). The deposition was carried out in the mode of 

power limitation (3 kW) while maintaining a constant 

value of argon flow. The thickness of TiN coatings was 

about 0.4 μm. For assessing the effect of magnetron 

discharge plasma on the formation of TiN films and their 

physical and mechanical properties, the distance between 

the target and the substrate (Ls-c) was chosen 100 and 

50 mm. 

The performance of MRS depending on the flow rate 

of nitrogen Q(N2) at different values of Ls-c is shown in 

Figure 6. 

 

Figure 6 – The influence of nitrogen flow rate Q(N2)  

on the productivity of the process of applying Ti coatings TiN  

at different distances between the plane of the target  

and the substrate Ls-c: ● – 100 mm; ○ – 50 mm 

Due to the imbalance of the magnetic field of the 

magnetron, the growing coating is digested by the ionic 

flow of the plasma discharge. There is a decrease in the 

deposition rate of TiN by an average of 20 % when 

approaching the plane of the substrate to the target by 

50 mm. 

The decrease in system performance with increasing 

Q(N2) is due to the “poisoning” of the titanium cathode 

with a layer of TiN and a lower coefficient of sputtering 

of the target with nitrogen ions. 

Photomicrographs of the surface and cross-section of 

thin TiN coatings applied by reactive magnetron 

sputtering are shown in Figure 7. 

The photomicrograph of the surface (Figures 7 a, b) 

shows a relatively high homogeneity of the studied 

coatings (no punctures). 

As an illustration, Figure 7 c shows a fractogram of 

TiN coating. You can see that the obtained coating has a 

columnar structure inherent in the ion-plasma coating. A 

study of the surface morphology of coatings Showed that 

they have good quality. 

  

a b 

 

c 

Figure 7 – Microstructure of thin TiN coatings:  

surface (a), cross-section (b), and fractogram of fracture  

for TiN coating obtained by magnetron sputtering (c) 

According to the results of X-ray diffraction studies of 

experimental samples, we have a TiN coating with a 

polycrystalline structure and orientation in the 

crystallographic directions (111), (200), (220). Peaks of 

intensities (311) and (222) are weakly shown. 

The orientation of the growth of coatings in one of the 

crystallographic directions is associated with changes in 

the energy of scattered particles and ions falling on the 

substrate. Increasing the energy of the generated particles 

stimulates the formation of titanium nitride coatings 

according to the following scheme: 

TiN (200) → TiN (111) → TiN (220) 

The crystallographic direction (220) becomes 

predominant in the nitride coating when the specific 

energy losses of the precipitated particles become 

significant. TiN coatings obtained at Ls-c = 100 mm are 

more oriented along the axes (111) and (200). When the 

substrate approaches the target (50 mm), intensity peaks 

become significant (220). 

The formation of TiN coatings with a predominant 

orientation (111) occurs in a gaseous medium N2, without 

the supply of Ar. Changing the flow rate of nitrogen into 

the working chamber stimulates a decrease in the 

intensity of reflexes (200) and (220) for the distance 
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“target-substrate” Ls-c 100 and 50 mm, respectively. From 

the X-ray diffraction data, the values of the parameters of 

the crystal lattice of the experimental samples 4.22–

4.25 Å correlate well with the data for work [14]. 

There is no evident dependence of the mechanical 

properties of the coatings on the N2 flux. Reducing the 

“target – substrate” distance reduces the mechanical 

properties of the coatings. 

4.1.2 Study of coatings based on AlN 

AlN coatings were formed by magnetron jet spraying 

cylindrical targets with A1 in a gas mixture of Ar+ 40–

60 % vol. N2 at a pressure of 0.6–0.9 Pa. The working 

gases were fed separately (Ar – in the spray area of the 

target, N2 – in the substrate area) and as a mixture. 

The obtained coatings have a fibrous (columnar) 

structure, while AlN fibers have a hexagonal lattice. 

Crystalline phases of AlN coating are detected using 

electron microscopy.  

The disadvantage of the magnetron sputtering method 

is the presence of drip phase in coatings, which leads to 

deterioration of the integrity and corrosion properties 

(Figure 8) of the scanning electron microscope (SEM). 
 

 

Figure 8 – Structure (SEM) of the surface of the AlN 

coating obtained by magnetron sputtering on a polished  

substrate of stainless steel P6M5 

By varying the pressure N2 in the vacuum chamber, it 

is possible to change the color of the treated surface to 

some extent. Arc evaporation forms coatings with a 

smooth surface corresponding to the roughness of the 

substrate. 

At low rates of deposition of coatings, as well as the 

absence of electrical displacement on the substrate 

holders, formed coatings consisting of equiaxed 

disordered crystallites (Figure 9 a). Changing the 

synthesis conditions promotes the formation of 

crystallites in the form of fibers. 

The structure of the growth and chip surface of the 

AlN film obtained on a substrate of P6M5 steel shows 

(with appropriate changes in the parameters of the 

deposition process) the transition of the lamellar structure 

to fibrous and fine-grained with equilibrium grains  

(Figure 9 b). 

After studying the coatings of TiN and AlN, it was 

concluded that they have certain disadvantages that can 

be significantly reduced by obtaining compounds based 

on components of Ti-Al-N. 

 
a 

 
b 

Figure 9 – Structure (SEM) of AlN coatings  

formed by magnetron sputtering 

4.1.3 Structure and properties of coatings based 

on TiAlN 

In the manufacture of tools from reinforcing coatings, 

the main focus is on the TiAlN compound, due to good 

performance properties, which are characterized by 

obtaining a wide range of stoichiometric composition and 

reproducibility of their production, so the application of 

carbonitride coatings (e.g., TiCN) is much more difficult 

to control. Nitride coatings are the most technological in 

production, and it can be argued that TiAlN and its 

modifications (e.g., AlTiN, TiAlCrN, TiAlCrYN) have 

become the flagship of the global coatings industry and 

are widely used as completely self-sufficient coatings and 

in various multilayer compositions. (TiAl) N have unique 

performance properties: high hardness at high 

temperatures in the cutting contact zone; thermal and 

chemical resistance, high elasticity; low thermal 

conductivity. One of the essential advantages of (TiAl) N 

coating is its tendency to oxidize and form relatively 

stable surface oxide films. You can increase the wear 

resistance (TiAl) of N coatings during cutting by grinding 

the grain to the nanoscale level (grain size less than 

100 nm). This is possible by doping (TiAl)N coatings on 

the tool material by magnetic arc filtration. The coating is 

used for processing titanium and nickel alloys, stainless 

steel, hardened materials, cast steel, and plastics. The 

temperature stability of the coating determines the 

possibility of its use in high-speed and emulsion-free 

processing of materials. 

The results of studies of the crystal structure of 

samples by transmission electron microscopy (TEM) 

showed the following: increasing the value of the 

negative voltage applied to the substrate during 

deposition of wear-resistant coatings from the target 

Ti0.5Al0.5 in the N atmosphere increases the concentration 

of defects and dislocations in the structure. The 
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dependence of the average grain size D on the value of 

the negative voltage VS applied to the substrate in the 

condensation process of the samples is shown in Table 2. 

Table 2 – Dependence of the average grain size d on the value 

of the negative voltage applied to the substrate 

VS, V  0 50 75 100 125 150 250 

d, nm 105 95 60 55 45 42 40 

 

As can be seen from Table 1, the value of d decreases 

from 105 nm to 55 nm when changing the value of the 

negative voltage VS from 0 to 100 V. Further increase in 

the negative voltage on the substrate during condensation 

does not significantly affect the grain size change and 

even at VS = 250 V. The grain size remains about 40 nm. 

Figures 10 a, b show the surface microstructures and 

the cross-section for single-layer TiAlN coatings, respec-

tively. 
 

a b 
Figure 10 – Surface (a) and cross-section (b) of a plate of high-

speed steel P6M5 with TiAlN coatings (5 μm) 
 

Energy-dispersion spectra, typical for all series of 

TiAlN coatings on silicon plate substrates and 

characterizing their stoichiometry, are shown in 

Figure 11. The concentration of Al varies from 34 to 

35 %, the concentration of Ti varies from 52 to 54 %, and 

the concentration of N is within 10 %. 

 
Figure 11 – Energy dispersion spectra and the elemental 

composition of TiAlN coating determined by them 

The main components of the coatings obtained in a 

mixture of argon and nitrogen are TiN, AlN, and nitride 

phase of variable composition (AlxTi1-x)N with cubic 

lattices based on TiN. The concentration of the coating 

components depends on both the concentration of the 

metal components Ti and Al and the pressure of the 

reaction gas composition present in the deposition zone. 

The average size of the formed crystallites: for TiN – 

10 nm, (AlxTi1-x)N – 5 nm, and AlN – 10–100 nm. 

Similar results were obtained by the authors [23]. 

Figure 12 shows the dependencies of hardness on the 

applied negative stress on the substrates. 

As shown in Figure 8, the higher the electric field on 

the substrates, the greater the hardness of the coating [Ti 

(Al)]xN1-x. 

This is due to the phase transition from hcp-AIN 

(MSN AlNx) to c-TiN (cubic-TiN) and can be explained 

by the high level of compressive stresses (5–6 GPa), 

which is confirmed by other authors [11]. 

 

 
Figure 12 – Dependence of hardness on the applied shear stress 

on P6M5 steel substrates during condensation 
 

The lowest values of hardness are observed when 

AlNx structure crystallizes in coatings. By increasing the 

value of the negative stress on the substrate, in this case, 

you can achieve a slight increase in hardness due to the 

slow growth of compressive stresses in the sample and 

reducing the grain size, respectively, as in work [11]. 

We can conclude that by regulating the energy and 

flux density of metal ions of alloying elements, it is 

possible to control the processes of microstructure 

formation and the hardness of nanocrystalline coatings. 

4.1.4 Structure and properties of TiAlSiN 

coatings  

TiAlN coating is superior to TiN coating in hardness, 

wear resistance, and especially oxidation resistance. The 

cutting temperature in the modern high-speed cutting 

industry can reach 1 000 °C, which can cause oxidation 

and reduced hardness of TiAlN coatings. Due to this, 

nanocomposite coatings based on Ti, A, Si, and N are 

now increasingly used for cutting tools. Compared to 

traditional durable TiN, AlN, or TiAlN coatings, the 

TiAlSiN coating, which forms the structure of the 

amorphous Si3N4 shell for the TiAlN nanocrystalline 

coating, has attracted worldwide attention due to its 

enhanced properties as a complex coating for multilayer 

coatings and multicars [3, 6, 20, 24-29]. 

Ti-Al-Si-N coatings were prepared by magnetron 

sputtering using different bias voltages applied to 30 V 

and 130 V substrates and deposition energy. In this way, 

the microstructures and mechanical properties of the 

coatings can be adjusted, such as grain size, orientation, 

and hardness. 
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As the bias voltage increased, the composition of the 

coatings remained almost unchanged, maintaining the 

composition of Ti0.19Al0.25Si0.05N0.51. 

Figure 13 presents X-ray diffraction patterns of 

sprayed coatings Ti-Al-Si-N at bias voltages of –30 V 

and –130 V. We see cubic TiAlN (111), (200), (220), and 

diffraction peaks of wurtzite AlN (002) in coatings, 

except for the peak of the Si substrate. However, the 

diffraction peaks of SiNx phases in coatings are not were 

observed. This can be explained because silicon can exist 

as an amorphous silicon nitride, which corresponds to the 

work [28-29]. 

 

Figure 13 – X-ray diffraction patterns of Ti-Al-Si-N coatings 

deposited at different displacements stresses applied to the 

substrate 

 

As shown in the cross-sectional images in Figure 14, 

obtained on a silicon substrate, the thickness of the 

coating Ti-Al-Si-N is about 1.8 to 1.9 μm. As can be seen 

from the figure, there were no voids in the coatings, and 

the microstructure was dense. At a displacement of 

−30 V, very thin columns of the morphology of zone I 

can be seen in the model, which ended with the structure 

of the surface zone. At a displacement of −130 V, the 

sections were flat and did not have such a pronounced 

columnar structure. 

According to diffraction measurements, the nanolayer 

TiAlSiN coating consists of crystalline phases of solid 

solution-TiN and amorphous phase Si3N4. TEM analysis 

showed that TiSiN layers block the growth of TiAlN 

crystallites, which are balanced and about 5 nm in size. 

As a result, the TiAlSiN coating shows high hardness 

(H = 37 GPa), which is explained by the limited 

dislocation activity in small crystals and the suppression 

of sliding grain boundaries. 

The diffraction peaks of TiAlN coating are shifted to 

higher diffraction angles compared to stoichiometric TiN, 

which indicates a decrease in the lattice parameter 

(0.418 nm compared to 0.424 for pure TiN) [24-25]. 

No signals were received from the crystalline silicon 

nitride or titanium silicide phase, indicating that the Si-

containing phase is amorphous or too thin. 

In Figure 15, SEM images of the cross-section of 

TiAlSiN coating on P6M5 steel are shown. The coating 

adheres well to the substrate. It is uniform in thickness 

and has no structural defects such as cracks and voids. 

Columnar growth is observed in the coating. 

 

a 

 

b 

Figure 14 – Image in cross-section of Ti-Al-Si-N coatings 

applied at different bias voltages –30 V (a) and –130V (b) 

 

Figure 15 – Photomicrograph of cross-section, showing  

the structure of TiAlSiN coating on P6M5 steel 

The H hardness of Ti-Al-Si-N nanocomposites varied 

at shear stresses −30 V and −130 V. With increasing 

shear stress, the hardness increased from 32 GPa to 

37 GPa, and at a voltage of –130 V, the coating showed 

the most significant hardness. High values of TiAlSiN 

coating hardness since it has high resistance to cracking. 

The increase in mechanical properties is mainly due to 

increasing the residual stress during compression and 

reducing the grain size in the Ti-Al-Si-N coating. TiAl-

Si-N coatings with high hardness values and dense 

macrostructure showed increased resistance to cracking 

and wear, which is in agreement with the literature [30]. 

It is well known that hardness increases with 

decreasing grain size, which can be explained by an 

increase in areas of grain boundaries that interfere with 

dislocation movements in the form of dislocation 

accumulations (Hall-Patch effect) [24-25]. 

Ti-Al-Si-N nanocomposite coating maintained high 

hardness at annealing temperature up to 1 000 °C and has 

increased resistance to oxidation up to 1 115 °C. 

4.2 Determination of mechanical properties of 

coatings 

The hardness of the material characterizes the degree 

of its ability to resist plastic deformation, and the fracture 

toughness is a measure of its resistance to crack 

propagation and fracture. With the optimal combination 

of hardness and resistance to destruction, the service life 

of the coating is determined by its wear. 

Mechanical properties and characteristics of wear-

resistant coatings are given in Table 3. 

P6M5 steel samples and samples of the same steel but 

coated were tested for wear for 60 and 120 minutes. The 

test results are shown in Table 4. 
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Table 3 – Mechanical properties and characteristics  

of wear-resistant coatings 

Coating Color 
Hardness  

Hµ, GPa 

Thickness, 

μm 

Maximum  

temperature,  

°С 

TiN gold 20-24 2 – 7 600 

AlN gray 12-16 2-5 600 

AlTiN 
gray- 

purple 
32 1-3 800 

TiAlN 
purple- 

black 
35 1-7 900 

TiAlSiN brown 32-37 1-4 1 100 

Uncoa-

ted steel 

Р6М5 

gray 6-9 N/A N/A 

 

Table 4 - Wear intensity of TiN and TiAlN coatings on P6M5 

steel samples 

Coating 
Wear intensity I, 10–7 kg/m2 

after 60 min after 120 min 

TiN 7.6 18.0 

AlN 8.8 19.9 

TiAlN 3.8 9.0 

TiAlSiN 4.8 9.3 

Uncoa-ted 

steel Р6М5 
25.0 54.0 

 

As a result, it was found that the wear intensity of steel 

after 120 minutes of uncoated tests is 5–6 times higher 

than with TiAlN and TiAlSiN coating, 3 times - than with 

TiN and AlN coatings. 

When comparing the productivity during drilling with 

a P6M5 steel tool, it is shown that the number of holes 

drilled with an uncoated drill is 47 when using a drill 

with TiN coating – 88 holes, when using a drill with 

TiAlN coating – 246 holes. That is, coating increases the 

productivity of the tool by 2–5 times, which is confirmed 

by the work of other authors [3, 6, 13-16, 20]. 

The obtained coatings TiN, AlN, TiAlN, AlTiN, and 

TiAlSiN are layers that are very difficult to erase, well 

protect the tool from surface wear, reduce energy 

consumption, increase tool reliability and redness. 

Cutting properties of the protected tool, 1.5–5.0 times 

higher than the tool without covering. 

5 Conclusions 
The structural-phase and mechanical properties of 

wear-resistant coatings based on Ti, Al, Si, and N 

obtained by magnetron sputtering were analyzed. 

By varying the synthesis conditions, you can change 

the coatings’ phase composition and structure. Functional 

properties largely depend on the composition and mor-

phology of coatings. 

The advantage of TiN is good elasticity and adhesion. 

According to X-ray diffraction data, the TiN samples 

obtained by us have a polycrystalline structure (111), 

(200), and (220). 

The surface morphology strongly depends on the 

distance “target – substrate” TiN coatings have a 

crystalline structure of NaCl and an average lattice 

parameter of 4.24 Å, and the structure consists of 

covalent, metallic, and ionic bonds. The covalent bond 

explains the high hardness of up to about 20 GPa. 

Resistance to loads of textured AlN films is provided 

both due to the high concentration in the protective 

coating of crystalline AlN. When the grains of the 

crystalline phase of the protective coating is oriented 

parallel to the direction of mechanical loads’ action, the 

coating’s integrity is preserved under the influence of 

shock loads. 

TiAlN material is used in various areas, such as 

protective and wear-resistant coatings, diffusion barriers, 

and optical devices. The hardness of AlTiN and TiAlN 

reaches 32–35 GPa depending on the deposition 

conditions and composition. TiAlN has excellent 

resistance to high temperatures. Suitable for high-speed 

processing, it can be used without coolant. 

Ti-Al-Si-N nanocomposite coatings were obtained by 

magnetron sputtering at bias voltages of –30 and –130 V. 

With increasing shear stress of the substrate, Ti-Al-Si-N 

coatings had a decrease in (200) -preferential orientation: 

dense columnar the structure (zone I) of Ti-Al-Si-N 

coatings gradually evolved into an uncharacteristic and 

flat structure. With increasing shear stress, the hardness 

increased from 32 GPa to 37 GPa, i.e., at a displacement 

of –130 V, the coatings had the highest hardness. Ti-Al-

Si-N nanocomposite coating maintained high hardness at 

annealing temperature up to 1 000 ℃ and has increased 

resistance to oxidation up to 1 115 ℃. TiAlSiN coatings 

are characterized by high hardness values, which means 

high viscosity of their destruction, high resistance to 

cracking, and should be helpful in tribological 

applications. 

In the obtained magnetron sputtering coatings on 

samples of P6M5 steel, the microhardness of coatings is 

TiN – 20–24 GPa, AlN – up to 16 GPa, TiAlN – up to 

35 GPa, AlTiN – up to 32 GPa, TiAlSiN – 32–37, while 

the microhardness of the substrate itself steel P6M5 – 6–

9 GPa. The microhardness of two-element TiAlN 

coatings applied to the tool base is 1.5 to 1.9 times higher 

than the microhardness of one-element TiN and AlN 

coatings. 

It was found that the intensity of steel wear after 

120 minutes of uncoated tests is 6 times higher than with 

AlTiN and TiAlN coating, 3 times higher than with TiN 

coating. 
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Abstract. Natural fibres have emerged as a renewable and cheaper substitute to synthetic materials such as glass 

and carbon. A composite material can be defined as combining two or more materials that result in better properties. 

The constituents are reinforcement, and the other is a matrix. The main advantages of composites are high strength, 

stiffness combined with low density. As natural fibres are gaining more importance in recent times, many industries 

are focusing on these natural fibre composites, so that is why they are used as a component in composite materials. In 

this experiment, the analysis aims to characterize different natural fibres when combined with different ratios of the 

coconut coir and the bamboo. So, to fabricate the specimen, the hand lay-up method is used. The coconut coir and the 

bamboo composition are considered in three different variations. Then the natural fibres are subjected to resin and 

hardener compositions to test the suitability, tensile strength, flexural strength, and shore hardness test. We also con-

duct static analysis through ANSYS software. 

Keywords: natural fibre, composite material, tensile strength, finite element analysis. 

1 Introduction 

The interest in natural fibre composite material is rap-

idly growing in the mechanical sector. There is a pro-

found change in both the industrial application and the 

fundamental research. Natural fibres are mostly preferred 

because they are a renewable source, non-toxic to nature, 

cheap, partially recyclable, and biodegradable. Plants like 

flax, cotton, hemp, jute, sisal, pineapple, bamboo, banana, 

and silkworm are primarily used for very long years due 

to their properties. They are generally used as lignocellu-

loses fibres. The availability, renewability, low density 

and price, and satisfactory mechanical properties make 

them an attractive ecological alternative to glass, carbon, 

and manufactured fibres used to manufacture composites. 

These are environmentally friendly and used in transpor-

tation like railway coaches, aerospace, military applica-

tions, building, and construction consumer products. 

Recently, car manufacturers have been interested in 

incorporating natural fibre composites into the interior 

and exterior parts. So, many companies such as Mercedes 

Benz, Toyota, and Daimler Chrysler have already accom-

plished this and are looking to expand the use of natural 

fibre composites. This serves to lower the vehicle’s over-

all weight of the vehicle thus increasing fuel efficiency 

and increasing the sustainability of their manufacturing 

process. The two major factors currently limit the large-

scale production of natural fibres composites. Firstly, 

they are the strength of natural fibre composites, which is 

very low compared to glass. Secondly, they limit the 

large-scale production of natural fibre composites in wa-

ter absorption. Generally, the natural fibres absorb water 

from the air and direct contact with the environment. 

In addition to the naturally occurring composites, 

many other materials are generally used. They have been 

in use for a very long time. The demand will be placed 

according to the material’s performance so that no other 

material can satisfy them. Natural fibres are now consid-

ered the most important and have a severe alert. Due to 

their applications and advantages, the properties of natu-

ral fibre composites can be modified by several factors 

based on the fibre combinations, processing methods, and 

fibre volume fraction. 

Currently, natural fibre composites are used for the 

production of passenger cars. For example, Daimler 

Chrysler cars are equipped with an under-floor protection 

using abaca fibre (natural fibre) obtained from a plant 

called Musa Family, which belongs to the banana family. 

Many natural fibre composites are used in most electronic 

goods such as mobile phones, tablets, and laptops for 
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weight reduction without any trade-off strength. The 

properties of the natural fibre are determined by the archi-

tecture together, defined by the chemical composition and 

the structural features. These are highly applicable in civil 

aviation and in mass transportation. 

Properties of different natural fibres are presented in 

Table 1. 

Table 1 – Properties of different natural fibres 

Property Coir Bamboo 

Tensile strength, MPa 144 330 

Modulus, GPa 31.0 9.80 

Elongation, % 32.3 20.0 

Density, kg/m3 670 450 
 

The materials that make up the composites are matrix, 

resins, additives, and reinforcements. 

The resin is the main ingredient in composites. Ther-

moplastics and thermosets are the main resin systems. 

The thermoplastics resin is solid at room temperature, 

melts when supplied heat, and solidifies when cooled. 

The most commonly used resins in composites are un-

saturated polyesters and vinyl esters. 

The glycides, ethers, and amines are the main epoxies 

in the composites. The material properties are hardening 

are to be manipulated to get the good performances. The 

applications of epoxies are in the aeronautical industries 

and electrical device applications. 

Application of fibre composites is represented by the 

following groups, which are 70 % of the total market 

value: automotive (23%), building and public works 

(21 %), aeronautics (17 %), and sports (11 %). 

North America represents 40 % of the composites in-

dustry’s total market value, 22 % in the Asia-Pacific re-

gion, and 3 % of the rest of the world. 

2 Literature Review 

Satyanarayana et al. [1] initiated research on the struc-

tural property studies of coir fibres. Fibres from different 

parts of the coconut palm tree were examined for proper-

ties such as size, density, electrical resistivity, ultimate 

tensile strength, initial modulus, and percentage elonga-

tion. Their research determined the stress-strain diagrams 

of the fracture mode, micro fibrillary angle, and cellulose 

and lignin contents of these fibres. 

Shibata et al. [2] discovered composites reinforced 

with natural fibres and observed properties of biocompo-

sites made from short abaca fibre and biodegradable pol-

yester. 

Rout et al. [3] show that the untreated coir fibres have 

weak interfacial bonding with the polyester matrix and 

the mechanical properties of the composites are poor. 

Rajak et al. [4] investigated that the glass fibre or syn-

thetic fibre reinforced polymeric composites acquire 

more strength. But these application areas are limited due 

to their very high fabrication cost. It also identifies natu-

ral fibers’ four potential environmental improvements as 

substitution of higher volume natural fibres for some base 

polymer material. Lower environmental impact from 

natural fibre production compared to glass fibre produc-

tion, lower emission while in use due to weight reduction, 

and energy/carbon credits from the end of life incinera-

tion. 

Haneefa et al. [5] studied the tensile and flexural 

properties of short banana and glass hybrid fibre rein-

forced polystyrene composites. They observed that the 

elongation at break decreases with an increase in the vol-

ume fraction of fibres. 

Ahmed and Vijayarangan [6] evaluated the tensile, 

flexural, and interlaminar shear properties of woven jute 

and jute-glass fabric reinforced polyester composites by 

arranging different stacking sequences. The above two 

researchers listed the systematic procedure for evaluating 

tensile and flexural properties in their work. 

Syduzzaman et al. [7] studied that natural fibres are 

advantageous over glass fibre as they buckle rather than 

break during processing and fabrication. In addition, cel-

lulose possesses a flattened oval cross-section that en-

hances stress transfer by presenting an effectively higher 

aspect ratio. 

Mohammed et al. [8] studied the advantages men-

tioned above. The natural fibre composite also has disad-

vantages, such as poor compatibility between hydropho-

bic polymer matrix and hydrophilic fibres, leading to 

weak interfaces and poor mechanical properties. 

Khanam et al. [9] investigated tensile, flexural, and 

compressive properties of coir-silk fibre reinforced com-

posites, and Dong [10] reviewed studies evaluating ten-

sile properties for glass and bamboo fibres reinforced 

polyester hybrid composites. 

Therefore, the present project work aims to fabricate 

various composite laminates with epoxy resin. The fibres 

involved in this experimental analysis are bamboo and 

coir. These are subjected to different ratios (bamboo 

70 % + coir 30 %, bamboo 60 % + coir 40 %, and bam-

boo 80 % + coir 20 %). This experimental fabrication is 

done by the hand lay method. ASTM D638 finds the 

tensile strength. Analysis done is done through ANSYS 

software. 

The main objectives are: 

– to test the strength of the specimen when different 

bamboo and coir are in different ratios; 

– to study the tensile strength of each material sepa-

rately to apply in automotive applications; 

– to study the SHORE hardness property of the mate-

rial when mixed with different proportions. 

3 Research Methodology 

3.1 Materials selection 

Natural fibres are taken initially for fabrication. The 

epoxy is used to make the composite laminate. The 

fabrication process has been done to fabricate the FRP 

laminate. This process is done by the hand lay method. 

The materials have been selected according to the 

fibers’ usage and availability. The following are some 

essential points for material selection. They are: 

– to develop an alternative new solution for the given 

applications; 
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– to use quantitative methods in material selection; 

– to find reliable properties sources of material 

properties; 

– to analyze the performance requirements; 

– to evaluate the different solutions. 

The raw materials used in this experimental process 

are natural fibre (coconut coir and bamboo), epoxy resin, 

and hardener. 

Coir is a versatile natural fibre extracted from meso-

carp tissue or husk of coconut fruit. Generally, fibre is of 

a golden color when cleaned after removing from coconut 

husk. 

Coir is the fibrous husk of the coconut shell. Being 

tough and naturally resistant to seawater, the coir protects 

the fruit enough to survive months floating on ocean 

currents to be washed up on a sandy shore where it may 

sprout and grow into a tree if it has enough freshwater 

because of all the other nutrients it needs have been car-

ried along with the seed. These characteristics make the 

fibres quite valuable for the floor and outdoor mats. 

The term “bamboo fabric” widely refers to many 

different textiles made from the bamboo plant. Fabrics 

have been made from bamboo for thousands of years, but 

it is only in contemporary times that the process of 

making this hardy and fast-growing wood into fabric has 

been perfected. 

Epoxy is the chemical name, and Araldite is the 

marketing name by Hindustan international (India) 

private limited manufacturing company. 

Epoxy has the following properties: high strength, 

good sticky nature, toughness, water resistance, and 

tasteless and non-toxic. 

Epoxy resin is defined as a molecule containing more 

than one epoxy group. This has high mechanical proper-

ties, like a large cohesive force. It has flexibility and di-

versity in design. It also has excellent stability without 

impurities. These have good strength and low absorption 

of moisture. These are relatively high in viscosity, so that 

they are usually moulded at temperatures in the region of 

50–100 °C. When these get reacted with hardeners, they 

are set to a hard mass that does not melt or dissolve in 

solvents. Hardeners are typically amine anhydride-based 

chemistry. They are usually synthetic, most commonly 

derived from petrochemicals, but are partially natural. 

3.2 Hand lay-up method 

This experimental process follows the Hand lay 

method. This is one of the most traditional methods used 

in the industry. It is a straightforward process, where each 

ply is handled only by hand and is stacked layer by layer 

up to the desired thickness. 

Although this method is reliable, it requires much 

labor, and the procedure requires more time than the 

advanced manufacturing methods. Brushes and rolls are 

used in this method to apply the resin and reduce the air 

bubbles. There is no heat required during the curing 

process, and it is usually left until cured at room 

temperatures. 

They are prepared by respecting some steps. First, the 

mould surfaces are treated by releasing an anti-adhesive 

agent to avoid sticking polymer to the surface. 

Then, a thin plastic sheet is applied at the top and 

bottom of the mould plate to get the smooth surfaces of 

the product. The layers are woven reinforcement is cut to 

required shapes and placed on the surface of the mould. 

Thus, previously mentioned, the resin is thoroughly 

mixed with the hardener and poured uniformly on the 

mats. 

It is seen that no air bubbles should roll inside the 

sheets. The mould is then closed and pressured on the 

single mat. 

After it is cured at room temperature, the mould is 

opened, and woven composite is removed from the mould 

surface. 

3.3 Experimental procedure 

The experimental technique follows the hand lay 

method. This has a long wide plate used as a base. The 

resin and hardener are mixed firstly, and then the coating 

is applied uniformly on the entire area of the required size 

of the laminate. Then a layer of fiber is evenly placed 

over the resin, then a small amount of force is applied on 

it with the roller. Then again, a coating is kept on it. 

This process is repeated until the required thickness is 

obtained. Then a coating of wax is kept to finish the 

product, or a Teflon sheet is kept on it with a little 

weight. 

The laminate setting on the board is gently removed 

by releasing the Teflon sheet. The laminate has on the 

edges with the fibres are cut in to make laminate to a 

uniform shape. The carpentry chisel cuts fibres. The chis-

el also cuts the extra parts. The tensile and flexural tests 

specimens were cut on a CNC machine as per ASTM 

standards: length – 165 mm; width – 19 mm; thickness – 

3 mm. 

4 Results 

The laminate setting on the board is gently removed by 

releasing the Teflon sheet. The laminate has on the edges 

with the fibres are cut in to make laminate to a uniform 

shape. The carpentry chisel cuts fibres. The chisel also 

cuts the extra parts. As per ASTM standards, the tensile 

and flexural tests specimens were cut on the CNC 

machine. 

The numerical simulation results are presented in Fig-

ure 1 and summarized in Tables 2–3. The results for dif-

ferent material compositions are also presented in Fig-

ure 2. 

Shore D Hardness is a standardized test measuring the 

depth of penetration of a specific indenter. Test methods 

used to measure shore D hardness are ASTM D2240 and 

ISO 868. The results are presented in Table 4. 

Flexure tests are generally used to determine flexural 

modulus or flexural strength. A flexure test is more af-

fordable than a tensile test, and test results are slightly 

different. The material is laid horizontally over two points 

of contact (lower support span), and then a force is ap-

plied to the top of the material through either one or two 
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points of contact (upper loading span) until the sample 

fails. The maximum recorded force is the flexural 

strength of that particular sample. The results are also 

presented in Table 4. 

 
a 

 
b 

 
c 

 
d 

Figure 1 – The numerical simulation results: a – total  

deformations; b – von Mises equivalent stress;  

c – shear stress; d – strain 

Table 2 – The numerical simulation results 

Material 

Total  

deformation,  

mm 

Equivalent  

stress,  

MPa 

Shear  

stress,  

MPa 

Strain,  

10–3 

Coir  0.90 44.8 25.4 1.45 

Bamboo  2.84 44.1 24.9 4.51 

Bamboo 80 % +  

+ Coir 20 %  
2.56 39.7 22.4 4.06 

Bamboo 70 % +  

+ Coir 30 %  
2.42 37.5 21.1 3.84 

Bamboo 60 % +  

+ Coir 40 %  
2.27 35.3 19.9 3.61 

 

 
a 
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Figure 2 – Material composition vs total deformation (a),  

von Mises equivalent stress (b), shear stress (c),  

tensile stress (d), hardness (e), and flextural stress (f) 

Table 3 – Experimental results on tensile stress 

Sample UTS, MPa Elongation, % 

Bamboo 80 % + Coir 20 %  37.4 1.44 

Bamboo 70 % + Coir 30 %  52.6 0.60 

Bamboo 60 % + Coir 40 %  42.1 0.84 

Table 4 – Shore D hardness test and elongation results 

Sample Hardness Elongation, % 

Bamboo 80 % + Coir 20 %  84 125 

Bamboo 70 % + Coir 30 %  82 131 

Bamboo 60 % + Coir 40 %  83 31 

5 Conclusions 

The present project work aims to fabricate various 

composite laminates with epoxy resin. The fibers 

involved in this experimental analysis are bamboo and 

coir. These are subjected to different coir ratios (bamboo 

70 % + coir 30 %, bamboo 60 % + coir 40 %, and 

bamboo 80 % + coir 20 %. This experimental fabrication 

is done by the hand-lay method. ASTM D638 finds the 

tensile strength. Analysis done is done through ANSYS 

software. 

The laminates are fabricated by hand lay-up method 

effectively. The experimental study reveals enhanced 

mechanical properties like hardness, flexural strength and 

tensile strength. 

The hardness improved by adding reinforcements to 

the base alloy. The addition of epoxy resin particles 

improved the hardness, and the improved wear properties 

resulted from the addition of hardener and epoxy resin. 

Further, the mechanical properties are enriched by heat 

treatment. Hardness and tensile strength were improved 

by the composition of (bamboo 70 % + coir 30 %, 

compared to other samples. 
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Abstract. Regenerative biomechanics provides exciting technologies for developing functional substitutes, 

intending to restore and regenerate damaged tissues and organs. Scaffolds are in great demand. However, there are 

risks of biocompatibility when using scaffolds. Each bone substitute has its chemical composition, and other 

characteristics have advantages and disadvantages. Reproducibility, data sharing, privacy concerns, and patient 

participation in clinical trials are significant problems in modern clinical trials. In the era of the Internet, data is 

collected constantly. Today we need applications that ensure the privacy of users’ data. Blockchain technology helps 

to compensate for severe data management problems (e.g., patient recruitment, ongoing monitoring) in clinical trials 

(CT). The article examines the principles of blockchain operation and approaches to bone substitutes’ design. Based 

on this data, a blockchain model for biomaterial surgery has been created, facilitating interaction between the parties 

and reducing errors. 

Keywords: life cycle assessment, clinical trials, biomaterial, implant, risk assessment, transaction. 

1 Introduction 

Biomaterials differ in chemical composition, the 

biological mechanism of action, and other characteristics. 

Each of them has its advantages and disadvantages [1]. A 

compromise is required between mechanical and 

biological characteristics when using synthetic materials. 

Since scaffolds are not permanent implants, their 

leading role is to promote extracellular matrix formation 

[2, 3]. Because of this, there are risks of biocompatibility 

when using scaffolds [4]. 

Clinical Trials (CT) help test and validate the safety 

of newly discovered drugs in specific patient populations. 

However, such research usually faces many challenges 

(massive financial costs, regulatory and administrative 

barriers, and an insufficient labor force). 

In addition, CT faces several data management 

challenges related to protocol compliance, patient 

registration, transparency, traceability, data integrity, and 

sample reporting [5]. Confidentiality of personal data and 

patient inclusion in clinical trials are essential for modern 

clinical trials [6]. 

 
 

In the Internet era, personal data is collected 

continuously. Today, we need privacy apps that always 

keep users in control of their data [7]. 

Blockchain can potentially solve such problems due 

to its intrinsic characteristics and properties [5]. The 

principle of the blockchain is that any service entrusted to 

trusted third parties can be built in a transparent, 

decentralized, secure “trustless” way at the top of the 

blockchain (in fact, there is trust, but it is hardcoded into 

the blockchain protocol due to the complex cryptographic 

algorithm) [6]. 

The purpose of this work is to investigate approaches 

to the design, manufacture, and intended use of scaffolds 

based on life cycle principles and approaches to risk 

assessment, as well as methods for building blockchains, 

and create blockchain technology for regenerative 

biomechanics that could facilitate data exchange between 

different parties and reduce errors. 
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2 Research Methodology 

2.1 Principles of bone tissue production 

Cells, scaffolds, and growth factors are the main 

components of tissue engineering. 

Figure 1 is a diagram showing the concept of skeletal 

tissue regeneration using scaffold-based tissue 

engineering strategies, including its components (cells, 

biomaterials/scaffolds, and growth factors) and the 

influence of the environment for the pre-preparation of 

engineered implants [8]. 

According to the QbD concept, there are three 

approaches to scaffold design, where eight quality 

dimensions are used [9]. 3D printing technology is the 

preferred manufacturing process for regenerative 

engineering applications. This technology can 

successfully form a well-defined complex and can be 

developed from the data of three-dimensional scans of 

individual patients. 
 

 

Figure 1 – The concept of skeletal tissue regeneration across the boundaries of the LCA scaffold system [10] 

Preclinical trials are assessed by in vitro and in vivo 

tests before regulatory approval [11]. Risk assessment is 

carried out under the ISO 14971 standard (Figure 2) [12]. 

Risk management data is communicated to regulatory 

authorities at all stages, but especially in the first three 

stages, when hazards are identified, and measures are 

taken to manage them. 

At stages of the life cycle, environmental risk is 

regulated by the ISO 14040: 2006 standard (Figure 3) 

[10]. 

2.2 Blockchain technology in biomedicine 

Blockchain technology has opened up tremendous 

opportunities in healthcare, discovering the actual value 

of interoperability. Blockchain technology features such 

as data provenance, transparency, decentralized 

transaction verification, and immutability can help offset 

severe data management challenges (such as patient 

recruitment, ongoing monitoring, data management, and 

data analysis and accurate reporting) in clinical trials 

(CT) [13]. 

When patients undergo a medical examination, their 

information is registered at the registration desk, and a 

smart contract is established. Next comes the diagnosis. 

The examination results are collected using Internet-

based devices and recorded in an electronic medical 

record system connected to a smart contract in the 

blockchain, where the data is encrypted. Once added to 

the blockchain, it is impossible to change the data, but 

authorized parties can only access it. Each patient is 

provided with an electronic medical record account when 

registering for an appointment. It is unique and contains 

the patient’s identification number and personal 

information. 

The person gives personal information (name, age, 

contact details, medical history). After that, the account is 

added to the blockchain, waiting for further updates after 

the medical results. The smart contract is activated on the 

blockchain stored in the EHR account. It has coded rules 

that control new registrations, and it focuses on the 

execution of transactions added to the chain, such as 

forcing transactions to obtain consent from both 

healthcare providers and patients before allowing a third 

party to view. The following types of policies are 

recommended for inclusion in a smart contract. The 

privacy policy of personal data is related to how 

healthcare institutions collect and use patients’ personal 

information. They also inform patients about what 

specific information is collected and whether it is kept 

confidential and protected from misuse or abuse by 

sharing it with partners. The Health Records Policy 

governs the types of data collected and recorded, 

standards for medical records and management, and the 

responsibilities of healthcare professionals in data 

processing. These principles should be consistent with 

common law and best practices. The Third Party 

Involvement Policy addresses the rights and obligations 

of pharmaceutical companies, insurance companies, and 

governments in collecting and using patient information 

and treatment outcomes. After registering an EHR 

account, patients provide their digital signature to activate 

the smart contract. Contract violations can be identified, 

and a warning issued to the patient and individuals. The 

smart contract governs the creation of new identities. 

Registration of a person is carried out only in certified 

institutions. It also contains a PPR contract issued by the 

interaction of data received from both parties. This 

contract defines data ownership and access to permissions 
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associated with medical records maintained by healthcare 

professionals. 

PPR defines data metrics attached to a hash of a 

subset of patient data that make it impossible to change 

the data at the source. It also allows customers to have 

full access to and control their data and share it with 

others. Finally, it contains a list of links to the PPR 

contract, which lists all prior and current information 

exchanges between two nodes in the system, such as all 

people served by a healthcare professional or all 

healthcare providers who provided services to a patient, 

or a third party with whom the patient shares records. The 

blockchain and smart contract maintain all medical 

journals for an indefinite period, so one participant can 

always access the journals by updating the latest 

blockchain from the network. Figure 4 shows this process 

[14]. 

The rest of the blockchain models are presented in 

Table 1. 

 

 

 

 

 

 

 

 

 

Figure 2 – Quality risk management process [12] Figure 3 – Environmental risk assessment 
 

 

Figure 4 – Patient registration and personal profile setting [14]
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Table 1 – Some blockchain models 

Blockchain  

technology 
Data Benefits Disadvantages Source 

Private  

blockchain 

EHR A smart blockchain-based application 

for managing and sharing healthcare 

data 

No scalability or availability considerations, data 

exchange is limited 

[15] 

Proof  

of work 

Location Layered location sharing scheme There is no discussion of under what critical 

condition the patient’s whereabouts data will be 

obtained 

[16] 

Ethereum  

platform 

Health  

data 

Economic smart contracts Interaction between different parties is not 

considered 

[17] 

 

3 Results 

3.1 Blockchain process structure 

Our proposed process for transferring health 

information on the blockchain consists of the following 

steps. 

3.1.1 Registration 

The patient is registered at the clinic. His data is 

recorded, a smart contract is established with the 

insurance company. The patient is the leading party 

receiving treatment based on personal information. 

Doctors enter information about treatment use of drugs. A 

smart contract is entered into when patients fulfill certain 

insurance contract conditions to pay the surgical fees. 

Smart contracts are self-executing contracts on the 

blockchain network. Contracts are converted into 

computer code, saved, and executed by the blockchain 

network. 

3.1.2 Survey 

A medical examination of the patient is carried out. 

The results are forwarded to the manufacturer. Some 

images may be needed here, such as an MRI scan to 

determine the condition of the patients [18]. 

3.1.3 Manufacturing 

The manufacturer designs the implant and assesses 

the risks according to ISO 14971 and ISO 14040:2006 

standards. 

Life Cycle Assessment is a tool for assessing a 

product’s environmental and potential aspects. It is 

carried out by compiling a list of inputs and outputs, 

assessing the environmental impact, the impact of inputs 

and outputs, and interpreting the results for the study 

[10]. The results are reported to the regulatory authorities. 

3.1.4 Preclinical studies 

The material is preclinically tested in the laboratory, 

the results are reported to the regulatory authorities. 

Medical devices are tested for cytotoxicity, genotoxicity, 

sensitization, and irritation [11]. 

3.1.5 Implantation 

The material is implanted into the patient (Figure 5). 

 

Figure 5 – Proposed blockchain process 
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3.2 Data structure 

The data structure is determined by members and 

assets [18]. Participants – doctor, patient, insurance 

company, biomaterial manufacturer, regulatory 

authorities, laboratories. Assets have patient records 

(survey data), product information (material, 

dimensions), transactions, risk assessment results, and 

preclinical testing (Figure 6). 

 

 

Figure 6 – Proposed data structure 

 

The patient is the main participant who receives the 

treatment, with personal data such as health information 

and medical data. 

The doctor conducts diagnostics operates on the 

patient. He assesses the patient’s condition and decides 

which surgery is necessary and which implant he needs. 

Patient information and implant characteristics will be 

sent to the manufacturer. 

The implant manufacturer receives information from 

the surgeon. Depending on the diagnosis made by the 

surgeons, the implant can be custom-made according to 

the patient’s characteristics or using a standard implant. 

The patient can purchase health insurance from an 

insurance company. This establishes a smart contract that 

enforces the contract between the patient, the hospital, the 

implant manufacturer, and the insurance company. 

Regulatory authorities receive information on risk 

assessments from the manufacturer. 

The material is sent to the laboratory for preclinical 

studies on cytotoxicity sensitization. Information about 

them is also transmitted to the regulatory authorities. 

4 Conclusions 

Clinical testing helps confirm the safety of open-label 

drugs in specific patient populations. But such research 

usually faces many challenges, such as massive financial 

costs, regulatory and administrative barriers, and several 

data management challenges related to protocol 

compliance, patient registration, and transparency. 

The blockchain network is used in the biomedical field 

to store and exchange patient data across hospitals, 

diagnostic laboratories, pharmacies, and doctors. 
Blockchain programs can pinpoint severe errors in the 

medical field. 

Thus, it can improve the healthcare system’s 

productivity, safety, and transparency of health data 

exchange. 

This paper proposes a blockchain network for 

scaffolds based on hydroxyapatite, considering the life 

cycle of scaffolds, approaches to risk assessment, and 

clinical testing. This blockchain structure will improve its 

integration into implant surgery in the future. 
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Abstract. An investigation on new rotor blade designs conceived to produce higher exit relative kinetic energy of a 

mixed flow turbine is undertaken. Accelerating the flow through the rotor in a relative frame of reference improves 

energy transfer to the shaft, which is only produced in a rotating rotor. A three-dimensional converging rotor channel 

might respond to the analysis requirements in the subsonic flow regimes. Effectively, the machine experiences a 3.71 % 

and 3.67 % increase in work output and efficiency, respectively, representing this study’s primary intent. This has been 

accomplished by varying the shroud profile to a lesser eye tip diameter, then the hub profile to a larger eye root diameter. 

At last, both shroud and hub profiles are varied. It appears possible to enhance the performance of the rotor in terms of 

optimum work done and efficiency by devising suitable blade geometry designs. ANSYS CFX 15 is the code of all 

simulation works. 

Keywords: blade, vane-to-vane plane, hub, shroud, meridional plane.

1 Introduction 

The mixed inflow turbines combine the advantages of 

both the axial and the radial types. They can use higher 

flow rates and operate at a higher specific rate. The 

maximum efficiency is attained at a lower ratio of tip speed 

over the velocity. The bending stresses on the new blade 

geometry are lesser compared to the radial turbines. Also, 

the use of variable nozzle blades is efficient even at off-

design point operation. This type of turbine covers large 

ranges of power, rate of mass flow, and rotational speeds. 

Among their applications, one cites Diesel engines in 

pulsating flow regimes. 

One is concerned with the rotor through-flow area effect 

on the turbine performance. It must be observed that the 

rotor channel cross-sectional area, from inlet to exit, is 

designed to ensure specific variations during the gas 

expansion. Besides, it is pointed out that on the one hand, 

the passe of the flow in the vane-to-vane Plane is 

converging, which implies flow acceleration in the moving 

reference frame for subsonic flow regimes. On the other 

hand, the meridional channel surface is diverging. The 

main reason for this design is to increase the specific 

volume during the fluid flow expansion, which would 

require an increase in flow area. Since the flow regime is 

subsonic, a flow deceleration is expected. Apparently, the 

flow parameters are affected by the combined effects of 

the sidewalls of the rotor channel. As a result, a little 

change in the relative velocity is revealed. Based on these 

arguments, investigations regarding the blade geometry 

are undertaken to shape a three-dimensional converging 

rotor through a flow sectional area for achieving greater 

flow acceleration rates. This might cause energy 

transformation into relative kinetic energy with greater 

energy transfer to the rotor into higher specific output work 

done. 

A few arrangements might be employed to design new 

blade configurations for the analysis. A numerical 

simulation using Ansys ICEM is adopted to explore the 

feasibility and the physical significance of the proposed 

design cases. The quantities and the geometry of the mixed 

inflow turbine rotor relative to which the results of the 

present study may be compared are those of the turbine 

designed and tested at Imperial College of London. Several 

research works have been conducted on this mixed turbine. 

One might cite papers related to the team of the Laboratory 

of Applied Mechanics of Oran-Algeria. 
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2 Literature Review 

Abidat et al. [1] designed and analyzed the volute of a 

radial and a mixed flow turbine, Litim et al. [2] studied the 

effect of blade number on the mixed inflow turbine 

performances. Maghnine et al. [3] presented the influence 

of volute cross-section shape on the mixed inflow turbine 

performances. Hamel et al [4] investigated a twin entry 

flow turbine volute. In papers [5-7] presented the 

aerodynamic performance of the mixed flow turbine blade 

design. Bencherif et al. [8] studied the unsteady 

performance of a twin-entry mixed flow turbine. Abidat [9] 

and Abidat et al. [10] developed a new method of blade 

profile generation using the Bezier polynomials. The works 

[11-12] include research to ensure high-quality mechanical 

machining of turbine blades for regular operation. Abidat 

et al. [13] studied the clearance effect between the rotor 

blades and the casing on the mixed turbine performance. In 

two cases, papers [14, 15] studied the effects of the cone 

and the inlet blade angles on mixed inflow turbine 

performance. The first is for a fixed outlet volute section 

and the second for a variable outlet volute section. Some 

geometric parameters were held fixed to keep the same 

rotor casing. Other researchers have examined this type of 

turbine; Rajoo et al. [16] offered a comprehensive review 

of mixed-flow turbines. Palfreyman et al. [17] obtained the 

rotor geometry of the mixed flow turbine by radially 

scanning the leading edge of a radial turbine. Whitfield et 

al. [18] established a relationship between the blade angle, 

the cone angle, and the camber angle. Watson et al. [19] 

compared the efficiency of axial, radial, and mixed turbines 

for different speed ratios and worked to improve the 

performance of the turbocharged engine with variable 

geometry. Pesiridis [20], Pesiridis and Martinez-Botas [21–

23] modified the mechanism of actuation of sliding vanes 

to adapt to the nature of pulsating flow of the exhaust gas 

by inducing artificially sinusoidal motion. Wallace and 

Blair [24] reported the earliest experimental study of the 

irregular flow effect on mixed inflow turbine performance. 

Yamaguchi et al. [25] analyzed four rotors of mixed inflow 

turbines having different camber curves. Ketata et al. [26] 

studied a Mixed Flow Turbine Volute numerically 

Operating in Various Steady Flow Conditions. Leonard et 

al. [27] studied the inlet mixed inflow turbine geometry. 

Bernhardt Lüddecke et al. [28] compared the efficiencies of 

mixed and radial inflow turbines for different rotational 

speeds. Padzillah et al. [29] studied numerically and 

experimentally the flow angle effect on mixed inflow 

turbine performance and discovered that only one rotor 

blade part operates in optimal conditions. 

3 Research Methodology 

3.1 Initial rotor design 

The rotor of the mixed inflow turbine under examination 

is a constant blade angle type, named type A. Since the 

meridian plane of the rotor represents maim interest of this 

study, it is profitable to have its description given in 

Figure 1. The values of the geometrical parameters are 

represented in Table 1. As stated before, changes will be 

made to the shroud and the hub profiles. For all the 

subsequent calculations, the optimum expansion ratio is 

adopted, which is equal to 2.91. It is retained from 

ABIDAT’s thesis analysis [30]. 
 

 

Figure 1 – The blade meridian view 

Table 1 – The geometrical parameter values (mm) 

b2 D2 R0h X1 D3H D3 D3s 𝛿2(°) 

17.99 83.58 36 40 27.07 59.7 78.65 40 
 

3.2 A new design approach 

The new rotor impellers under consideration are 

designed as follows. To lessen the degree of the meridional 

plane surface divergence, the first alternative is achieved by 

lowering the blade's eye tip diameter, which implies 

lowering the shroud profile as shown in Figure 2. 

 

Figure 2 – Different blade meridian views  

for different shroud exit diameters 

The second alternative would be lifting the hub profile 

for a higher eye root diameter as depicted in Figure 3. 

Finally, both shroud and hub profiles vary for a smaller exit 

diameter, as presented in Figure 4. The initial rotor design 

taken as a reference for comparison will be called: Div-1. 
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Figure 3 – Different blade meridian views  

for different hub exit diameters 

 

Figure 4 – Different blades meridian view  

by changing of hub and shroud diameters 

3.3 Rotor blade profile generation 

The method for designing the blade profile of the mixed 

turbine rotor is to use the pressure balance flow path 

principle by considering the faces acting on a particle fluid 

flow in a rotor path. The Bezier polynomial is adopted for 

the shape generation of the rotor under examination. The 

following expression gives the radius: 

𝑟 = (1 − 𝑢)4𝑟0 + 4𝑢(1 − 𝑢)3𝑟1 + 6𝑢2(1 − 𝑢)2𝑟𝑐 +

        +4𝑢3(1 − 𝑢)𝑟2 + 𝑢4𝑟3.                                              (1) 

    The distance in the axial direction is presented by the 

following equation: 

𝑥 = (1 − 𝑢)4𝑥0 + 4𝑢(1 − 𝑢)3𝑥1 + 6𝑢2(1 − 𝑢)2𝑥𝑐 +

        4𝑢3(1 − 𝑢)𝑥2 + 𝑢4𝑥3.                                                          (2) 

    The leading edge is obtained by the following relations: 

𝜃 = 𝜃𝑟𝑒𝑓 +
1

𝑠𝑖𝑛 (𝛿2)
∫ 𝑡𝑎𝑛 (𝛽2𝑏)

𝑑𝑥

𝑟

𝑥

𝑥𝑟𝑒𝑓
,     (3) 

𝑟 = 𝑟0ℎ + (𝑥 − 𝑥0ℎ)𝑡𝑎𝑛 (𝛿2).               (4)    

    The following equations calculate the trailing edge: 

𝒙 = (𝟏 − 𝒖)𝟒𝒙𝟎 + 𝟒𝒖(𝟏 − 𝒖)𝟑𝒙𝟏 + 𝟔𝒖𝟐(𝟏 − 𝒖)𝟐𝒙𝒃 +

+𝟒𝒖𝟑(𝟏 − 𝒖)𝒙𝟐 + 𝒖𝟒𝒙𝟑,                                               (5)    

𝜽 = (𝟏 − 𝒖)𝟒𝜽𝟎 + 𝟒𝒖(𝟏 − 𝒖)𝟑𝜽𝟏 + 𝟔𝒖𝟐(𝟏 − 𝒖)𝟐𝜽𝒃 +

       + 𝟒𝒖𝟑(𝟏 − 𝒖)𝜽𝟐 + 𝒖𝟒𝜽𝟑.                                                      

(6)    

The camberline blade is shown in Figure 5. 

 

 

Figure 5 – The camberline blade view 

The three-dimensional blade profiles are depicted in 

Figure 6 corresponding to the case hub held fixed; Figure 7 

corresponds to the casing shroud held fixed and the last on 

Figure 8 corresponds to the case where both hub and shroud 

are varied. Each meridional plane surface is defined by the 

ratio of the cross-sectional area, exit over inlet sections. 

Depending on them through flow sectional area shape; they 

are called DIV for diverging, CST for constant, and CONV 

for converging channels. 

 

 

Figure 6 – Blade geometrical shape views  

for different shroud exit diameter 
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3.4 Mesh optimization and Numerical model 

validations 

The unstructured hexahedral grid is used because it 

responds well with turbomachine simulations. 
 

 

Figure 7 – Blade geometrical shape views  

for different hub exit diameter 

 

Figure 8 – Blade geometrical shape views  

for different hub and shroud exit diameters 

Because the numerical simulation solutions are only 

approximations, the analysis of mesh quality and its 

influence on the results deserve particular attention. The 

numbers of mesh elements tested are 107 214, 233 814, 

333 372, and 415 030. The analysis of the graphs shows 

that the number of elements does not have any influence on 

the torque and the mass flow rate (Figure 9), a negligible 

influence on the static pressure distribution around the rotor 

blade (Figure 10). On the other hand, there exists a 

variation in the efficiency graph. Figure 9 shows that the 

optimal grid number is higher or equal to 333372 elements 

which are applied in the numerical simulations. 

The numerical validation is confirmed by the 

experimental works of Chen and Abidat [10] on rotor type 

A. The pressure ratio is defined as the total pressure at the 

inlet relative to the static pressure at the outlet; the 

distribution is in the axial direction of the blade. The results 

are shown in Figure 11. A good agreement between 

numerical simulations and experimental results is 

remarked. 

 

Figure 9 – Effect of element number on efficiency,  

torque and mass flow rate 

 

Figure 10 – Effect of element number on static pressure 

 

Figure 11 – Numerical result validation 

4 Results and Discussion 

The channel geometry of the rotor has a significant 

influence on the flow, on the energy transformation of the 

turbine. For the sake of comparison, the simulation results 

for the three alternatives at full rotational speed are 
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reported on the same diagram versus cases of channel 

geometries. The first alternative, which corresponds to the 

analysis of a blade shroud varied in profile shape keeping 

the hub profile unchanged, reveals relatively poor 

performance variables. The optimum design case remains 

for a diverging meridional plane surface, namely the Div-

3 case for a maximum output work (Figure 12) and the 

Div-2 case for a maximum power developed (Figure 13). 

 

 

Figure 12 – Output work at 98 000 rpm for three alternatives 

 

Figure 13 – Power at 98 000 rpm for three alternatives 

 Then, the channel convergence effect ceases to have 

significance in terms of beneficial gains.  

This is observed by a faster fall off the mass flow rate 

(Figure 14), the output work (Figure 12), the power 

developed (Figure 13), and the efficiency (Figure 15). 

When keeping the shroud profile fixed and varying the hub 

profile, which represents the second alternative, the most 

efficient rotor blade profile for the best effect on the work 

generation is obtained. The Conv-1 case is retained for its 

maximum output work, but the Const case for its 

maximum power developed. This is probably due to the 

fluid deflection and compression effects by the new 

curvature of the meridional streamline and the vane-to-

vane plane curvature. A remarkable feature is noticed, 

although the flow passage is restricted from a design case 

to the next one for a smaller exit area, the mass flow rate 

remains almost invariable from the initial design case: 

Div-1 until the Conv-1 design case. Then it falls off as 

depicted in Figure 14. 

 

 

Figure 14 – Power at 98 000 rpm for three alternatives 

 

Figure 15 – Total to static efficiency for three alternatives 

All the performance parameters are more significant 

than the two other alternatives seen in Figures 12–15. The 

channel aerodynamic shape is adequate for transforming 

the inlet available energy into shaft work. The last 

alternative where both hub profile and shroud profile are 

varied, named the symmetric case, approaches the 

performances of the second alternative. The Const design 

case shows maximum output work and the Div-4 design 

case for maximum power output, as reported in 

Figures 12–13. Based on the simulation results, the 

estimated gains (% increase) compared to the initial design 

case: Div-1, for the three alternatives, are listed in Table 2. 

The decisive advantage of either a maximum power 

developed or a maximum efficiency (max output work) 

represents a compromise between two different 

aerodynamic blade profiles. 
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Table 2 – Maximum gain estimation for three alternatives 

Case Maximum gain Geometry 
Mass flow 

rate, % 
Output work, % Power, % 

Total to static 

efficiency, % 

Fixe hub 
Power DIV-2 –0.93 1.54 0.59 1.52 

Output work DIV-3 –2.06 2.29 0.18 2.27 

Fixe shroud 
Power CST –0.72 3.49 2.74 3.49 

Output work CONV-1 –1.63 3.71 2.02 3.67 

Symmetrical 
Power DIV-4 –1.89 2.93 0.99 2.94 

Output work CST –3.27 3.13 –0.24 3.13 

5 Conclusions 

Several channel geometry configurations have been 

explored to increase the energy transformation. The 

interdependence of the flow parameters and the complex 

three-dimensionality of the machine reveals some 

instructive results. Effectively, the analysis based on 

channel argument appears suitable for specific rotor 

designs, which confirm improvement in the turbine 

performance. 

Their effects on the work generation capacity are 

observed. We retain from the analysis. It appears that for 

each alternative, two facets emerge. The maximum 

obtained in the output work is related to the maximum 

efficiency for a specific optimum design case. But the 

maximum power developed are recorded the maximum 

expansion ratio and the minimum absolute kinetic energy 

at the rotor exit, corresponding to a different geometrical 

design optimum case. The same rule is noticeable for the 

three considered alternatives. It arises from the wall 

channel combinations a remarkable feature that a three-

dimensional converging rotor cross-sectional area is not a 

necessary and sufficient condition to increase the relative 

kinetic energy. 

Nomenclature 

D2 Mean diameter at rotor inlet 

b2 Blade height at rotor inlet 

2 Cone angle at rotor inlet 

D3 Exducer hub diameter 

D3S Exducer tip diameter 

X1 Length of the rotor 

 𝜃 Camber angle 

𝜃𝑟𝑒𝑓  Reference camber angle  

𝑥𝑟𝑒𝑓 Reference axial distance of the blade 

𝛽2𝑏  Mean blade angle at rotor inlet 

𝑅0ℎ The radius at the tip rotor inlet. 

𝑥0ℎ The axial distance for the initial point of the hub. 

𝐷3 Exducer root mean square diameter 

X Axial polar variable  

 r Radial polar variable 

 u variable between 0 and 1 

References 

1. Hamel, M., Hamidou, M. K., Cherif, H. T., Abidat, M., Litim, S. A. (2008). Design and flow analysis of radial and mixed flow 

turbine volutes. ASME Turbo Expo. ASME, New York. Vol. 1(PART C), pp. 2329-2333, doi: 10.1115/GT2008-50503. 

2. Ali, L. S., Mohammed, H., Kamel, H. M. (2017). The number of blade effects on the performance of a mixed turbine rotor. 

Engineering Review, Vol. 37(3), pp. 349-360. 

3. Meghnine, M. A., Hamidou, M. K., Hamel, M. (2017). Influence of the volute cross-sectional shape on mixed inflow turbine 

performances. Advances in Mechanical Engineering, Vol. 9(7), pp. 1-15, doi: 10.1177/1687814017708174. 

4. Hamel, M., Bencherif, M. M., Hamidou, M. K. (2017). Investigation of a twin entry mixed flow turbine volute, benefits with 

regard to the eco-system. Materials Physics and Mechanics, Vol. 32(1), pp. 31-42. 

5. Omar, Z. K., Mohammed, H., Kamel, H. M. (2017). Computational aerodynamic performance of mixed-flow turbine blade design. 

Engineering Review, Vol. 37(2), pp. 201-213. 

6. Leonard, T., Spence, S., Filsinger, D., Starke, A. (2020). Design and performance analysis of mixed flow turbine rotors with 

extended blade chord. Journal of Turbomachinery, Vol. 142(12), 121003. doi: 10.1115/1.4047894. 

7. Lee, S. P., Barrans, S. M., Nickson, A. K. (2021). The impact of volute aspect ratio and tilt on the performance of a mixed flow 

turbine. Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy, Vol. 235(6), pp. 1435-

1450, doi: 10.1177/0957650921998228. 

8. Bencherif, M. M., Hamidou, M. K., Hamel, M., Abidat, M. (2016). Study of unsteady performance of a twin-entry mixed flow 

turbine. Journal of Applied Mechanics and Technical Physics, Vol. 57(2), pp. 300-307, doi: 10.1134/S0021894416020139. 

9. Rajeevalochanam, P., Sunkara, S. N. A., Mayandi, B., Banda, B. V. G., Chappati, V. S. K., Kumar, K. (2016). Design of highly 

loaded turbine stage for small gas turbine engine. ASME Turbo Expo 2016: Turbomachinery Technical Conference and Exposition, 

GT 2016. Seoul, South Korea, Vol. 2C-2016, 123972, doi: 10.1115/GT2016-56178. 



 

Journal of Engineering Sciences, Volume 8, Issue 2 (2021), pp. D1-D7 D7 

 

10. Chen, H., Abidat, M., Baines, N. C., Firth, M. R. (1992). The effects of blade loading in radial and mixed flow turbines. ASME 

1992 International Gas Turbine and Aeroengine Congress and Exposition, GT 1992, Cologne, Germany, Vol. 1, 111210, doi: 

10.1115/92-GT-092. 

11. Kononenko, S., Dobrotvorskiy, S., Basova, Y., Gasanov, M., Dobrovolska, L. (2019) Deflections and frequency analysis in the 

milling of thin-walled parts with variable low stiffness. Acta Polytechnica, Vol. 59(3), pp. 283-291, doi: 

10.14311/AP.2019.59.0283. 

12. Dobrotvorskiy, S., Kononenko, S., Basova, Y., Dobrovolska, L., Edl, M. (2021). Development of optimum thin-walled parts 

milling parameters calculation technique. 4th International Conference on Design, Simulation, Manufacturing: The Innovation 

Exchange, DSMIE 2021, Lviv, Ukraine, Vol.2021, pp. 343-352, doi: 10.1007/978-3-030-77719-7_34. 

13. Abidat, M., Hamidou, M. K., Hachemi, M., Hamel, M., Litim, S. A. (2008). Performance prediction of a mixed flow turbine. 

Mecanique et Industries, Vol. 9(1), pp. 71-79, doi: 10.1051/meca:2008009. 

14. Chelabi, M. A., Hamidou, M. K., Hamel, M. (2017). Effects of cone angle and inlet blade angle on mixed inflow turbine 

performances. Periodica Polytechnica Mechanical Engineering, Vol. 61(3), pp. 225-233, doi: 10.3311/PPme.9890. 

15. Lee, S. P., Jupp, M. L., Barrans, S. M., Nickson, A. K. (2019). Analysis of leading edge flow characteristics in a mixed flow 

turbine under pulsating flows. Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy, 

Vol. 233(1), pp. 78-95, doi: 10.1177/0957650918778661. 

16. Rajoo, S., Martinez-Botas, R. (2008). Mixed flow turbine research: A review. Journal of Turbomachinery, Vol. 130(4), 044001, 

doi: 10.1115/1.2812326. 

17. Palfreyman, D., Martinez-Botas, R.F. (2002). Numerical study of the internal flow field characteristics in mixed flow turbines. 

American Society of Mechanical Engineers, International Gas Turbine Institute, Turbo Expo (Publication) IGTI, Vol. 5(A), 

pp. 455-472, doi: 10.1115/GT2002-30372. 

18. Whitfield, A., Baines., N.C. (1990). Design of radial turbomachines (1st ed.). Harlow, Essex, England: Longman Scientific and 

Technical, Wiley, New York, USA. 

19. Watson, N., Janota, M. S. (1982). Turbocharging the Internal Combustion Engine (1st ed.). Palgrave, Kent. doi: 10.1007/978-1-

349-04024-7. 

20. Pesiridis, A. (2007). Turbocharger Turbine Unsteady Aerodynamics with Active Control. PhD Thesis, Imperial College, London, 

UK. 

21. Pesiridis, A., Martinez-Botas, R. F. (2007). Experimental evaluation of active flow control mixed-flow turbine for automotive 

turbocharger application. Journal of Turbomachinery, Vol. 129(1), pp. 44-52, doi: 10.1115/1.2372778. 

22. Pesiridis, A., Martinez-Botas, R. F. (2006). Active control turbocharger for automotive application: An experimental evaluation. 

Conference: 8th International Conference on Turbocharging and Turbochargers, CRC Press, London, pp. 223-232, doi: 

10.1016/B978-1-84569-174-5.50020-8. 

23. Pesiridis, A., Martinez-Botas, R. F. (2005). Experimental evaluation of active flow control mixed-flow turbine for automotive 

turbocharger application. ASME Turbo Expo 2005 - Gas Turbie Technology: Focus for the Future, Reno-Tahoe, Nevada, USA, 

Vol. 6(B), GT2005-68830, pp. 881-895, doi: 10.1115/GT2005-68830. 

24. Wallace, F. J., Blair, G. P. (1965). The pulsating-flow performance of inward radial-flow turbines. ASME 1965 Gas Turbine 

Conference and Products Show, Vol. 1-A, 113390, doi: 10.1115/65-GTP-21. 

25. Yamaguchi, H., Nishiyama, T., Horiai, K., Kasuya, T. (1984). High performance Komatsu KTR150 turbocharger. SAE, 840019, 

doi: 10.4271/840019. 

26. Ketata, A., Driss, Z. (2017). Numerical study of a vanned mixed flow turbine operating in various steady flow conditions. 

International Journal of Mechanics and Applications, Vol.7(1), pp. 24-30, doi: 10.5923/j.mechanics.20170701.03. 

27. Leonard, T., Spence, S., Early, J., Filsinger, D. (2013). Numerical study of a vanned mixed flow turbine operating in various 

steady flow conditions. 6th International Conference on Pumps and Fans with Compressors and Wind Turbines, ICPF 2013, 

Beijing, China, 52(TOPIC 4), 042012, doi: 10.1088/1757-899X/52/4/042012. 

28. Luddecke, B., Filsinger, D., Ehrhard, J. (2012). On mixed flow turbines for automotive turbocharger applications. International 

Journal of Rotating Machinery, Vol. 2012, 589720, doi: 10.1155/2012/589720. 

29. Padzillah, M. H., Rajoo, S., Martinez-Botas, R. F. (2015). Experimental and numerical investigation on flow angle characteristics 

of an automotive mixed flow turbocharger turbine. Jurnal Teknologi, Vol. 77(8), pp. 7-12, doi: 10.11113/jt.v77.6148. 

30.  Abidat, M., Chen, H., Baines, N. C., Firth, M. R. (1992). Design of a highly loaded mixed flow turbine. Proceedings of the 

Institution of Mechanical Engineers, Part A: Journal of Power and Energy, Vol. 206(2), pp. 95-107, doi: 

10.1243/PIME_PROC_1992_206_016_02. 



 

D8 MECHANICAL ENGINEERING: Dynamics and Strength of Machines 

 

JOURNAL OF ENGINEERING SCIENCES 

Volume 8, Issue 2 (2021) 

 

Verbovyi A., Khomenko V., Neamtu C., Pavlenko V., Cherednyk M., Vashyst B., Pavlenko I. 

(2021). Parameter identification of nonlinear bearing stiffness for turbopump units of liquid 

rocket engines considering initial gaps and axial preloading. Journal of Engineering Sciences, 

Vol. 8(2), pp. D8-D11, doi: 10.21272/jes.2021.8(2).d2 
 

Parameter Identification of Nonlinear Bearing Stiffness for Turbopump Units of Liquid 

Rocket Engines Considering Initial Gaps and Axial Preloading 

Verbovyi A.1*[0000-0002-7805-4733], Khomenko V.1, Neamtu C.2[0000-0003-0899-0451],  

Pavlenko V.1, Cherednyk M.1, Vashyst B.1, Pavlenko I.1[0000-0002-6136-1040] 

1 Sumy State University, 2 Rymskogo-Korsakova St., 40007 Sumy, Ukraine;  
2 Technical University of Cluj-Napoca, 28 Memorandumului St., 400114 Cluj-Napoca, Romania 

Article info: 

Submitted: 

Accepted for publication: 

Available online: 

 

August 12, 2021 

December 3, 2021 

December 9, 2021 

*Corresponding email: 

a.verbovoy@omdm.sumdu.edu.ua 

Abstract. This article is devoted to developing a mathematical model of nonlinear bearing supports for turbopump 

units of liquid rocket engines considering initial gaps and axial preloading. In addition to the radial stiffness of the bearing 

support, this model also considers the stiffness of the bearing cage, the rotational speed of the rotor, axial preloading of 

the rotor (due to which the inner cage shifts relative to the outer, changing the radial stiffness of the support), as well as 

radial gaps between contact elements of the bearings. This model makes it possible to calculate the stiffness of the bearing 

supports more accurately. The proposed model is realized using both the linear regression procedure and artificial neural 

networks. The model’s reliability is substantiated by the relatively small discrepancy of the obtained evaluation results 

with the experimental data. As a result, this model will allow determining the critical frequencies of the rotor with greater 

accuracy. The results have been implemented within the experience of designing turbopump units for State Company 

“Yuzhnoye Design Office”. 

Keywords: bearing support, axial force, radial gap, regression analysis, artificial neural networks.

1 Introduction 

One of the reasons for the deterioration of the vibration 

reliability of pumping units is increased vibrations due to 

the entry of the machine into resonance, which in turn 

arises mainly from the coincidence of the operating speed 

of the rotor with its eigenfrequency. 

The radial stiffness of the bearing supports directly 

affects the natural frequencies of the rotor. At the same 

time, the bearing housings in which the clips lie have their 

own stiffness. Thus, the rotor support is a system of two 

consecutive stiffnesses. 

In addition, the stiffness of the bearing is affected by the 

degree of axial compression of the rotor and the frequency 

of its rotation, as well as the gap between contact parts. 

Therefore, the purpose of this work is to develop an 

approach for determining the equivalent stiffness of 

bearing supports considering initial gaps and axial 

preloading. 

For achieving this aim, the following objectives have 

been formulated. Firstly, a mathematical model of 

nonlinear bearing stiffness should be proposed considering 

axial preloading and radial gaps in contact parts. 

Secondly, the regression dependencies for the 

identification of unknown coefficients should be achieved. 

Finally, the proposed approach should be substantiated 

by comparison with the experimental data. 

2 Literature Review 

To ensure the vibration reliability of the turbopump 

rotor, it is necessary to turn to the already existing scientific 

publications devoted to studying individual influences on 

the dynamics of the rotor of any of the previously 

mentioned factors. 

Particularly, Sharma et al. [1] presented a review of 

different models in the analysis of the nonlinear behavior 

of rotor systems. Xu et al. [2] made an overview of bearings 

for the next generation of reusable liquid rocket 

turbopumps. 

Bai et al. [3] studied the impact of flexible support 

stiffness on rotor systems’ dynamic characteristics and 

stability. Xu et al. [4] investigated the impact of bearing 
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stiffness on the nonlinear dynamics of shafts in drive 

systems. 

Du and Liang [5] evaluated the dynamic performance of 

hydrostatic bearings. As a result, a better understanding of 

the performance of water-lubricated hydrostatic bearings 

was provided. Cao [6] carried out a transient analysis of 

flexible rotors with nonlinear bearings. 

Study [7] describes rotor dynamics of the rotation of 

moving parts and the compliance of bearing support 

elements. This article also describes an approach to 

studying nonlinear reactions in rotor supports. The design 

model of the rotating rotor considers the rotation of the 

shaft, which manifests itself in the form of centrifugal 

inertia forces acting on the inner cage of the rolling bearing. 

After numerical simulation in ANSYS, diagrams of the 

dependence of the movements of the inner cage on the force 

applied to it in the radial direction were constructed from 

the calculated points. Thus, the authors of this article 

propose a more advanced method for determining the 

nonlinear stiffness characteristics of bearing supports. 

In the article [8], using the example of the oxidizer rotor 

of a liquid rocket engine, it is shown how to consider the 

gaps in the rolling bearing, as well as the axial compression 

of the shaft when modeling the dynamics of the rotor, 

which directly affects the rigidity of rolling bearings due to 

the displacement of the inner cage relative to the outer one. 

The simulation was carried out using the multi-purpose 

ANSYS software package. In work, contact spots were 

obtained between the rolling elements, the contact angle 

was determined. The authors propose nonlinear stiffness as 

the tangent of the angle of inclination of the curve diagram 

of the relationship between radial load and radial 

displacement. Thus, the “radial load – radial displacement” 

graph was constructed according to the calculated points 

because of numerical simulation. Also, because of 

approximation, analytical expressions describing this 

dependence were determined. 

The article [9] is devoted to a general approach to the 

use of neural networks to determine the parameters that 

affect the dynamics of the rotor. The neural networks 

described by the authors allow us to consider the nonlinear 

regression dependences of the stiffness of radial bearings 

on the speed of rotation of the rotor. Thus, it was possible 

to develop algorithms for identifying the stiffness of 

bearings based on previously known critical frequencies of 

the system. 

The work described in the article [10] is devoted to 

considering such factors as the nonlinear weakening of the 

support during operation and the nonlinearity of the 

stiffness of the support. 

Finally, numerical methods for calculating the stiffness 

of elements of arbitrary shape are described in [11, 12]. 

Overall, the described approaches to the calculation 

process in this article allow for modal analysis of the 

system, harmonic, and allow for virtual balancing without 

the need to have a significant time to prepare the source 

data and allow you to significantly reduce the machine time 

of the account, having an insignificant loss an accuracy. 

Nevertheless, a comprehensive approach to determining 

the equivalent stiffness of bearing supports should be 

developed to eliminate recent publications’ advantages. 

3 Research Methodology 

3.1 A regression model of the bearing stiffness 

Considering an experience of designing turbopump units 

ordered by the State Company “Yuzhnoye Design Office” 

(Dnipro, Ukraine), the equivalent bearing stiffness can be 

described by the following dependence: 

 𝑐(𝜔, 𝑟, 𝐹𝑎) = 𝑐0 + 𝛼𝜔
2 + 𝛽𝑟 + 𝛾𝐹𝑎, (1) 

where c0 – initial stiffness, N/m; ω – rotational speed, 

rad/s; r – radial displacement of a rotor, m; Fa – axial 

preloading of a rotor, N; α, β, γ – unknown coefficients, 

N·s2/m, N/m2, and m–1, respectively. 

The corresponding design scheme is presented in 

Figure 1. 

 

Figure 1 – The design scheme of the bearing support 

This nonlinear model significantly improves the 

quasilinear model proposed previously in [8]. Its 

identification is now based on evaluating unknown 

parameters α, β, and γ. 

For finding these coefficients, they can be presented as 

independent variables of the following error function 

R(α, β, γ), compiled according to the least-squares method: 

 𝑅(𝛼, 𝛽, 𝛾) = ∑ (𝑐0 + 𝛼𝜔𝑖
2 + 𝛽𝑟𝑖 + 𝛾𝐹𝑎𝑖 − 𝑐𝑖)

2𝑛
𝑖=1 , (2) 

where i – a current number of experimental points; n – 

the total number of experimental points. 

The value of this error function should be minimal 

(R → min). In this case, the following conditions can be 

written: 

 

{
 
 

 
 
𝜕𝑅

𝜕𝛼
= 2∑ (𝑐0 + 𝛼𝜔𝑖

2 + 𝛽𝑟𝑖 + 𝛾𝐹𝑎𝑖 − 𝑐𝑖)𝜔𝑖
2 = 0𝑛

𝑖=1 ;

𝜕𝑅

𝜕𝛽
= 2∑ (𝑐0 + 𝛼𝜔𝑖

2 + 𝛽𝑟𝑖 + 𝛾𝐹𝑎𝑖 − 𝑐𝑖)𝑥𝑖 = 0
𝑛
𝑖=1 ;

𝜕𝑅

𝜕𝛾
= 2∑ (𝑐0 + 𝛼𝜔𝑖

2 + 𝛽𝑟𝑖 + 𝛾𝐹𝑎𝑖 − 𝑐𝑖)𝑦𝑖 = 0
𝑛
𝑖=1 ,

 (3) 

that can be reduced to the following linear equation: 

 [𝐾]{𝐴} = {𝐶}, (4) 
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where [K] – symmetrical quadratic 3×3 matrix; {C} – 

3×1 column-vector; {A} = {α, β, γ}T – 3×1 column-vector 

of evaluated parameters. 

Elements of quadratic matrix [K] and column-vector 

[C] take the following forms: 

 

𝐾11 = ∑ 𝜔𝑖
4𝑛

𝑖=1 ;  𝐾12 = 𝐾21 = ∑ 𝜔𝑖
2𝑟𝑖

𝑛
𝑖=1 ;

𝐾13 = 𝐾31 = ∑ 𝜔𝑖
2𝐹𝑎

𝑛
𝑖=1 ;  𝐾22 = ∑ 𝑟𝑖

2𝑛
𝑖=1 ;

𝐾23 = 𝐾32 = ∑ 𝑟𝑖𝐹𝑎
𝑛
𝑖=1 ;  𝐾33 = ∑ 𝐹𝑎𝑖

2𝑛
𝑖=1 ;

 (5) 

 
𝐶1 = ∑ (𝑐𝑖 − 𝑐0)𝜔𝑖

2𝑛
𝑖=1 ;  𝐶2 = ∑ (𝑐𝑖 − 𝑐0)𝑟𝑖

𝑛
𝑖=1 ;

𝐶3 = ∑ (𝑐𝑖 − 𝑐0)𝐹𝑎𝑖
𝑛
𝑖=1 .

 (6) 

Based on the transverse matrix approach, the column-

vector of the evaluated parameters is determined as 

follows: 

 {𝐴} = [𝐾]−1{𝐶}. (7) 

Then, after determining the obtained coefficients α, β, 

and γ and substituting them into expression (1), and 

analytical dependence of the equivalent stiffness can be 

obtained considering the rotational speed of the rotor, 

radial gaps in the bearing support, and axial preloading. 

3.2 The use of artificial neural networks 

The above-described algorithm for determining 

equivalent stiffness assumes the linear bearing stiffness 

model. However, artificial neural networks can be applied 

if a linear mathematical model is not suitable (especially if 

there are more factors affecting the equivalent stiffness). 

The corresponding comprehensive approach for such 

modeling is presented in [9]. 

Particularly, for the considered case study, an artificial 

neural network architecture is presented in Figure 2. 

 

Figure 2 – An architecture of the artificial neural network 

4 Results and Discussion 

The design scheme of the rotor of the oxidizer 

turbopump of the liquid rotor engine is presented in 

Figure 3 [7]. 

 

Figure 3 – An architecture of the artificial neural network 

For this case study, the experimental results data is 

presented in Table 1 for bearings of types 45-216 and  

45-276214. 

Table 1 – Experimental data for different types of bearings 

i 
ωi,  

rad/s 

ri,  

10–6 m 

Fa,  

103 N 

Bearing stiffness, 108 N/m 

45-216 45-276214 

1 0 

0 0 

1.88 2.10 

2 1100 1.90 2.10 

3 1963 1.93 2.12 

4 2215 1.94 2.13 

5 0 

95 4 

2.02 2.25 

6 1100 2.04 2.26 

7 1963 2.07 2.27 

8 2215 2.08 2.27 
 

As a result of numerical calculation, the following 

values for elements of quadratic matrix (5) have been 

obtained: 

 K11 = 8.077·1013; K12 = K21 = 9.471·102;·  

 K13 = K31 = 3.988·1010;·K22 = 3.610·10–8;  

 K23 = K32 = 1.520;·K33 = 6.400·107.  

Additionally, for the bearing 45-216, the column-vector 

(6) is as follows: 

 C1 = 2.418·1014; C2 = 6.555·103; C3 = 2.760·103,  

and for the bearing  45-276214: 

 C1 = 1.931·1014; C2 = 6.080·103; C3 = 2.560·103.  

After considering the regression dependence (7), the 

unknown parameters α, β, and γ have been evaluated and 

summarized in Table 2. 

Table 2 – The evaluated parameters 

Bearing 
α,  

N·s2/m 

β,  

N/m2 

γ,  

m–1 

Maximum 

error, % 

45-216 0.72 1.37·1011 4100 7.0 

45-276214 0.05 1.37·1011 0 1.8 
 

Comparison of the data presented in Table 1 with the 

proposed mathematical model (1) for the data presented in 

Table 2 substantiates the reliability of the proposed 

approach. Particularly, the relative error of the parameter 

identification does not exceed 7 % for the bearing 56-216 

and 2 % for the bearing 45-276214. 

5 Conclusions 

In this article, the analysis of existing studies on the 

influence of various factors on the equivalent stiffness of 

rolling bearings and various methods of considering these 

factors when developing a reliable mathematical model 

was carried out. 

Based on these studies, an algorithm for evaluating the 

equivalent stiffness has been developed. The proposed 

model considers the impact of the rotational speed of the 

shaft, radial gaps, and axial preloading of the shaft. 

The reliability of the proposed method is proved by the 

fact that the relative error of the parameter identification 
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does not exceed 7 % for the bearing 56-216 and 2 % for 

the bearing 45-276214. 

In the case of large nonlinearities (e.g., for the bearing 

56-216), a different approach based on artificial neural 

networks has allowed developing a reliable mathematical 

model considering other factors affecting the equivalent 

stiffness of the bearing support instead of determining the 

coefficients of influence. 
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Abstract. One of the urgent problems of mechanics is to design a lightweight, compact and precise reducer with 

high efficiency since it is an essential part of the robot actuators. The manufacture of modern toy robots made as Pet-

models requires highly efficient and very compact drives. A topical part of the drive is the cycloidal reducer required 

to provide the torque appropriate for the effective movement of the toy. The article proposes a three-dimensional 

model of a cycloidal reducer designed for a four-legged walking robot toy. The outer diameter of the reducer is 56 

mm. If its most significant parts are plastic, the weight does not exceed more than 0.2 kg. The obtained results of the 

analysis of stresses arising between the disk and the rollers indicate the complete suitability of the selected materials 

of polyamide and steel on their mechanical characteristics for use in the reducer of the robot actuator. 

Keywords: slow speed shaft roller, cycloidal disk, bearing, finite end method. 

1 Introduction 

Nowadays, legged robots are becoming very popular 

among different groups of modern human society. They 

belong to one of these groups, and a pet simulated robot 

can be trendy shortly. Most of the natural pets are small: 

dogs and cats. But they are brisk, so the pet simulated 

robots must be prompt too. Therefore, robotics 

engineering deals with those types of toys and has to 

solve many problems of strength materials and compact 

and lightweight actuators for ones. One of the complex 

problems is to design an ultra-lightweight and high-

efficiency compact cycloidal reducer. 

2 Literature Review 

The cycloidal planetary transmissions are widely used 

in mechanical efficiency automatic wheels and multi-

legged platforms [1]. 

The article [2] describes a humanoid robotics platform 

and describes the design criteria, hardware, software 

framework, and experimental testing of the platform. But 

it does not offer the reducer design. 

The paper [3] shows the general trends in the engines 

of humanoid robots, which of course, involve the use of 

structures of light drives. 

In [4], authors developed a highly efficient compact 

cycloidal gearbox for legged robots, which uses needle 

roller bearings in all parts where there is contact during 

the power transfer process inside the gearbox, which 

significantly improves efficiency compared to a cycloidal 

gearbox using free rollers. The paper proposes the sub-

carrier structure that distributes the load and allows the 

cycloidal gear to respond reliably to shocks that may 

occur while the robot is moving on its feet. But it weighs 

766 g, so it can be used for legged robots but not for little 

pet-robot. 

The paper [5] investigated the CBR is a one-stage 

reducer with a compact structure and a wide range of 

installation size. But it includes only CBR bearings. 

Moreover, a number of scientific works are devoted to 

the problem of designing mechatronic satellites [6–9] and 

cycloidal reducers [10–12]. 

Therefore, it is relevant to design an ultra-lightweight 

and compact cycloidal reducer. 
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3 Research Methodology 

3.1 Designs of electrical motor and cycloidal 

reducer 

The cycloidal reducers have a high reduction ratio, 

high efficiency, high stiffness, and compact size 

compared to conventional reduction gears, so they are 

attractive candidates for tight spaces and precise 

applications such as small pet simulated four-legged 

robots. Therefore, it is essential to design a device 

consisting of a modern mini brushless direct current 

electrical motor and very short sizes stage single-reducer 

available to operate together with the output motor shaft 

(Figure 1). 

 
a 

 
b 

Figure 1 – Assembly of the BLDC electrical motor (a)  

and the cycloidal reducer (b) 

Motor Multistar Elite 3508-268 KV Multirotor is 

usable for realizing it. Their weight is 78.6 g, the 

diameter is 41.8 mm, and the shaft diameter is 4.0 mm. 

3.2 Usual cycloidal reducer 

Figure 2 shows the development environment system 

information (SolidWorks) about the cycloidal disk 

designed by the authors. 

On the diagram (Figure 2) and the reducer exploded 

view (Figure 3), numbers indicate the following parts: 1 – 

brushless DC electric motor; 2, 9 – carriers; 3, 11 – 

output bearings; 4, 14 – cycloidal disk bearings;  

5, 15 – cycloidal disks; 6 – input shaft (crank or eccentric 

shaft); 7, 17 – crank bearings; 8 – bolts; 10 – slow speed 

shaft rollers (four pieces); 12 – internal pins wheel 

(output slow speed shaft); 13, 16 – bushings; 18 – four 

nuts (for screws and motor-reducer connecting). 
 

 
 

Figure 2 – Assembly axial-section sketch of the BLDC 

electrical motor and cycloidal reducer developed  

 

Figure 3 – Exploded view of the usual cycloidal reducer 

Detailed development every of ones permit to receive 

their small sizes and compact assembly of reducer model 

design as a result. 

The assembly allows putting the final design of the 

compact device. The essential data determined by this are 

the major diameter, length, and weight of the reducer. 

The model includes two equal cycloidal disks: parts 5 and 

15, because it minimizes the vibration and improves the 

gear’s wear resistance (Figure 3). 

3.3 Minimized cycloidal reducer 

Figure 4 shows the development environment system 

information (SolidWorks) about cycloidal disk major 

diameter of 32 mm. 
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Figure 4 – Assembly cross-section sketch of the compact 

cycloidal reducer developed by authors 

One of the essential dimensions of the reducer is the 

outer diameter of 38 mm (Figure 5). 

 

Figure 5 – Assembly drawing plan of the BLDC electrical 

motor and very compact cycloidal reducer developed by authors 

This cycloidal reducer model predicts that the weight 

will not exceed 350 g if the device is made of steel parts 

and not more than 120 g if its biggest parts are made of 

plastic. 

3.4 High-efficiency compact cycloidal reducer  

for a pet robot 

It is essential to consider this value to calculate the 

number of cycloidal teeth and slow-speed shaft rollers. 

This compact reducer includes more shaft rollers than 

before. There are ten rollers in its design (Figure 7). 

Therefore, the cycloidal disks include ten holes 

(Figures 7, 8). 

 

 

Figure 6 – View of assembly cross-section sketch of the high-

efficiency compact cycloidal reducer developed by authors 

 

Figure 7 – Exploded view of the high-efficiency very compact 

cycloidal reducer developed by authors 

Parameters of a reducer consider elements intended for 

fastening a reducer to a robot frame (Table 1). 

Table 1 – Reducer parameters 

Parameter Value Dimension 

Mass 189.5 g 

Diameter 56 mm 

Length 41 mm 

Ratio 26 – 
 

The input shaft of the reducer is made from steel. One 

of the essential reducers is cycloidal disks made from 

plastic and slow-speed shaft rollers made from steel. 

Therefore, it is necessary to research the interaction 

between them. So the aim of the study is to receive the 

analysis of the stress state in a contact zone between 

cycloidal disks and slow-speed shaft rollers (Figure 8). 
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Figure 8 – Schema of interaction between cycloidal disk  

and slow speed shaft rollers 

3.5 Computational model 

Since the forces acting on the cycloid disk have a 

complex configuration, it is necessary to use the finite 

element method to determine the stresses in this part. 

The stress in rollers is also easier to determine with 

this method due to the static uncertainty of the ones. 

To speed up the calculations, simplification of the 

model is needed. For this reason, holes, chamfers and 

fillets that do not affect the result were removed. 

Bearings and rigid clamps were replaced with the 

appropriate restrictions. 

Figure 9 with green arrows shows the rigid clamp, 

which replaced the press-fit in the carrier. The blue cones 

show the surfaces to which the bearing restriction has 

been applied. 

 

 

Figure 9 – applied FEM to reducer assembly 

To increase the accuracy of the result, grid control was 

used by selecting the surfaces on which the stresses are to 

be determined and setting the dimensions of the grid 

elements on them, the sides of which are 0.5 mm. For the 

rest of the parts, a grid was used, the dimensions of which 

depend on the curvature of the surfaces with the largest 

elements, the dimensions of the sides of which are 2 mm. 

The total number of nodes is 3.1·105. The number of 

elements is 2.0·105. The number of Jacobian points is 4. 

Solver – FFEPlus. 

The contact “node to the surface” is used for the parts 

between which the engagement occurs. This is because 

the contact between the cycloid disk and the rollers looks 

like a line. This type of contact is better suited for such 

part engagement (Figure 10). 
 

 

Figure 10 – Cycloid disk with FEM grid control appiled 

The output link of the gearbox was loaded with a 

torque of 28 N·m. In Figure 9, the moment is shown by 

purple arrows. 

The materials are selected from the SolidWorks 

Simulation material libraries (Tables 2, 3). 

Table 2 – Characteristics of caprolon (PA Type 6) –  

a material selected for cycloidal disks 

Property Value Dimension 

Yield strength 108.65 MPa 

Density 1120 kg/m3 

Elastic modulus 2620 MPa 

Shear modulus 970.4 MPa 

Poisson’s ratio 0.34 – 

Tensile strength 90 MPa 

Table 3 – Characteristics of steel SР15 - a material selected for 

slow speed shaft rollers disks 

Property Value Dimension 

Yield strength 390 MPa 

Density 7812 kg/m3 

Elastic modulus 2.1·105 MPa 

Shear modulus 0.8·105 MPa 

Poisson’s ratio 0.31 – 

Tensile strength 595 MPa 

 

Slow speed shaft rollers with applied FEM grid control 

are presented in Figure 11. 
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Figure 11 – Slow speed shaft rollers  

with FEM grid control applied 

4 Results 

The diagrams of the stresses in the rollers in cross 

section next to the satellite are shown at the base of the 

rollers. Stresses are caused by the reaction of the torque 

(Figures 12, 13). 
 

 

Figure 12 – Diagram of stress distribution  

in slow-speed shaft rollers 

 

Figure 13 – The legend of the equivalent stress distribution  

in slow-speed shaft rollers (von Mises) 

The maximum value is 695 MPa. The strength limit 

for steel SH15, from which the rollers are made, is 

2160 MPa. 

Figures 14 and 15 show the stress diagrams of the 

cycloid disk. 
 

 

Figure 14 – Diagram of stress distribution in cycloidal disk 

 

Figure 15 – The legend of equivalent stress distribution  

in cycloidal disk (von Mises) 

Tensile stress for graphite’s saturated polyamide is 

75 MPa, with relative compression strain of 135 MPa. 

The maximum stress in the cycloid disk is about 

90 MPa. It occurs in contact with the most loaded rollers 

near the surface, it is the compressive stress. 

The offset of the point lying on the surface at a 

distance of 0.391 mm of the reducer on a radius of 28 mm 

is 0.8° (Figures 16). 

The cycloid type of engagement selected for the 

stepper robot reducer allows you to design a compact and 

lightweight engine capable of withstanding relatively 

heavy loads. 



 

 

Journal of Engineering Sciences, Volume 8, Issue 2 (2021), pp. D12–D17 D17 

 

 

Figure 16 – Deformation diagram in a zone of the cycloidal disk 

5 Conclusions 

The Diameter and Length of the developed cycloidal 

reducer are small enough and correct to use with modern 

BLDC electrical motors. 

The predicted weight of the developed cycloidal 

reducer is 180 g only. 

The lightweight and compact cycloidal reducer model 

is developed and can be suggested as a drive for a pet 

simulated four-legged robot. 

The obtained results of the analysis of stresses arising 

between the disk and the rollers indicate the complete 

suitability of the selected materials of polyamide and 

steel on their mechanical characteristics for use in the 

reducer of the robot activator. 

Analysis of the predicted deformation of the disk 

demonstrates the need to use an output shaft position 

sensor to ensure high accuracy in determining the robot’s 

position. 
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Abstract. In this paper enhanced red-breasted sapsucker (ERBS) algorithm has been proposed to solve the power 

loss lessening problem. RBS algorithm is designed on the copulate actions of RBS. Male RBS (MRBS) will attract 

the female with an exclusive tone. Concerning the concentration of the tone female RBS (FMBS) will progress in the 

direction of the MRBS. Various tone engendered by MRBS will catch the fancy of FRBS, and this action is 

analogous to data contribution in Evolutionary techniques. Naturally, so many MRBS will put huge efforts 

simultaneously to attract the FRBS for copulate. RBS has been integrated with the sine-cosine algorithm (SCA) and 

opposition-based learning (OBL). SCA process shifts resourcefully from exploration to exploitation by acclimatizing 

the functions. Solutions are frequently streamlined to the premium solution and optimization of the premium region 

of the exploration zone. OBL is one of the significant optimization procedures to improve the convergence pace of 

different optimization procedures. The successful execution of the OBL holds the assessment of the opposite 

population and present population in the analogous generation to find out the better contender solution. The proposed 

enhanced RBS (ERBS) algorithm is corroborated in IEEE 30 bus test systems. Power discrepancy compressed, power 

reliability amplified, and power loss condensed. 

Keywords: optimal, reactive, transmission, sine-cosine algorithm, opposition. 

1 Introduction 

Power loss lessening is a fundamental problem in 

Electrical power systems. Bountiful numeric procedures 

[1-6] and evolutionary approaches [9-19] solved the real 

power loss lessening problem. Carpentier [1] done the 

work on contribution to “à l’étude du dispatching 

économique” problem. Dommel et al. [2] researched 

optimal power flow solutions. 

Takapoui et al. [3] did work on a simple, effective 

heuristic for embedded mixed-integer quadratic 

programming. Abaci et al. [4] solved optimal reactive-

power dispatch using a differential search algorithm. 

Pulluri et al. [5] worked on an enhanced self-adaptive 

differential evolution-based solution methodology for 

multiobjective optimal power flow. Sahli et al. [10] 

applied a hybrid PSO-tabu search to solve the problem. 

Mouassa et al. [11] used an ant lion optimizer for 

solving the optimal reactive power problem. Using quasi-

oppositional teaching learning-based optimization, 

Mandal et al. [12] solved optimal reactive power 

dispatch. Tran et al. [14] researched optimal reactive 

power dispatch solutions by using a novel improved 

stochastic fractal search optimization algorithm. 

Polprasert et al. [15] solved optimal reactive power 

dispatch using improved pseudo-gradient search particle 

swarm optimization. Muhammad et al. [26] found a 

solution of optimal reactive power dispatch with FACTS 

devices. Das et al. [27] solved the optimal reactive power 

dispatch problem considering load uncertainty using a 

modified JAYA algorithm. 

Das et al. [28] integrated the PV system with optimal 

reactive power dispatch for voltage security using the 

JAYA algorithm. Muhammad et al. [29] designed 

fractional evolutionary processing for reactive power 

planning with FACTS devices. Shanono et al. [30] did a 

bibliometric analysis of optimal reactive power dispatch. 

Tudose et al. [31] solved single- and multi-objective 

optimal reactive power dispatch problems using an 

improved Salp swarm algorithm. Balancing the 

exploration and exploitation is essential in the progress of 

the algorithms. Few algorithms are good in exploration, 

but exploitation property will be poor. Then some 

algorithms are worthy of exploitation, but it has deprived 

performance in exploration. 
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The optimal solution cannot be reached when both 

exploration and exploitation are not balanced [21-25]. In 

this article, the ERBS algorithm has been proposed to 

solve the power loss lessening problem. RBS algorithm is 

designed on the copulate actions of RBS. MRBS will 

attract the female with an exclusive tone. Various tone 

engendered by MRBS will catch the fancy of FRBS, and 

this action is analogous to data contribution in 

Evolutionary techniques. 

Naturally, so many numbers of MRBS will put huge 

efforts simultaneously to attract the FRBS for copulate. 

Mainly, there will be tone variation among MRBS, which 

subsequently modifies the FRBS direction of movement 

towards males concerning the concentration of the tone. 

MRBS and FRBS are considered populations. Initially, 

MRBS will be in mammoth quantity and the duration of 

the preliminary stage of copulate – the amount of MRBS 

diminish owing to copulate. 

When iteration increases precisely, the population 

diminishes. Exploration will be there initially, and regular 

exploitation will be followed. In the initial phase, FRBS 

will get fascinated with reverence to the concentration of 

tone. 

However, at the concluding phase, it will be 

fascinated in the direction of the most excellent MRBS. 

FRBS only listens to a single MRBS tone, and at the 

concluding phase, it is a seal to the FRBS and most 

excellent concentration tone. RBS is at variance based on 

the objective function. 

MRBS is the most excellent position established in 

the exploration space, and FRBS is the main investigate 

representative. The location of the FRBS is entirely 

grounded on the MRBS. When an enhanced contender 

solution is attained, subsequently, there will be 

modernization of the MRBS. RBS arbitrarily instigates, 

and each RBS is performing as a contender solution. The 

population and fitness value of RBS is appraised. Most 

excellent MRBS is considered as ME-population, and it 

will be mainly striking MRBS, progressively FRBS shift 

near to particular MRBS. 

In the proposed ERBS algorithm, SCA and OBL 

algorithm has been integrated with the RBS algorithm. 

SCA process shifts resourcefully from exploration to 

exploitation by adapting the functions. Solutions are 

frequently streamlined to the premium solution and 

optimization of the premium region of the exploration 

zone. OBL is one of the significant optimization 

procedures to improve the convergence pace of different 

optimization procedures. 

The successful execution of the OBL holds the 

assessment of the opposite population and present 

population in the analogous generation to find the better 

contender solution. The proposed ERBS algorithm is 

corroborated in IEEE 30 bus test systems. Power 

discrepancy compressed, power reliability amplified, and 

power loss condensed. 

2 Research Methodology 

2.1 Problem formulation 

Power loss minimization is defined by: 

 , (1) 

subjected to: 

 ; (2) 

 ; (3) 

 ; (4) 

  . (5) 

The fitness function  is designed for power 

loss (MW) reduction, Voltage deviation, voltage stability 

index (L-index) is defined by: 

      (6) 

  (7) 

 ; (8) 

 ; (9) 

  (10) 

 . (11) 

Equality constraints are: 

  (12) 

  (13) 

Inequality constraints are: 

 ; (14) 

 ; (15) 

  ; (16) 

 ; (17) 

 ; (18) 

 ; (19) 

 . (20) 
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Multi objective fitness: 

  (21) 

  (22) 

  (23) 

2.2 RBS algorithm 

RBS algorithm is designed on the copulate actions of 

RBS. MRBS will attract the female with an exclusive 

tone. Concerning the concentration of the tone FRBS will 

progress in the direction of the MRBS. 

Modulation in the tone will vary with time, and this 

tone concentration induces the FRBS to progress 

gradually in the direction of the MRBS for copulating. 

Various tones engendered by MRBS will catch the 

fancy of FRBS, and this action is analogous to data 

contribution in Evolutionary techniques. 

Naturally, so many male RBSs will put huge efforts 

simultaneously to attract the FRBS for copulate. There 

will mainly be tone variation among MRBS, which 

subsequently modifies the FRBS direction of movement 

towards males concerning the concentration of the tone. 

Tone concentration (TC) is defined as: 

 . (24) 

Proliferation velocity of the tone mathematically 

described as: 

 . (25) 

Based on the space Concentration of the Tone is 

calculated by 

     . (26) 

Concerning tone concentration, fascination will occur 

between males and females, leading to copulation. RBS 

fitness value has been calculated. FRBS will get 

fascinated by the most excellent MRBS, and the 

prettiness is considered to be similar to fitness value. 

Tone source is essential because minor space will 

augment tone strength, which is similar to sound 

emission. Expanse amplifies; subsequently, the pace of 

concentration of tone diminishes. MRBS and FRBS are 

considered populations. Initially, MRBS will be in 

mammoth quantity, and in the duration of the preliminary 

stage of copulating, the amount of MRBS will diminish 

owing to copulate. When iteration increases precisely, the 

population diminishes. Exploration will be there initially, 

and regular exploitation will be followed. In the initial 

phase, FRBS will get fascinated with reverence to the 

concentration of tone. However, at the concluding phase, 

it will be fascinated in the direction of the most excellent 

MRBS. FRBS only listens to a single MRBS tone, and at 

the concluding phase, it is a seal to the FRBS and most 

excellent concentration tone. RBS is at variance based on 

the objective function. 

Male RBS is the most excellent position established 

in the exploration space, and FRBS is the main 

investigate representative. The location of the FRBS is 

entirely grounded on the MRBS. When an enhanced 

contender solution is attained, subsequently, there will be 

modernization of the MRBS. RBS arbitrarily instigates, 

and each RBS is performing as a contender solution. The 

population and fitness value of RBS is appraised. Most 

excellent MRBS is considered as ME-population, and it 

will be mainly striking MRBS, progressively FRBS shift 

near to particular MRBS. 

Progress of the RBS is modernized by: 

  (27) 

where  – the preceding location of RBS;  

indicates the location of most excellent RBS;  

specifies the location of MRBS;  is coefficient of RBS 

in t-th iteration; R is random: 

 , (28) 

where the factor is 0.79 to 0 during the iterations. 

 and  specify the location of FRBS 

which attaining the MRBS: 

  , (29) 

where γ signifies the lure possibility grounded on the 

tone concentration with reverence to location (close to or 

remote); γ possesses enormous consequence over the 

exploitation segment. 

Tangent sigmoid Ts is employed in the procedure: 

  . (30) 

Quantity of MRBS in the iteration is defined as: 

 (31) 

The most excellent MRBS based on ME-population is 

described as: 

       . (32) 

Alteration in the path and location is based on the 

concentration of stone, and in addition, if some danger 

brings into being from others, then RBS will shift from 

the position: 

 , (33) 

where Tγ indicates the threshold: 
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 , (34) 

where LB, UB are lower and upper bound: 

Based on tone adaptableness, the RBS locate, and as 

soon as there is an elevated concentration of tone from 

the most excellent MRBS subsequently the FRBS will 

progress towards it: 

      , (35) 

where  specifies the possibility 

of RBS population progress: 

  (36) 

Subsequently, the location of FRBS is described as 

 (37) 

The corresponding procedure is as follows: 
 

a. Start 

b. RBS population initialized 

c. Red-breasted sapsucker fitness value computed 

d. Calculate Tγ 

e.  

f. The quantity of MRBS is calculated by 

 
g. Categorize the RBS 

h. For every RBS; decide MRBS 

i.  

j.  

k. Location of the RBS modernized by 

l.  

m. Calculate the progression of RBS 

n.  

o.  

p. End if 

q. Modify the location of FRBS 

r. Once the most excellent solution is established, 

subsequently modernize MEpop 

s. End for 

t.  

u. End while 

v. End 

w. Revisit the MEpop 
 

In the proposed ERBS algorithm, SCA and OBL 

algorithms have been integrated with RBS. 

SCA [32] processes shift resourcefully from 

exploration to exploitation by adapting the functions. 

Solutions are frequently streamlined to the premium 

solution and optimization of the premium region of the 

exploration zone. 

 ; (38) 

 ; (39) 

 ; (40) 

where  is the present position at m-th iteration 

with  population. 

OBL [33] is one of the significant optimization 

procedures to improve the convergence pace of different 

optimization procedures. The successful execution of the 

OBL holds the assessment of the opposite population and 

present population in the analogous generation to find out 

the better contender solution. 

Fix  by an actual number and  

(opposite number) is described as follows: 

 . (41) 

Exploration augmented by: 

 , (42) 

where  is a spot in “d” exploration 

space; ; . 

The corresponding procedures are as follows: 
 

a. Start 

b. Initialize parameters 

c. Engender opposite population; For j = 1; 

population size: for i = 1; umber of control 

variables 

d.  
 

a. Categorize the present and opposite population 

from most excellent to poor 

b. RBS population initialized 

c. RBS fitness value computed 

d. Calculate Tγ 

e.  

f.  

g. The quantity of RBS is calculated by 

 
h. Categorize the RBS 

i. For every RBS; decide MRBS 

j.  

k.  
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l. Location of the RBS modernized by 

m.  

n.  

o.  

p.  

q. Calculate the progression of RBS 

r.  

s.  

t. End if 

u. Modify the location of FRBS 

v. Once the most excellent solution is established, 

subsequently modernize MEpop 

w. End for 

x.  

y. End while 

z. End 

aa. Revise the MEpop 

3 Results 

Projected RBS and ERBS algorithms have been 

corroborated in IEEE 30 bus system [20]. 

Table 1 shows the loss appraisal, Table 2 – the voltage 

aberration evaluation, and Table 3 – the L-index 

assessment. 

Table 1 – Assessment of entire power loss 

Technique Power loss, MW 

Basic PSO-TS [10] 4.52 

Standard TS [10] 4.68 

Basic PSO [10] 4.69 

Ant LO [11] 4.59 

Basic QO-TLBO [12] 4.56 

Standard TLBO [12] 4.56 

Standard GA [13] 4.94 

Basic PSO [13] 4.92 

HAS [13] 4.91 

Standard FS [14] 4.58 

IS-FS [14] 4.51 

Standard FS [16] 4.53 

RBS 4.50 

ERBS 4.50 
 

Figures 1–3 give the graphical appraisal of the 

methods. MSO and EMSO abridged the power loss 

efficiently. 

Table 2 – Comparison of voltage aberration 

Technique Voltage deviancy, PU 

Basic PSO-TVIW [15] 0.104 

Basic PSO-TVAC [15] 0.206 

Standard PSO-TVAC [15] 0.135 

Basic PSO-CF [15] 0.129 

PG-PSO [15] 0.120 

SWT-PSO [15] 0.161 

PGSWT-PSO [15] 0.154 

MPG-PSO [15] 0.089 

QO-TLBO [12] 0.086 

TLBO [12] 0.091 

Standard FS [14] 0.122 

ISFS [14] 0.089 

Standard FS [16] 0.088 

RBS 0.086 

ERBS 0.085 

Table 3 – Appraisal of voltage constancy 

Technique 
Voltage constancy  

L-index, PU 

Basic PSO-TVIW [15] 0.126 

Basic PSO-TVAC [15] 0.150 

Standard PSO-TVAC [15] 0.127 

Basic PSO-CF [15] 0.126 

PG-PSO [15] 0.126 

SWT-PSO [15] 0.149 

PGSWT-PSO [15] 0.139 

MPG-PSO [15] 0.124 

QO-TLBO [12] 0.119 

Standard TLBO [12] 0.118 

ALO [11] 0.116 

ABC [11] 0.116 

Standard GWO [11] 0.124 

Basic BA [11] 0.125 

Standard FS [14] 0.125 

IS-FS [14] 0.125 

Standard FS [16] 0.101 

RBS 0.100 

ERBS 0.100 

 

Figure 1 –Assessment of power loss, MW 
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Figure 2 – Appraisal of voltage aberration, PU 

 

Figure 3 – Assessment of voltage constancy index, PU 

Appraisal of loss has been done with PSO, adapted 

PSO, enhanced PSO, comprehensive learning PSO, 

Adaptive genetic algorithm, Canonical genetic algorithm, 

enhanced genetic algorithm, Hybrid PSO-Tabu search 

(PSO-TS), Ant lion (ALO), quasi-oppositional teaching 

learning-based (QOTBO), enhanced stochastic fractal 

search optimization algorithm (ISFS), harmony search 

(HS), upgraded pseudo-gradient search particle swarm 

optimization and cuckoo search algorithm. Power loss 

abridged competently, and the proportion of the power 

loss lessening has been enhanced. Predominantly voltage 

constancy augmentation attained with minimized voltage 

deviancy. 

Then Projected RBS and ERBS algorithm 

substantiated in IEEE 14, 30, 57, 118, and 300 bus test 

systems [19] deprived of L-index. Loss appraisal is 

shown in Tables 4–8. 

Figures 4–8 give a graphical comparison between the 

approaches with orientation to power loss. Proposed RBS 

and ERBS are compared with Adapted PSO, PSO, EP, 

SARGA, CGA, AGA, EPSO, CLPSO, AGA, FEA, and 

CSO. 

 

Figure 4 – Power loss appraisal (IEEE 14 bus system) 

 

Figure 5 – Appraisal of power loss (IEEE 30 bus system) 

 

Figure 6 – Power loss appraisal (IEEE 57 bus system) 

 

Figure 7 – Power loss appraisal (IEEE 118 bus system) 
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Figure 8 – Power loss appraisal (IEEE 300 bus system)

Table 4 – Assessment of results (IEEE 14 bus system) 

Parameter Base case [24] Adapted PSO [24] PSO [23] EP [23] SARGA [22] RBS ERBS 

Ratio of loss diminution 0.000 9.2000 9.1000 1.500 2.500 25.892 26.169 

True Loss (MW) 13.550 12.293 12.315 13.346 13.216 10.029 10.004 

Table 5 – Appraisal of loss (IEEE 30 bus system) 

Parameter Actual power loss, MW 
The proportion of lessening  

in power loss 

Base case value [24] 17.5500 0.000 

M-PSO [24] 16.0700 8.400 

Basic-PSO [23] 16.2500 7.400 

EP [21] 16.3800 6.600 

S -GA [22] 16.0900 8.300 

PSO [25] 17.5246 0.145 

DEPSO [25] 17.52 0.171 

JAYA [25] 17.536 0.080 

RBS 14.100 19.658 

ERBS 14.034 20.034 

Table 6 – Assessment of parameters (IEEE 57 bus system) 

Parameter Base case [24] Adapted PSO [24] PSO [23] CGA [22] AGA [22] RBS ERBS 

Ratio of loss diminution  0.00 15.40 14.10 9.20 11.60 23.76 24.33 

True loss, MW 27.80 23.51  23.86  25.24 24.56 21.20 21.04 

Table 7 – Assessment of results (IEEE 118 bus system) 

Parameter  Base case [24] Adapted PSO [24] PSO [23] EPSO [21] CLPSO [21] RBS ERBS 

Ratio of loss diminution 0.00 11.70 10.10 0.60 1.30 14.97 15.56 

True loss, MW 132.80  117.19  119.34  131.99  130.96 112.92 112.14 

Table 8 – Power loss appraisal (IEEE 300 bus system) 

Parameter  AGA [35] FEA [35] CSO [34] RBS ERBS 

True loss, MW 646.30 650.60 635.89 626.15 626.09 
 

4 Discussion 

Projected RBS and ERBS algorithms compressed the 

power loss resourcefully. With and devoid of power 

stability index, proposed algorithms performed well. The 

ratio of power loss diminution improved sufficiently, and 

assessment has been done with other standard reported 

algorithms. 

At first, the projected RBS and ERBS algorithm was 

substantiated in IEEE 30 bus system with considering 

voltage stability. Appraisal of loss has been done with 

PSO, adapted PSO, enhanced PSO, comprehensive 

learning PSO, Adaptive genetic algorithm, Canonical 

genetic algorithm, enhanced genetic algorithm, Hybrid 

PSO-Tabu search (PSO-TS), Ant lion (ALO), quasi-

oppositional teaching learning-based (QOTBO), 

enhanced stochastic fractal search optimization algorithm 

(ISFS), harmony search (HS), upgraded pseudo-gradient 

search particle swarm optimization and cuckoo search 

algorithm. 

Then Projected RBS and ERBS algorithm was 

substantiated in IEEE 14, 30, 57, 118, and 300 bus test 
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systems deprived of L-index. Loss appraisal and 

graphical comparison between the approaches with 

orientation to power loss are reported. Proposed RBS and 

ERBS are compared with Adapted PSO, PSO, EP, 

SARGA, CGA, AGA, EPSO, CLPSO, AGA, FEA, and 

CSO. The ratio of power loss reduction has been 

improved. 

5 Conclusions 

ERBS algorithm condensed the power loss with 

amplifying of power constancy. MRBS and FRBS are 

considered populations. Initially, MRBS will be in 

mammoth quantity and the duration of the preliminary 

stage of copulate – the amount of MRBS diminish owing 

to copulate. 

When iteration increases precisely, the population 

diminishes. Exploration will be there initially, and regular 

exploitation will be followed. In the initial phase, FRBS 

will get fascinated with reverence to the concentration of 

tone; however, at the concluding phase, it will be 

fascinated in the direction of the most excellent MRBS. 

FRBS only listens to a single MRBS tone, and at the 

concluding phase, it is a seal to the FRBS and most 

excellent concentration tone. RBS is at variance based on 

the objective function. MRBS is the most excellent 

position established in the exploration space, and FRBS 

is the main investigate representative. The location of the 

FRBS is entirely grounded on the MRBS. 

When an enhanced contender solution is attained, 

subsequently, there will be modernization of the MRBS. 

RBS arbitrarily instigates, and each RBS is performing as 

a contender solution. The population and fitness value of 

RBS is appraised. Most excellent MRBS is considered 

ME-population, and it will be mainly striking MRBS, 

progressively FRBS shift near to particular MRBS. 

In the proposed ERBS algorithm, SCA and OBL 

algorithm has been integrated with RBS. SCA process 

shifts resourcefully from exploration to exploitation by 

adapting the functions. Solutions are frequently 

streamlined to the premium solution and optimization of 

the premium region of the exploration zone. 

OBL is one of the significant optimization procedures 

to improve the convergence pace of different 

optimization procedures. The successful execution of the 

OBL holds the assessment of the opposite population and 

present population in the analogous generation to find the 

better contender solution. ERBS and RBS algorithms are 

verified in IEEE 30 bus test system with and devoid of L-

index. 

Both algorithms commendably reduced the power loss, 

and the percentage of real power loss lessening has been 

enhanced. Convergence characteristics show the better 

performance of the proposed optimization algorithms. 

The comparison of power loss has been made with other 

standard reported algorithms. 

Nomenclature 

OBF – minimization of the objective function; 

r – consist of control variables; 

Qc – reactive power compensators; 

T – dynamic tap setting of transformers; 

Vg – level of the voltage in the generation units; 

u – consist of dependent variables; 

PGslack – slack generator; 

VL – voltage on transmission lines; 

QG – generation unit’s reactive power; 

SL – apparent power; 

NTL – number of the transmission line; 

VLk – load voltage in k-th load bus; 

 voltage desired; 

QGK – reactive power; 

 reactive power limitation; 

NLB, Ng – number load and generating units; 

T – transformer tap. 
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Abstract. The paper is dedicated to reducing the technogenic impact on the environment of using highly efficient 

apparatus for the complex exhaust gas treatment, operating in the advanced turbulence regime – an apparatus with a 

regular pulsating nozzle (RPN). Devices with on-load tap-changers are characterized by high efficiency of capturing 

solid particles of different dispersion (e.g., fog, dust, and smoke), the possibility of self-cleaning of contact elements 

from sticky dust, low material consumption, and high reliability in operation. Purpose of the study – to obtain analytical 

solutions for assessing the efficiency of capturing polydisperse aerosols in an apparatus with an on-load tap-changer 

due to diffusion and inertial mechanisms. The paper proposes a new solution for the minimum effective diameter of 

aerosol particles that can be captured in devices with an on-load tap-changer and can be used for a wide range of 

diameters of absorbing liquid droplets and their number in the volume of the apparatus. The calculations allow us to 

say that the minimum effective diameter of aerosol particles captured by liquid drops in an apparatus with an on-load 

tap-changer is less than 0.3 microns. 

Keywords: high-efficiency equipment, environment, dust and gas emissions, phase contact surface, movable plug, 

drop, condensation.

1 Introduction 

Nowadays, environmental problems of the atmosphere, 

which is polluted by gas emissions with fine particulate 

matter (aerosols), at various industrial facilities, are among 

the most important issues [1]. Conventional particulate 

removal equipment (electrostatic precipitators, cyclones, 

and others) is ineffective for fine particles less than a 

micron in size. 

One of the ways to intensify the process of diffuse-

inertial deposition based on the technology of “wet” gas 

cleaning from different types of aerosols (e.g., dust, 

smoke, and fog) is to carry out these processes in the 

advanced turbulence regime [2]. Its realization is possible 

in devices with a regular pulsating nozzle (RPN) [3]. 

Devices with regular pulsating nozzle are characterized by 

high efficiency of capturing aerosols of different 

dispersion, the ability to self-clean contact elements from 

various adhesive inclusions, low material consumption, 

and high reliability, making them effective for widespread 

use.  

2 Literature Review 

Wet dust collectors are usually used to remove fine dust 

particles [4]. In this case, the capture of particles is realized 

through various mechanisms [5]. Dust particles smaller 

than 0.1 µm can be effectively trapped by a diffusion 

deposition mechanism (Brownian diffusion). The inertial 

mechanism and the gripping mechanism play an essential 

role in removing solid particles larger than 1 micron. To a 

large extent, the efficiency of dust collection depends on 

the size of liquid droplets [6–8]. 

Consequently, there are particles size of 

0.1 – 1.0 microns, for the effective capture of which 

should be considered different deposition mechanisms and 

the efficiency of capturing particles of different dispersed 

composition has a minimum value, which is called the 

“minimum effective catching diameter” of particles 

[9, 10]. 

The efficiency of capturing fine particles (aerosols) in 

wet cleaning devices is calculated by considering the 

pattern of behavior of a single drop, the fraction of 

particles that were absorbed by the volume of the 
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considered drop during the operation of the device, and the 

subsequent summation of all drops per unit volume of the 

gas flow. The efficiency of this interaction can be 

determined by solving the Navier-Stokes equation for 

airflow around a liquid droplet. However, it is complicated 

to obtain a theoretical solution to the Navier-Stokes 

equation due to the complex flow structure considering the 

internal circulation of the droplets. Therefore, the 

approach of determining the effectiveness of the 

interaction of liquid droplets and solid particles of a 

pollutant by considering various mechanisms of particle 

deposition in the apparatus is of interest [11]. 

3 Research Methodology 

3.1 General formulation 

The physicochemical parameters of aerosol particles 

and the nature of the gas flow, which generates specific 

turbulent flows and pulsations in the apparatus, are one of 

the determining factors affecting the deposition efficiency 

of aerosol particles. 

The droplet formation mechanism was considered in 

[4], where an equation was obtained to calculate the 

diameter of absorbing liquid droplets formed during the 

interaction of a vapor-gas-liquid flow in wet cleaning 

devices. 

Based on the data of [12], for aerosol particles with a 

diameter of more than 0.05 μm, the overall efficiency of 

capturing aerosol particles in wet dust collection devices 

can be represented as the sum of the capturing efficiencies 

due to the diffusion mechanism, the particle capture 

mechanism, and the inertial interaction mechanism: 

 1 (1 ) (1 ) (1 ),tot d int imp   = − −  −  −  (1) 

where d  – the collection efficiency due to the 

diffusion mechanism; int  – the efficiency of capturing due 

to the mechanism of capturing particles by a drop of liquid; 

imp  – collection efficiency due to the inertial mechanism. 

The equation describing the capture of polydisperse 

aerosol particles in wet cleaning devices can be 

represented by the following expression [13]: 

 
( )

( ) ( ) ( )
max

min

,
, , ,

d

d

D
p

p p d d d d

D

n d t
n d t d D n D dD

t



= −

   (2) 

where ( ),pn d t  – the aerosol particle size distribution 

function in the apparatus volume during t; pd  – diameter 

of aerosol particles, m; ( )d dn D  – the function of the size 

distribution of the absorbing liquid droplets; dD  – 

diameter of droplets typical for a particular turbulent flow, 

m; β – mass transfer coefficient, m/s. 

The equation can represent the interaction of drops of 

absorbing liquid and aerosol particles: 

 ( ) ( ) ( )
2

, ,
4

d

p d d p d

D
d D U D d D


 = , (3) 

where U – the speed of motion of a drop of absorbing 

liquid in apparatus volume, m/s; ( ),p dd D  – the 

efficiency of interaction of aerosol particles чd  with drops 

of absorbing liquid dD . 

3.2 Laboratory installation 

Based on the general rules and laws of heuristic 

modeling [10], a direct flow column-type apparatus with a 

regular structure of the turbulizing elements is developed, 

which complies with the well-known principles of 

longitudinal sectioning and is designed to clean aerosol 

from gases (Figure 1). 

 

Figure 1 – Scheme of the investigated direct-flow apparatus 

with a regular arrangement of turbulizing elements. 

The contact zone of the apparatus under study consists 

of two sequentially connected zones for cleaning exhaust 

gases from fine impurities. 

In the lower part (zone I), there is an enlargement of 

aerosol particles captured from the gas stream due to the 

mechanism of condensation-coagulation deposition. The 

lower zone consists of a package of plane-parallel channels 

with turbulizing elements in the form of hollow cylinders. 

The cylinders have perforations in the lower part, which 

performs the function of steam channels (a vapor-liquid 

mixture is supplied). The two zones of the apparatus are 
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separated by a failing plate, which has a hole diameter of 

dо = 20 mm and a free cross-sectional area of 45 %, which 

ensures the maintenance of a uniform dust-gas-liquid flow 

into the second zone of the apparatus. 

The top of the unit (zone II), intended for capturing 

aerosols, is a packing layer in the form of strings evenly 

spaced over the section of the apparatus body with plates 

fixed on them. 

The nature of the flow and turbulent eddies during the 

movement of the gas flow with aerosol particles in the 

direct-flow apparatus, the efficiency of the interaction of 

the gas and liquid phases (considering the joint flow with 

steam), make it possible to determine the general 

hydrodynamic picture in the apparatus. 

The movement of aerosol particles in the second zone 

of the apparatus after flowing around the plates occurs with 

pulsations and oscillations, which are inherent in the 

separated stream of the gas flow. In addition, during the 

movement of a polydisperse aerosol in the zone of a single 

vortex, a redistribution of aerosol fractions occurs in the 

vortex volume. Thus, the coarse fraction of particles under 

the action of centrifugal forces by inertia tends to the 

periphery of the vortex, and the fine inertial fraction of 

particles rotates in the region of the axial zone of the 

vortex. Thus, the vortex flow and its detached (pulsated) 

nature of motion largely contribute to the intensification of 

the enlargement processes and further sedimentation of 

aerosol particles. 

4 Results 

Let us analyze the components of equation (3). 

The results obtained in [14] assert that the secondary 

components of the efficiency of capturing aerosol particles 

are insignificant and simplify expression (1). The equation 

can represent the efficiency of interaction due to diffusion 

of aerosol particles: 

 ( )
( )

( )( )
2/3 1/3

3 1 3 4
, 2 ,

4

diff

d p d

d d

D
d D

D U D J K

  




  − + 
 =    +  
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where the density of the absorbing medium α is defined 

as the volume fraction of droplets; σ is the ratio of the 

viscosity of the liquid-absorbing medium to the gas phase; 

1/3 26 1
1

5 5
J  = − + ; 1/3 29 1

1
5 5

K   = − + + . 

Aerosol particle diffusion coefficient dD : 

 
( )

3

B C p

d

p

k TK d
D

d
= , (5) 

where Bk  – the Boltzmann constant; Т – the absolute 

temperature, K; μ – viscosity of the gas phase, kg/(m·s); 

CK  – Cunningham slip correction factor, which is applied 

in the case when aerosol particles are less than 15 microns, 

otherwise it is taken equal to 1. 

In the case of an aerosol particle moving along a 

conventional trajectory towards a liquid drop, at the 

moment of approaching it at a distance not less than the 

particle radius, a mechanism for the capture of this particle 

by a liquid drop is possible. The efficiency of particle 

sedimentation due to the capture effect [7] will be: 

 ( ),
d p

int p d

d

D d
d D

D


+ 
=  
 

. (6) 

Under the described conditions [13], the efficiency of 

the capture of aerosol particles by a liquid drop due to the 

capture mechanism is determined by the equation: 
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(7) 

where R = dp/Dd. 

By quantifying the size of particles and liquid droplets 

in the apparatus, it can be determined that the efficiency of 

the capture mechanism ( ),int p dd D = 0.4 % at dp = 1 μm, 

Dd = 2·10–3 m and the characteristic size of the plates in 

the vortex formation zone is 0.05 m. 

For aerosol particles larger than 1 µm in size, the key 

mechanism for their removal in an apparatus with RPN an 

on-load tap changer is inertial deposition [4]. A 

dimensionless quantity that describes the properties of the 

inertial interaction of particles - the Stokes number: 

 
( )2

18

p p d

d

d U D
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= , (8) 

where 
pd  – the density of particles. 

To estimate the efficiency of collision of aerosol 

particles with liquid droplets due to the inertial 

mechanism, one can use the equation in [15]: 

 ( )
2

,
0,35

imp p d

Stk
d D

Stk


 
=  

+ 
. (9) 

The overall efficiency of the interaction of aerosol 

particles with a drop of absorbing liquid, considering the 

mechanism of diffusion, interception, and inertia, can be 

represented by the sum of equations (4), (6), and (8). It 

should be clarified that the solution of the sum of these 

equations is a complex mathematical problem, which 

makes it impossible to obtain analytical dependences for 

aerosols of different dispersed compositions. Therefore, 

the primary task is to allow several approximations to 

assess the effectiveness of the interaction of aerosol 

particles and drops of absorbing liquid. 

The speed of motion of drops of an absorbing liquid, 

considering the works [16, 17], can be determined as: 

 ( ) 2

1

с

к dU D c D= , (10) 

where с1, с2 – constants that consider the operational 

and design parameters of the apparatus and are determined 

experimentally. 

In [13], a study was carried out to compare the 

effectiveness of interaction due to three mechanisms, 
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depending on the diameter of aerosol particles. Based on 

the graphical dependencies, for larger particles 

(dp > 10 μm), the inertial interaction mechanism prevails, 

for smaller ones (dp < 5 μm) – the diffusion mechanism. 

Considering the data of [18], a promising approach to 

solving the problem of effective interaction of the system 

of an aerosol particle – an absorbing liquid droplet is to 

consider the diffusion and inertial mechanisms. In this 

case, the capture mechanism of aerosol particles of 

different dispersed compositions can be neglected due to 

the insignificant contribution to the total deposition 

efficiency. 

There is a particle size for which neither diffusion nor 

inertial collision effectively allows the removal of 

particles – the minimum particle diameter for effective 

interaction with a droplet of absorbing liquid. To 

determine the minimum diameter of aerosol particles, we 

use the data on the deposition efficiency due to the 

diffusion and inertial mechanisms. 

To clarify the efficiency of the diffusion interaction, we 

use the approximation of the Cunningham slip correction 

coefficient by the following equation: 

 
2 2

1,664 ,2,609C

p p

К Max
d d

   
=   

    

. (11) 

Using this approximation, in [18], an analytical solution 

was obtained for particles of various dispersed 

compositions in wet cleaning devices with a 

predominantly fine particle size (diffusion interaction 

mechanism). 

To assess the effectiveness of the mechanism of inertial 

interaction, we use the approximation from [2]: 

 ( ) 9/5, 3, 4 ,1imp p dd D Min Stk  =   . (12) 

Substituting equations (4)–(6), (10), and (11) into 

equation (2), we get a dependence for assessing the 

interaction of liquid droplets with aerosol particles, for 

which the diffusion mechanism prevails: 
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Substituting equations (7), (9), and (11) into equation 

(2), we obtain a dependence for assessing the interaction 

of liquid droplets with aerosol particles, for which the 

inertial mechanism prevails: 

 ( ) 2(1 14 )/518/5,
с

imp p d p dd D Bd D +
= , (15) 

where 
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To determine the minimum effective diameter of a 

particle that can interact with a liquid drop, it is necessary 

to consider the diffusion and inertial mechanisms. The 

interaction of the above aerosol particles and droplets can 

be represented by the sum of equations (12) and (14): 

 ( ) ( )2 2
4 /3 (1 14 )/51 18/5, .

с с

p d p d p dd D Ad D Bd D
+ +−= +  (17) 

Let us consider Eq. (16) as a homogeneous differential 

one and, having solved it, we obtain the dependence for 

determining the minimum effective diameter of the 

interaction of aerosol particles and a droplet: 

 2

5/23

(17 37 )/69
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5

18
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p d

А
d D

В

− 
=  
 

. (18) 

The resulting dependence (17) makes it possible to 

determine the value of the minimum diameter of an aerosol 

particle that can be captured by a liquid drop in devices 

with an on-load tap changer and can be used for a wide 

range of the diameter of absorbing liquid drops and their 

number in the volume of the device. To select the values 

of с1 and с2, the characteristics of the experimental stands 

of wet cleaning devices were taken [19]. The calculation 

results for different equilibrium droplet diameters 

characteristic for different turbulent flow in the apparatus 

(Dd = 1–7 mm) and irrigation density of the absorbing 

liquid are presented in (Figure 2). 

 

Figure 2 – The minimum diameter of aerosol particles  

for different droplet diameters and irrigation density  

of the absorbing liquid 

5 Conclusions 

In this work, studies of various mechanisms of 

deposition of aerosols capable of being captured by liquid 

droplets in an apparatus with RPN on-load tap changer, 

depending on the particle size distribution parameters of 

aerosols carried out. 

The choice of particle deposition’s diffusion and inertial 

mechanisms, as prevailing in the apparatus with RPN on-

load tap changer, has been substantiated. 

The calculations made allow us to say that the minimum 

effective diameter of aerosol particles that will be captured 

by liquid droplets in an apparatus with RPN on-load tap-

changer, without considering the effects in the first zone of 

the apparatus, is not less than 0.3 microns, which indicates 

the possibility of working with fine aerosol emissions from 

industry. 
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Abstract. The cold spray technology mainly accelerates the powder in the Laval nozzle by gas, ensuring that the 

powder has a greater velocity at the exit of the Laval nozzle, and achieving high-efficiency deposition on the 

substrate, thereby obtaining a better performance of the deposition coating. The article uses numerical simulation to 

study the influence of the length of the expansion section of the Dimet Laval nozzle on the acceleration effect of Al 

powder. The results show that the length of the expansion section of the nozzle is an essential factor affecting the 

velocity of the Al powder at the nozzle outlet. Through analysis, it can be known that the pressure inlet range of the 

Dimet Laval nozzle is 1.0 MPa, and the length of the expansion section is about 210 mm, which can ensure that the 

Al powder has a better acceleration effect in the nozzle and has a better velocity at the nozzle outlet. It is 

recommended that the joints between the small sections of the nozzle expansion section should be kept as smooth as 

possible so that the accelerating effect of the accelerating gas on the Al powder is more uniform and stable. 

Keywords: cold spray nozzle, turbulence, velocity, Laval nozzle, numerical simulation.

1 Introduction 

There are many turbulence models used to simulate the 

compressible flow inside the Laval nozzle. For example, 

the S-A turbulence model was proposed by Spalart and 

Allmaras in 1992. It is believed that the S-A turbulence 

model is often used for the numerical simulation of large 

gradient, near-wall gas flow [1]. The k-ε turbulence 

model is mainly proposed for high Reynolds number 

flows [2]. Yuan scholars believe that the k-ω turbulence 

model has a small amount of calculation and the 

processing of boundary conditions is straightforward [3]. 

First, the three turbulence models of S-A, k- ε, and k-ω 

can be compared in terms of convergence velocity, mass 

flow error, Mach number error, to provide a reference for 

choosing a turbulence model that simulates the flow of 

cold spray technology particles in a Laval nozzle [4]. 

In the simulation of the internal flow channel of the 

Laval nozzle, the three commonly used turbulence 

models are the S-A model, k-ε model, and k-ω model. 

Yang [5, 6] scholars have shown that the k-ω 

turbulence model is compared with the S-A turbulence 

model. The k-ε turbulence model can better represent the 

flow law of the internal flow channel of the Laval nozzle; 

compare the residual diagram, the k-ω turbulence model 

has a better convergence velocity; compare the mass flow  

 
 

error, the k-ω turbulence model has the smallest mass 

flow error; compare the Mach number Error, the Mach 

number error of the k-ω turbulence model is the smallest 

([(theoretical calculated Mach number-numerical 

simulation maximum Mach number)/theoretical Mach 

number × 100 %]). Therefore, the turbulence model is 

used when simulating the internal flow passage of the 

Dimet Laval nozzle [4]. 

Analyze the influence of the length of the expansion 

section of the cold spray nozzle on the outlet velocity of 

the powders. 

2 Research Methodology 

2.1 The governing equation 

The compressible two-dimensional axisymmetric flow 

satisfies the N-S equation in the cylindrical coordinate 

system [5]. 

According to this scheme, the angles are calculated by 

formulas [15]: 
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2.2 The turbulence models 

The specific description of the turbulence model is as 

follows: 
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Among them, �⃗� represents the turbulent motion 

viscosity coefficient, v represents the molecular motion 

viscosity coefficient; Gv is the generation term, and Yv is 

the destruction term. 

k- ε Turbulence Model [6] is as follows: 
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Also, the k-ω Turbulence Model [6] is as follows: 
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2.3 Experimental setup 

The cold spray Dimet Laval nozzle is used is to be 

chosen, as shown in Figure 1 a, and the detailed design 

parameters of the Dimet Laval nozzle are shown in 

Figure 1 b [7]; After that, the internal flow channel of the 

Dimet Laval nozzle is obtained by 3D modeling software. 

The gas inlet of the Dimet Laval nozzle and the inlet of 

Al powder are perpendicular to each other, and the 

powder inlet is located at the throat of the Dimet Laval 

nozzle. 

 
a 

 
b 

Figure 1 – Dimet Laval nozzle (a) and its design parameters (b) 

Many technical parameters affect the gas and powder 

flow velocity in the Dimet Laval nozzle, such as 

temperature (powder, gas, or substrate), powder size, 

spraying distance, gas pressure, Laval nozzle structure. 

Tan summarized the influence of technical parameters on 

cold spray technology [8–10]. The length of the 

expansion section of the Dimet Laval nozzle is an 

essential factor that affects the acceleration of the 

powders in the Dimet Laval nozzle. If the expansion 

section is too short, it will not accelerate the powders in 

the Dimet Laval nozzle fully. If the expansion section is 

too long, there will be possible that the powder has 

already begun to decelerate in the Dimet Laval nozzle; 

therefore, it is essential to research the influence of the 

length of the expansion section on the velocity of the 

powder at the nozzle outlet. 

In the article, the pressure inlets are 0.8 MPa, 1.0 MPa, 

and 1.2 MPa, and the length of the expansion section of 

the Dimet Laval nozzle is 120 mm, 150 mm, 180 mm, 

210 mm, and 240 mm. The velocity distribution of Al 

powder at the outlet of Dimet Laval nozzle is researched. 

The gas is air, the total inlet temperature is 900 K, and the 

powder is made of spherical Al powder with a diameter 

of 25 μm. 

3 Results 

3.1 Analysis of Al powder velocity at the same 

pressure 

Solidworks simulate the velocity distribution of Al 

powder in the Dimet Laval nozzle. Firstly, research the 

velocity distribution of the Al powder in the expansion 

section of the Dimet Laval nozzle with different lengths 

under the same pressure inlet; secondly, research the 

velocity distribution of Al powder in the nozzle at 

different pressure inlets of the expansion section of the 

Dimet Laval nozzle of the same length. 

Analyze the expansion section of different lengths 

under the same pressure inlet conditions, the acceleration 

of the Al powder in the Dimet Laval nozzle, and the 

velocity at the nozzle outlet; respectively simulate the 

pressure inlets at 0.8 MPa, 1.0 MPa, and 1.2 MPa; As 

shown in Figure 2, the pressure inlet is 0.8 MPa, and the 

velocity distribution of Al powder in the expansion 

section of different lengths. 

 
Figure 2 – The pressure inlet is 0.8 MPa, the velocity 

distribution of Al powder in the expansion section  

of different lengths 
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It can be seen from Figure 2 that when the pressure 

inlet is 0.8 MPa, the Al powder has been accelerated near 

the expansion section of the nozzle 220 mm, so the 

expansion section length is 120 mm, 150 mm, and 

180 mm nozzles, the Al powder is still in a state of 

acceleration before the nozzle exit. 

Expansion section length of 210 mm and 240 mm 

nozzles, Al powder, has been accelerated before the 

nozzle exit, and the Al powder decelerates in the nozzle; 

five different lengths of expansion section nozzles, The 

Al powder has reached the critical velocity of spraying, 

which can meet the deposition on the substrate. 

As shown in Figure 3, the pressure inlets are 1.0 MPa 

and 1.2 MPa, respectively, and the velocity distribution 

of Al powder in the expansion section of different 

lengths. 

 
a 

 
b 

Figure 3 – The pressure inlets are 1.0 MPa (a) and 1.2 MPa (b), 

the velocity distribution of Al powder in the expansion section 

of different lengths 

Figure 3 a shows that when the pressure inlet is 

1.0 MPa. For nozzles with an expansion section length of 

120 mm, 150 mm, 180 mm, and 210 mm, the Al powder 

is still accelerating in the nozzle; for nozzles with an 

expansion section length of 240 mm, the velocity of Al 

powder in the nozzle slowly stabilizes. In Figure 3, the 

curvature of the curve represents the acceleration of the 

Al powder. Combined with the curvature analysis of the 

five curves, as the length of the expansion section 

increases, the curvature gradually becomes smaller, 

indicating that the acceleration of the Al powder inside 

the nozzle becomes smaller as the length of the expansion 

section increases. 

It can be seen from Figure 3 b that when the pressure 

inlet is 1.2 MPa, the Al powder in the nozzles of the five 

different length expansion sections is still accelerating. 

This is because the pressure inlet is increased. Combined 

with the five curves in Figure 3 b, it can also be seen that 

as the length of the expansion section increases, the 

curvature gradually becomes smaller, indicating that the 

acceleration effect of the Al powder in the nozzle is 

gradually weakened. 

3.2 Analysis of Al powder velocity in the same 

expansion section length 

Under the condition of equal expansion section length, 

analyze the inlet of the different pressure, the acceleration 

of Al powder in the Dimet Laval nozzle, and the velocity 

at the nozzle outlet; through simulation, the expansion 

section length of the nozzle is 120 mm, 150 mm, 

180 mm, 210 mm, and 240 mm the Al powder velocity 

distributions. As shown in Figure 4, the velocity 

distribution of the Al powder in the nozzles of the 

expansion section of different lengths when the pressure 

inlets are 0.8 MPa, 1.0 MPa, and 1.2 MPa. 

 
a 

 
b 
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c 

 
d 

 
e 

Figure 4 – The length of the expansion section is 120 mm (a), 

150 mm (b), 180 mm (c), 210 mm (d), and 240 mm (e),  

the Al powder velocity distribution under different  

pressure inlets conditions 

From Figures 4 a–c, the pressure inlets are an essential 

factor determining the velocity of Al powder acceleration 

in the nozzle. The higher the pressure inlet, the shorter 

the acceleration time of the Al powder; the expansion 

section the length of the Al powder is also an influencing 

factor that affects the acceleration velocity of the Al 

powder in the nozzle. 

The expansion nozzle is within a specific length range. 

As the length of the expansion section increases, the 

faster the Al powder can obtain in the nozzle. 

It can be seen from Figures 4 d–e, when the length of 

the expansion section of the nozzle reaches a particular 

value, the acceleration effect of Al powder is reduced; 

The expansion nozzle of the same length can improve the 

acceleration effect of the Al powder in the nozzle, and 

can appropriately increase the pressure inlet. When the 

pressure inlet is 0.8 MPa, the velocity of Al powder in the 

nozzle increases first and then decreases; when the 

pressure inlet is 1.0 MPa, the acceleration effect of Al 

powder in the nozzle is weakened. By comparing the 

slopes of all the velocity curves in Figure 4, as the length 

of the expansion section increases, the curvatures of the 

different pressure curves have been decreasing, indicating 

that the acceleration effect of Al powder is gradually 

weakening. 

Therefore, the pressure inlet is too small, and the 

nozzle expansion section is too short, which is not 

conducive to the acceleration of the Al powder in the 

nozzle. 

It is essential to choose the proper length of the 

expansion nozzle in the proper pressure range; increasing 

the pressure inlet to increase the velocity of the Al 

powder or increasing the expansion section length to 

obtain a more significant outlet velocity will increase the 

spraying cost. Therefore, in the pressure inlet range of 

1.0 MPa, the length of the expansion section of the nozzle 

is about 210 mm, which can ensure that the Al powder 

has a better acceleration effect in the nozzle and has a 

good exit velocity at the nozzle outlet, to ensure smooth 

completion on the substrate deposition. 

4 Conclusions 

The length of the Dimet Laval nozzle is an essential 

factor affecting the Al powder outlet velocity. Therefore, 

a better Al powder outlet velocity can be obtained by 

changing the length of the expansion section of the Dimet 

Laval nozzle. 

Through analysis, the pressure inlet range of the Dimet 

Laval nozzle is 1.0 MPa, and the length of the expansion 

section is about 210 mm, which can ensure that the Al 

powder has a better acceleration effect in the nozzle has a 

better exit velocity at the nozzle outlet. 

Dimet Laval nozzle expansion section is divided into 

four parts in total. Each part is 30 mm; it is recommended 

that the joint between each part be rounded so that the 

accelerated gas will not produce excessive gas backflow 

at the joint. This ensures that the velocity of the gas in the 

entire nozzle remains uniform and stable, thereby 

ensuring that the velocity of the sprayed material has a 

better acceleration effect. 
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Abstract. Hydrogels are promising biomaterials for diverse applications that require studying their rheological 

properties. While some properties of hydrogels have been investigated, their comparative analysis for a deeper 

understanding of their rheological properties is required to determine their mechanical behavior. Polyvinyl alcohol 

(PVA) and polyethylene glycol (PEG) are among the hydrogels with diverse applications in engineering. This study 

aims to provide comparative data on their rheological properties. Both PVA and PEG showed steady shear viscosity 

as their viscosity did not show a huge change with time. Their shear viscosity increased with shear strain. PEG 

showed more shear thickening behavior than PVA. While the shear viscosity of PVA reached a plateau, that of PEG 

continued to increase. This was attributed to the sensitivity of PEG to its deformation because of the junction 

separations after the application of mechanical force on the polymer. Furthermore, the slow increase in the shear 

viscosity of both polymers was observed with the increase of the shear rate. This increase was 2.4 % for PVA and 

8.7 % PEG, respectively. As these polymers are among the candidates for the preparation of nanocomposites, the 

results of this study can provide the required information for their applications in engineering. 

Keywords: rheology, hydrogels, polyvinyl alcohol, polyethylene glycol, mechanical engineering.

1 Introduction 

Polyvinyl alcohol (PVA) and polyethylene glycol 

(PEG) are among the polymers that absorb water during 

their preparation. These hydrogels are trasparent 

materials that can be prepared by dissolving in water [1–

4] and contain a lot of water in their total mass due to 

their hydrophilic functional groups attached to their 

backbone [5–8]. The biocompatibility of PVA and PEG 

has made them excellent candidates for medical 

applications for drug delivery systems and tissue 

engineering [9–14]. 

Three types of hydrogels are used in engineering based 

on their chemical composition: natural, synthetic and 

hybrid hydrogels [10]. This classification is made based 

on the cross-linking in the hydrogels [15, 16]. The type 

and degree of crosslinking determine swelling, elastic 

modulus, and transport of molecules in hydrogels [17]. 

Further classification of hydrogels depends on their ionic 

charge, structure, and preparation methods [16, 17]. Their 

network structure should be controlled to get an 

appropriate design and characterization, which impact the 

degradation of hydrogel scaffolds, diffusion of bioactive 

molecules, and migration of cells through the network 

[16, 17]. 

Freezing without chemical crosslinking is an 

appropriate method for the preparation of PVA 

hydrogels. Ring-opening polymerization of ethylene 

oxide cyclic monomers, radiation crosslinking of PEG, or 

free radical polymerization of PEG macromers are 

common methods for preparing PEG-based hydrogels 

[18–20]. 

Diverse methods have been applied for the 

functionalization of hydrogels. Three-component 

reaction, polyelectrolyte multilayer microencapsulation, 

and microwave-assisted functionalization have been 

applied to functionalize PEG and PVA hydrogels [21–

23]. 

Chain polymerization of hydrogels is used for the 

preparation of heterogeneous network structures 

containing dense crosslinking regions [9]. For performing 

the step-growth polymerization, a crosslinker or co-

monomer is used to react with the terminal functional 

groups of the hydrogel macromers to produce greater 

network structure homogeneity [9]. 
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The applications of PVA and PEG are numerous in 

engineering. These hydrogels are appropriate candidates 

for coating nanomaterials in order to reduce their natural 

reactivity and maintain their physical properties [24]. The 

coating has two advantages: it can shield the 

nanomaterial from the surrounding environment and help 

functionalize the nanomaterial by attaching chemical 

groups to its surface [25]. 

Superparamagnetic iron oxide nanoparticles and 

graphene oxide nanoribbons are among the nanomaterials 

studied, previously [26–31]. These nanomaterials can be 

coated with hydrogels. Previous studies have shown that 

the physicochemical properties of these nanomaterials 

could be modified because of their coating [27, 30, 32]. 

The obtained nanocomposites have various applications 

in engineering. Therefore, their coating with PEG and 

PVA was performed in previous studies. 

In this study, we compare the rheological properties of 

PVA and PEG. We investigate herein the variation of 

rheological parameters of these hydrogels. The 

consideration of the hydrophilic networks of these 

polymers allow for a better understanding of their 

rheological properties. To our knowledge, no 

comparative study has been carried out on the rheological 

properties of these hydrogels. 

2 Research Methodology 

2.1 Chemicals 

PVA (Mw 89,000-98,000) and PEG (Mw 8000) were 

purchased from Sigma Aldrich and ThermoFisher 

Scientific, respectively. 

2.2 Preparation of hydrogels 

The hydrogel solutions were prepared as described 

previously [27, 30]. Briefly, a total of 0.4 g of PVA was 

dissolved in deionized water (10 mL) and mixed during 

heating at 90 °C for 2 h and at 140 °C for 4 h [27].  

A total of 4.8 g of PEG was dissolved in deionized 

water (20 mL) and mixed during 15 minutes at room 

temperature [30]. 

2.3 Rheological measurements 

The rheological properties of the solutions of PVA and 

PEG in millipore water were studied using an Anton Paar 

MCR-302 rheometer. 

5 mL of each sample were used for rheological 

assessments. The circular rheological measurements were 

performed in triplicate at room temperature [27]. 

2.4 Statistical analysis 

The QtiPlot software was used for the data analysis. 

The mean values and standard deviations were obtained 

for the calculations with this software [7]. 

The statistical significance of data was checked after 

the calculations [28]. As the obtained data were close to 

each other, their standard deviation values were small. 

3 Results 

Figure 1 shows the viscosity of PVA and PEG versus 

shear rate. The shear rate was measured between 0 and 

1 000 s–1. 

 

Figure 1 – Viscosity of PVA and PEG versus shear rate 

As shown in Figure 1, the viscosity of PVA and PEG 

increased slowly with the increase of shear rate. 

Moreover, the increase of viscosity for PEG was more 

than that of PVA. The first polymer had an increase of  

8.7 % in viscosity, whereas the second one had an 

increase of 2.4 % at shear rate of 1 000 s–1. 

Figure 2 shows the change of viscosity of both 

polymers versus shear strain. 

 

Figure 2 – Viscosity of PVA and PEG versus shear strain 

As seen in this figure, the viscosity of PVA and PEG 

increased with shear strain. The shear-thickening 

behavior of PEG was more than that of PVA. The 

viscosity of both polymers reached a plateau. However, 

PEG reached to the plateau at lower shear strains than 

PVA. Moreover, PEG showed a second increase of 

viscosity at high shear strains, whereas PVA did not 

significantly increase after the plateau. This was 

attributed to the sensitivity of PEG to its deformation 

because of the junction separations after the application 

of mechanical force on the polymer.  

The viscosity of PVA and PEG versus time curves are 

displayed in Figure 3. 
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Figure 3 – Viscosity of PVA and PEG versus time 

As shown in this figure, the viscosity of both polymers 

increased with time. Although the viscosity increase of 

PVA with time was small and reached a plateau, that of 

PEG was significative and continued at 1 000 s. This 

shows that when shear stress is applied on these 

polymers, the effect of the viscosity increase with time 

for PEG is more than that of PVA. This may be attributed 

to the difference of the position of the hydrophilic OH 

group in the structures of these polymers. The presence of 

this functional group bound to the chain of PEG makes a 

hindrance for the application of high shear stress on the 

polymer, whereas this effect is much less in PVA because 

its OH group is inside its chain, which makes less 

increase of the viscosity of this second polymer when 

more shear stress is applied with the increase of time. 

The viscosity values of PVA and PEG versus time are 

presented in Table 1. 

Table 1 – Viscosity of PVA and PEG (mPa·s) versus time 

Polymer 
Time, s 

200 600 1 000 

PVA 4.66 ± 0.03 4.98 ± 0.01 5.24 ± 0.02 

PEG 2.62 ± 0.04 2.89 ± 0.02 3.61 ± 0.01 
 

Comparing the results presented in the above table, the 

increase values of 0.32 mPa·s and 0.26 mPa·s in viscosity 

were observed for PVA between 600 seconds and 200 s, 

and between 1 000 s and 600 s, respectively. Whereas in 

the second time span more viscosity, which was 

0.72 mPa·s was observed for PEG compared to the 

increase of viscosity in the first time span, which was 

0.27 mPa·s. This result showed that the viscosity of PEG 

at higher shear stress in the second time span increased 

more than its viscosity at lower shear stress in the first 

time span, whereas PVA showed the inverse effect in 

these time spans. These results were consistent with the 

presented figures. 

Figure 4 shows torque versus shear strain. 

 

Figure 4 – Torque versus shear strain 

The torque values increased with time for both 

polymers. This was due to their high elasticity that made 

the torque increase with time. It is worth noting that at the 

same shear strain, the torque value was more for PVA 

than PEG. This was consistent with the fact that the 

initial viscosity of PVA as shown in Figure 2 was more 

than that of PEG. 

The changes in the torque values for PVA and PEG 

versus time are displayed in Figure 5. 

 

Figure 5 – Torque versus time 

This figure shows that the torque values increased with 

time for both polymers. However, the torque increase was 

more rapid for PVA than for PEG. This indicates that the 

torque changes versus time for PVA and PEG were not 

the same as the first polymer showed a steeper line 

compared to the second one. 

Comparing the torque changes for PVA and PEG 

versus time showed that this change for the first polymer 

was linear, whereas it was a curve for the second one. In 

other words, the torque values when applied for PEG did 

not change linearly with time. This could correspond to 

the difference in the structures of these polymers. 

Figure 6 shows the shear stress versus shear rate 

curves of PVA and PEG. 
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Figure 6 – Shear stress of PVA and PEG versus shear rate 

As observed in this figure, the same shear stress 

corresponds to a greater shear rate for PEG than PVA. 

This is because the flow velocity gradient in PEG is more 

than that of PVA when the same shear stress is applied to 

each polymer solution. 

Figure 7 shows the shear stress versus shear strain 

curves of both polymers. 

 

Figure 7 – Shear stress of PVA and PEG versus shear strain 

As shown in this figure, less shear stress is required for 

the same quantity of the deformation of PEG in 

comparison with that of PVA. In other words, the 

deformation of PEG is easier than that of PVA as more 

shear stress is required for the deformation of the second 

polymer in comparison with the first one. This is 

attributed to the differences in these polymers’ chemical 

structures and molecular weights. 

The shear stress values of PVA and PEG versus shear 

strain are presented in Table 2. 

The data in the above table show that the shear strain 

increase of polymers from 1·106 to 2·107 would require 

more shear stress on PVA than that on PEG. 

Table 2 – Shear stress (Pa) of PVA and PEG versus shear strain 

Polymer 
Shear strain, % 

1·106 2·107 4·107 

PVA 0.64 ± 0.01 3.29 ± 0.01 4.84 ± 0.02 

PEG 0.36 ± 0.01 1.91 ± 0.01 3.21 ± 0.01 
 

The same phenomenon was observed for the shear 

strain increase from 2·107 to 4·107. This is attributed to 

the differences in these hydrogels’ molecular weights and 

structures that can determine the shear effect [33]. These 

comparative data can be used to improve the mechanical 

properties of these materials for the preparation of blends 

and composites. 

4 Discussion 

The results presented in this paper provide important 

new insights to the comparative rheological properties of 

PVA and PEG. Previous investigations on the rheological 

properties of these polymers showed that up to certain 

shear rates, these polymers would behave as Newtonian 

liquids. These studies indicated that at high shear rates, 

viscosity instant flow cessation occured in these polymers 

[34–37]. However, no study has reported the comparative 

analysis of the rheological properties of these polymers. 

Shear modulus is a parameter that reflects the ability 

of polymer to withstand the force applied and resist to the 

deformation. This parameter is obtained from the division 

of shear stress by shear strain [38, 39]. In the current 

paper, the shear modulus values of both PVA and PEG 

were very small and they decreased with time for both 

polymers. We expect to observe that this parameter 

would decrease with the increase of temperature as the 

deformation of polymers could happen by applying less 

amount of shear stress with the increase of temperature. 

In a further investigation, we will study the effect of 

temperautre on the rheological properties of these 

polymers. 

The molecular weight and chain branching are the 

structural factors that can impact the rheological behavior 

of polymers. Low molecular weight polymers display 

Newtonian behavior due to a tumbling or sliding of the 

molecules over one another during applying a shear stress 

[40]. Moreover, the ratio of the response time of the 

polymer to observation or experimental time depends on 

the molecular weight of the sample and the temperature 

[40]. The physicochemical properties of some of the 

materials that were applied in engineering were 

investigated previously [41–45]. More investigations are 

required to determine the effect of PVA and PEG on 

these materials regarding their preparation with polymers. 

The composites of PVA and PEG with metals and 

non-metals are of significant interest in engineering as 

these hydrogels can improve materials’ workability and 

water retention [46–50]. It has been observed that the 

viscosity of gel would increase with increasing the 

concentration of metals when a constant concentration of 

PEG was used in the samples. An investigation showed 

that the reduction of the gel viscosity was necessary in 
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order to control the concentration of metal ions in water-

glycol solutions [34]. The rheological properties of dried 

composite membranes can provide information on the 

mechanical resistance and tolerance to pressure applied 

during preparing materials with hydrogels [50]. The 

structural recovery tests can be conducted by applying 

different shear rates for getting information on the sample 

preparation after deposition conditions of mixtures and 

the change in their viscosity [51]. Some compositions can 

influence pH, particularly those obtained in a weakly 

alkaline environment with higher values of relative 

viscosity [52]. Crosslinking in the composites can 

improve light shielding, visible light transparency, better 

mechanical and water vapor barrier properties, and 

thermal stability [53]. Rheological and electrical 

assessments of PVA-based composites can give 

information on the formation of ordered liquid-crystal 

structures in the polymer matrix [54]. When dimethyl 

sulfoxide with water is used to dissolve PEG, the system 

could become more heterogeneous because of the 

hydrogel structure produced by weakly bonded water 

molecules. The network structure impacts the rheological 

properties as the reorganization of hydrogen bonding 

could contribute to the transitions of the macroscopic 

viscoelasticity [55]. 

The rheological properties of PVA and PEG are of 

interest when they are mixed with other materials in 

composites. The non-Newtonian behavior of PVA is 

maintained when it is mixed with graphene oxide 

nanoribbons [27]. It has been shown that the rheological 

properties of nanocomposites of PVA and cellulose 

nanocrystals had limited molecular weight dependence 

[56]. Lactose-filled PEG composites were also studied 

concerning their processing temperature. It was reported 

that decreasing the process temperature could lead to an 

increase in shear viscosity. Moreover, the temperature 

dependence of shear viscosity decreased with the increase 

of shear rate [57]. Another study revealed that 

introducing silica nanoparticles into PEG-based 

composites that are used as membranes for separating 

gases could affect their rheological properties [58, 59]. 

The study of the viscoelastic behavior of PEG-poly(lactic 

acid) composites showed that these materials could have 

a higher magnitude of storage modulus than pure 

polymers [60]. Another study showed the increase of 

viscosity due to loading additives in the biphasic polymer 

solution, which did not change in further growth of the 

filler concentration [61]. The addition of clay to PEG 

could change its Newtonian flow behavior to thixotropic 

shear thinning when its structure broke down by 

mechanical shearing, and its viscosity decreased with 

time under conditions of constant shear rate [62]. 

Blends also are of interest in engineering. A study 

showed that the viscosity of pure PVA solutions would 

increase slowly as they age, and the aging of the 

PVA/PEG blends would be much faster than those of 

pure polymers [50]. Another study revealed that a blend 

having viscoelastic behavior could remain stable upon 

storage [51]. It has been shown that long polymers could 

interconnect several particles, acting as cross-links which 

could explain the mechanism of the enhancement of 

viscosity [52]. The physical crosslinking methods have 

been widely applied in materials science because there 

has been no need to introduce new chemicals, 

complicating their use in the biomedical environment 

[53]. Another important aspect of the preparation of 

blends concerns the phase separation. A study revealed 

that the presence of PEG forces the PVA solution to 

separate phase. The authors proposed that this 

phenomenon could help the formation of gel [63]. 

Crosslinking has a positive impact on the preparation of 

PVA and PVA-PEG blends as their rheological properties 

could reveal their viscoelastic behavior and stability upon 

storage [64, 65]. Adding PEG to PVA can counteract the 

reduction of the water content in the polymer matrix to 

make the blend more appropriate for biomedical 

applications [66]. 

The other important issues in preparing materials with 

PVA and PEG hydrogels are discussed below. The 

presence of gel with abnormal rheological properties in 

the glycol regeneration systems is a problem for this 

purpose because it may cause filters to clog at critical 

shear rates [35]. High molecular weight PEG can increase 

the elasticity and stability of shear thickening fluids [67–

69]. It is worth noting that the interchain hydrogen bonds 

and shear-induced orientation can affect the rheological 

properties of PEG solutions in water. The application can 

break the intrachain and interchain hydrogen bonds of 

shear stress, and new interchain hydrogen bonding can be 

created simultaneously. The viscoelasticity of these 

systems depends on the reorganization of hydrogen 

bonding [70–73]. 

As discussed above, temperature and crosslinking can 

impact the rheological properties of PVA and PEG. More 

investigations are required to determine the impact of 

these factors on the comparative analysis of the 

rheological properties of these hydrogels for the 

preparation of composites and blends. 

5 Conclusions 

This study shows that the rheological properties of 

PVA and PEG are similar to each other at low shear rates. 

However, at high shear rates, they behave differently. 

Moreover, the increase in the shear strain values requires 

more shear stress on PVA than on PEG. 

These results are attributed to the differences in these 

polymers’ network structures and molecular weights. 

Some issues, such as the viscoelasticity of PVA and PEG 

and the temperature change that affect the drug delivery 

output when these hydrogels are used for coating drug 

vectors, must be addressed in further studies for the 

development of their biomedical applications. 

These investigations will allow better control of the 

physicochemical properties of these hydrogels for these 

applications. 
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Abstract. The study focuses on the challenges of implementing fuel cell technologies and materials to achieve 

efficient use of green hydrogen and zero CO2 emissions. It is shown that only identifying the optimal parameters for 

each fuel cell component and technology and testing the system will help achieve the planned output-specific power. 

The thorough structure optimization of the membrane-electrode complex and testing in actual operating conditions 

will accelerate the implementation of fuel cell technologies. An example of structural optimization and improvement 

of catalytic activity of electrodes and electrolytes is shown. The current density of 0.36 μA/cm2 was obtained at a 

voltage of 0.6 V and a temperature of 500 °C for the fuel cell with 75–80 μm thick ZnO electrolyte and without 

membrane electrode assembly optimization. It is shown that the fuel cell electrodes’ catalytic activity depends on the 

modeling profile and structure of the catalytic layer, which was verified by testing in real fuel cell operating 

conditions. 
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1 Introduction 

The modern world is moving away from a fossil fuel-

based economy, as CO2 emissions are at the root of 

climate change and the critical environmental situation. 

There is an urgent need to introduce environmentally 

friendly fuel sources that use fuel cells and green 

hydrogen technologies, which allows the fuel cell system 

to enter the market as zero-emission technologies [1]. The 

significant event in the world is the first implemented 

hydrogen law, which entered into force on February 5, 

2021, in South Korea to promote the development of the 

hydrogen economy. The law has become the main piece 

of legislation governing the hydrogen industry, while the 

RES (renewable energy source) law will be used in 

matters not covered by the fundamental law. Currently, in 

Ukraine, the main steps are forming the hydrogen 

strategy and implementing strategic research works in the 

scientific field through fundamental research projects of 

NAS of Ukraine [2]. The work is devoted to studying the 

peculiarities of the development of fuel and cell 

technologies in decarbonization and transition to a zero-

emission economy, which consists of developing fuel and 

cell technologies and achieving maximum electrical 

efficiency of electrochemical conversion of 1 kg of 

hydrogen. 

2 Literature Review 

With a growing population and, as a result, growing 

energy needs, environmental problems, and climate 

change are becoming the challenges for our other 

existence [3]. 

According to the World Health Organization, every 9 

out of 10 people breathe polluted air. This means that 

almost 91 % of the world’s population does not have 

access to clean air, and high levels of pollutants cause 

the deaths of more than 8 million people annually [4, 5]. 
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According to the AQLI (the air quality life index), 

polluted air is the greatest threat to reducing life 

expectancy, compared to smoking, alcohol dependence, 

polluted water consumption, road accidents, diseases, 

and terrorism. It is becoming clear that implementing 

policies to combat pollution can allow people to live 

longer and healthier today. The UN Framework 

Convention on Climate Change, to which Ukraine is a 

party, aims to preserve the environment by stabilizing 

greenhouse gas concentrations in the atmosphere at a 

level that would not allow dangerous anthropogenic 

impacts on the climate system (Law No. 435/96-VR 

dated by 29.10.96, BBP, 1996, No. 50, p. 277). 

The main steps to overcome this global problem are 

the energy transition to clean energy sources and 

decarbonization processes (Paris Agreement from 2015 

adopted under the UN Framework Convention on 

Climate Change to avoid dangerous climate change by 

limiting global warming to well below 2 °C and 

pursuing efforts to limit it to 1.5 °C). Reducing fossil 

fuel consumption and switching to renewable energy 

sources are steps in the global decarbonization agenda 

and meet the goals of sustainable development [6]. 

– goal 7: ensure access to affordable, reliable, 

sustainable, and modern energy for all; 

– goal 12: ensure sustainable consumption and 

production patterns; 

– goal 13: Take urgent action to combat climate 

change and its impacts. 
The main stages of decarbonization include 3 levels of 

energy transition: 

– an increase of efficiency (energy efficiency) - 1st 

level of decarbonization, get more power from fuel; 

– hybridization/fuel transition – 2nd level of 

decarbonization, use of low carbon fuel; 

– deep decarbonization – 3rd of decarbonization, 

hydrogen fuel, and carbon capture technologies are key 

factors in “zero” CO2 emissions. 

Implementation of the first level of decarbonization is 

a set of measures aimed at reducing energy consumption 

by transport, buildings, and factories. Examples include 

improving the energy efficiency of buildings, reducing 

the fuel consumption of vehicles, and optimizing fuel 

supply. Everything that will contribute at all levels and in 

all possible ways to reduce energy consumption by the 

population and any production aspect. 

To implement the second level of decarbonization, the 

international community, especially developed countries, 

is setting a time frame until 2030. There is a gradual 

transition from natural gas to biomethane, distributed 

through the existing gas infrastructure. It is also projected 

to increase the share of renewable energy and develop 

infrastructure for hydrogen fuel. The following main 

measures can be identified to ensure the 2nd level of 

decarbonization [6]. 

The transition from the second level of 

decarbonization to the final level is limited to 2030–2050. 

This period is characterized by hydrogen fuel, CO2 

capture, and hydrogen and CO2 storage technologies and 

has the potential for deeper decarbonization of fossil 

fuels. These technologies should significantly change the 

ability of the oil and gas industry to reduce carbon 

emissions. It is also planned to significantly increase the 

share of renewable electricity for green hydrogen 

production, which will come directly to the infrastructure 

of the distribution network. The transition between 

decarbonization levels 2 and 3 is schematically shown in 

Figure 1. 

 

Figure 1 – Development of energy infrastructure in the 

periods 2020-2050 in terms of decarbonization  

steps, adapted from [7] 

The main advantage of using hydrogen as a fuel is the 

significant compensation during intermittent energy 

production from renewable energy sources, which 

consists of the production and storage of hydrogen 

(closed cycle of green energy) [8]. Simultaneously, the 

primary purpose of using hydrogen as a carrier of clean 

environmental energy is the production of electricity and 

heat. 

Currently, hydrogen is produced by steam reforming 

from natural gas, although biomethane can significantly 

reduce carbon emissions during hydrogen production 

(blue hydrogen). Pure hydrogen production is possible 

using the reverse mode of fuel cells (FCs) or electrolytic 

fuel cells. 

FC is the most energy-efficient device for generating 

electricity, which consumes hydrogen as a fuel and 

oxygen (from the air) as an oxidant. Such devices can be 

used in all areas of electricity consumption with 

distributed stationary production of electricity in heavy 

vehicles and cars. Therefore, issues related to the 

operation of such energy sources are relevant today. 

That is why the implementation of available and 

known chemical and electrochemical reactions for energy 

production by using FCs, when chemical energy 

contained in fuels (hydrocarbons or pure hydrogen) 

directly and in an energy-efficient way converts into 

electrical and thermal energy, gives priority in current 

conditions of planetary pollution over fossil fuel 

combustion. 
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The transition from a fossil energy economy to a 

hydrogen-based economy, if the technologies are 

available, requires the widespread use of renewable 

energy sources, including hydrogen production and 

storage to stabilize electricity supply by regulating 

renewable energy intermittent; for the production and 

storage of hydrogen (the so-called buffer to increase the 

stability of the energy system of a country or region) [9]. 

One of the most straightforward production processes 

of pure hydrogen is its production from water by 

electrolysis, which can be carried out using electricity 

from other renewable energy sources, such as wind 

energy, solar energy, or water energy. In such cases, there 

are two additional benefits in obtaining hydrogen. The 

first one is that hydrogen can be used to supplement and 

adjust electricity generation (so-called intermittent 

production) when there is a shortage of water, wind, sun, 

or ocean activity, but there is an electricity demand. 

Hydrogen, which is already extracted and accumulated, 

can be easily converted into electricity by FCs (Figure 2). 

Another valuable property of hydrogen accumulation 

manifests itself in increasing the resilience of the entire 

energy system of a country or region, stabilizing the 

regional electricity distribution network. 

 

Figure 2 – Process of electrochemical conversion of 

hydrogen fuel and oxidant to water in the fuel cell system  

and components of the battery of two fuel cells 

Finally, and most importantly, it is clean energy that 

meets all the possible demands of decarbonization to 

improve social and environmental needs, and therefore 

the goals of sustainable development, to which Ukraine 

has joined. Decarbonization reduces or eliminates carbon 

dioxide from the energy production process. According to 

the World Economic Forum, complete decarbonization of 

our energy systems is the only solution to stabilize the 

climate. Thus, in practice, achieving zero emissions 

requires a transition to clean energy sources and a 

complete transition from fossil fuels to electricity from 

clean sources. 

The most efficient technology for obtaining hydrogen 

is electrolysis (water electrolysis cell), and the reverse 

mode of conversion of hydrogen (with oxidant) into 

water is provided by highly efficient fuel cell technology. 

A fuel cell is a device that directly converts chemical 

energy into electricity by electrochemical oxidation of 

fuel (e.g., hydrogen, methanol). The operation principle 

of a fuel cell stack and its constituent elements is 

schematically shown in Figure 3. 

 

Figure 3 – Electrochemical conversion of hydrogen fuel and 

oxygen to water in the fuel cell system and components of the 

stack of two cells. 

The fuel cell consists of an electrolyte layer located 

between two porous electrodes (anode and cathode). 

Hydrogen and oxygen molecules enter the porous 

structure of the anode and cathode, respectively, through 

gas channels on the plate (interconnect), connected by a 

dense electrolyte material. The anode, electrolyte, and 

cathode form a membrane-electrode complex of the fuel 

cell, in which the electrochemical process takes place. 

Hydrogen molecules on the catalytic component of the 

anode material dissociate into protons that pass through 

the anode, which contains the electrolyte material, and 

the electrolyte to the cathode, which also contains 

electrolyte material, and electrons along the outer circuit 

and electrical conductor (anode and cathode material) 

transfer to the cathode. As a result of the oxygen 

reduction reaction on the catalytic material of the 

cathode, water is formed. This type of fuel cell is proton-

conducting, and the main characteristic of the electrolyte 

material is the proton conductivity. 

In terms of electrolytes, FCs can be classified into 

many types, such as alkaline (usually KOH) FCs (AFCs), 

phosphate FCs (PAFCs), molten carbonate FCs 

(MCFCs), where a mixture of Li2CO3 and K2CO3 is used, 

solid oxide or ceramic FCs (SOFCs, commercial SOFCs 
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usually uses yttrium stabilized zirconia electrolyte) and 

proton-exchange membrane FCs (PEMFCs). SOFCs and 

PEMFCs can be divided by their operating temperature: 

high-temperature (800–1 000 °C for SOFCs with a 

ceramic electrolyte and 110–180 °C for HTPEMFCs with 

a polymer electrolyte) and low-temperature (500–600 °C 

for LTSOFCs and 40–80 °C for PEMFCs) fuel cells. 

Low-temperature PEMFCs are most widely used due to 

the low operating temperature of the electrolyte (and a 

system as a whole), but in Ukraine, the research is 

focused on SOFCs. In terms of application for transport 

and mobile devices, the advantages of PEMFCs are low 

operating temperature, high specific power, fast start, 

high efficiency, easy and safe operation. The comparison 

of the main FC types that have the most significant 

potential for implementation or have already been 

implemented (PEMFC) is presented in Table 1. 

Table 1 – Comparison of different types of fuel cells 

Fuel  

cell 
Membrane Fuel Т, ºС 

Efficiency,  

% 

Charge  

carrier 

PEM Nafion 
H2  

MeOH 

60– 

80 
40–60 H+ 

HT  

PEM 
PBI 

H2  

MeOH 

110– 

180 
50–60 H+ 

SOFC (Y2O3)x(ZrO2)1-x 

CH4  

MeOH  

H2 

800– 

1 000 
55–65 О2- 

LT  

SOFC 

CeO2- 

based 

CH4  

MeOH  
H2 

550– 

600 
55–65 О2- 

 

Among the energy conversion devices that use 

hydrogen, FC technology occupies a unique place. 

Hydrogen-containing methanol (MeOH) fuel is available 

for widespread use without significant infrastructure 

costs, which is an ideal hydrogen carrier for 

transportation because it is liquid at room temperature 

and ambient pressure. The hydrogen release from the 

methanol molecule’s bound state is more accessible than 

in other liquid fuels. Moreover, methanol fuel does not 

contain sulfur, which is harmful to FCs, and the high ratio 

of hydrogen to carbon in methanol makes it a promising 

fuel for the hydrogen economy. Methanol is an example 

of hydrocarbon-containing fuel for the transition period to 

achieve an economy with zero CO2 emissions. 

Electrolytic FCs can be similarly divided according to 

their operation principle and characteristics. As for 

SOFC, the high temperatures (700–900 °C) of the 

ceramic electrolysis cell (SOEC) provide high efficiency, 

namely up to 98 %. There are other electrolyze 

technologies of this type on the market [10]. Like the fuel 

cells, electrolyzers can be divided by the type of 

electrolyte. In the case of the alkaline electrolyzer cell 

(AEC), the electrolyte is a liquid solution of NaOH or 

KOH, so that OH– becomes a conductor of ionic charges. 

This technology uses carbon, transition, or precious 

metals as catalytically active materials, electrodes, and 

connectors and operates at temperatures of 40–90 °C. 

Electrolyser based on proton exchange membrane (FC 

with polymer electrolyte) has an electrolyte consisting of 

hydrated polymer membrane and conducts protons 

through the membrane. The electrode mainly contains 

carbon, platinum, and iridium-based materials. The 

operating temperature of the electrolyzer ranges from 

20 °C to 150 °C. The main characteristics of the most 

common electrolyzers are summarized in Table 2. 

Table 2 – Comparison of two electrolyzer cell technology 

Electrolysis cell type PEMWE SOEC 

Electrolyte PEM Ceramics 

Charge carrier H+, H3O+ O2– 

Cathode reaction 2H+ + 2e– → H2 H2O + 2e– → H2 +O2– 

Anode reaction 
H2O → ½O2 + 

+ 2H++ 2e– 
O2– → ½O2 + 2e– 

Electrode materials C Ceramics 

Catalytic materials Pt, Ir Ni, LSM, LSCF 

Interconnect Carbon / metal 

Modification  

of stainless steel/metal 

ceramics 

Operation temp., ºС 20–150 600–900 

 

The electrochemical process of the closed cycle of 

green hydrogen (Figure 2) takes place in the membrane 

electrode assembly of the fuel or electrolysis cells, 

namely in the anode-electrolyte-cathode structure 

(Figure 3). It is a process that consists of producing H2 as 

an energy source from the splitting of water, and the 

subsequent use of such energy, which relies on four 

elementary reactions, i.e., hydrogen evolution reaction 

(HER), hydrogen oxidation reaction (HOR), oxygen 

evolution reaction (OER) and oxygen reduction reaction 

(ORR). 

The main goal is to recommend systematic protocols 

for measuring the activity of these four reactions and 

reference actions in real electrochemical transformation 

systems, which is critical to facilitate research and 

development of new materials with high activity and 

stability in FC and electrolytic FC electrodes. 

Detailed information on the electrochemical tuning of 

FCs and electrolysis FCs, measurement, and analysis of 

data used to quantify the processes of reverse systems in 

acidic and basic solutions, are given as examples of the 

latest specific and mass activity of catalytic materials. 

Experiments should be performed correctly, and general 

recommendations for appropriate reactions should be 

provided, including cell design, electrode structure, 

selection of catalytic and electrolyte materials. It is 

essential to develop experimental protocols, including 

data collection and processing, such as ohmic and 

background correction and surface evaluation of catalytic 

materials, materials with different electrolyte 

conductivity, the practicality of tests, and comparison of 

different classes of materials for hydrogen energy. 

Finally, it is necessary to qualitatively assess some 

modern catalysts’ specific and mass activity to facilitate 

comparison and interpretation of catalyst activity for 

these four reactions in different laboratories because 

different types of fuel cells require different operating 

temperatures. Figure 4 schematically illustrates the 

composition of materials included in the membrane 

electrode assembly. 
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Catalytically active materials are needed to increase 

the kinetics of these reactions and thus meet the practical 

demand to increase the efficiency of electrochemical 

conversion in FC and electrolytic FC and reduce energy 

loss during the entire cycle. Scientists are trying to 

discover and establish the principles of designing 

catalysts with more significant activity through 

systematic experimental and computational studies [11–

13], some of them focus on increasing the mass-specific 

surface area of catalytically active materials by designing 

and creating new structures of catalytic layers/electrodes 

[14, 15]. 

 

Figure 4 – Materials for the membrane electrode assembly  

(anode-electrolyte-cathode) 

Understanding the mechanisms of reactions, obtaining 

the maximum possible values of specific activity of 

catalytic materials, and identifying active sites for 

catalyzing URFC (unitized reversible fuel cell) processes 

are studied systematically. The results are often 

associated with a clear definition of material surfaces, 

such as single crystal faces [16, 17]. The development of 

highly active electrocatalysts for practical use is 

associated with specific methodologies of 

electrochemical measurements [18, 19] and comparative 

evaluation with modern electrocatalysts [20]. 

Unfortunately, today a careful comparison of such studies 

in real FC devices and electrolytic FCs in most cases only 

allows assessing the performance of the whole device. 

Unfortunately, there are often cases when electrocatalytic 

material was unpromising, although electrochemical tests 

for electrocatalysis were successful. In the case of high-

temperature SOFCs, precious metals are not used as 

catalytic materials, so the catalytic material in the 

structure of the electrodes acts as an electrical conductor. 

A complex electrochemical process characterizes the 

fuel cell system with one type of conductivity, while each 

component of the fuel cell should meet specific 

requirements, meeting which does not always guarantee 

high efficiency in actual conditions [21, 22]. 

Therefore, it is reasonable to assume that in the case of 

analysis of the process kinetics at each of the FC 

electrodes or the efficiency of an electrochemical reaction 

in the system with mixed conductivity, the task becomes 

much more complex. Thus, it is obvious to perform 

structural optimization of each element of the fuel or 

electrolysis cell and test new materials and structures in 

real conditions of electrochemical transformation. 

An essential characteristic for electrolyte materials is 

the ionic conductivity of materials, which in most cases is 

regulated by nanostructural or morphological features, 

such as the shape and size of ionic domains and their 

interaction. Therefore, oscillations either in the 

nanostructure/orientation or in the transport mechanism 

can change the activation energy of conductivity. Recent 

studies have shown that the nanostructure and 

morphology of the thin layers of Nafion electrolyte, the 

most commercialized membrane for PEMFC, differ from 

the thick Nafion layers [23]. It is noted that the 

conductivity of the thin Nafion layers becomes dependent 

on the humidity, which is not observed for thick 

membranes. 

One of the main reasons is the high interfacial area 

ratio and volume of thin layers. As a result, the substrate 

causes interfacial and configurational effects when the 

morphology and properties of thin films predominate 

[24]. 

Ceramics with ionic conductivity are used as 

electrolytes in high-temperature and low-temperature 

SOFCs. Thus, high ionic conductivity (more than 0.1 

S/cm), density, mechanical properties, minimum 

thickness, stability in real conditions of electrochemical 

reactions are required. The oxygen ion conductivity in 

ZrO2- and CeO2-based ceramics, commercialized in 

SOFC technology, is well studied and governed by grain 

boundary and defects concentration (typically 

dislocations or differently oriented domains) [25]. 

However, using semiconductor materials leads to more 

complicated kinetics processes and mixed conductivity 

when the electrolyte has both ion and proton conductivity 

[26–28]. 

A breakthrough in micro-energy technologies is 

required to cover the increasing demand for embedded, 

personal, or local use of power. Due to their 

miniaturization capabilities, solid-state energy devices are 

promising candidates to play a significant role in this new 

era. However, improving their performance while 

downscaling their size can only be achieved by looking 

for disruptive concepts in materials capabilities [29]. 

Achieving the requirements for electrolyte materials 

and FC electrodes should ensure high process efficiency, 

namely the high specific power of the fuel system [30], 

which is currently not achieved in real conditions. 

3 Research Methodology 

The morphology and structure of the ZnO-based 

electrolyte were examined using a scanning electron 

microscope (SEM) Superprobe 733 (JEOL, Japan).  

The chemical composition and structure of the 

powders were determined by spectral analysis and X-ray 

phase analysis. 

For the morphological investigation of the catalytic 

layer, a scanning electron microscope (SEM) TESCAN 

MIRA3 was used. The measurement was carried out in 

the secondary-electron-mode using primary electrons 

with 30 keV energy. 

The porosity of the samples was measured by 

hydrostatic weighing. 

The electrolyte tests in real operation conditions of the 

fuel cell were carried out on a new stand for studying the 

efficiency of materials for hydrogen energy (IPM NAS of 
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Ukraine). Hydrogen and oxygen were obtained from a 

polymer-type electrolysis battery. The anode and cathode 

of the fuel cell were formed using a platinum-rhodium 

grid (12217, AlfaAesar). The temperature range was set 

from room temperature to 650 °C. 

To form a multilayered electrolyte with a thickness up 

to 80 μm, a mixture of ZnO nanopowder and polymer 

with the ratio of 90:10 and 92:8 was used, which was 

preliminarily homogenized for 4–8 hours in 30 % 

aqueous-alcohol solution (isopropanol and deionized 

water). The mass fraction of solid components in the 

solution was 1 mg per 10 ml of solution. 

4 Results and Discussion 

4.1 Chemical reactions 

The overall chemical reaction in the fuel cell is 

characterized as follows: 

1 𝑘𝑔 𝐻2 + 8 𝑘𝑔 𝑂2 = 9 𝑘𝑔 𝐻2𝑂+≈ 39 𝑘𝑊 ∙ ℎ + 𝑄   (1) 

According to the state-of-the-art technology and 

materials, the generation of 39 kW·h of electricity by 

SOFCs with an efficiency of 85%, where the rest is 

released as heat, is achievable. While the overall 

efficiency of PEMFCs reaches 70 %. Note that the 

thermodynamic efficiency calculated as efficiency from 

the ratio of Gibbs function for total reaction (1) gave 

83 % for ideal FC. That means 39 kW·h value of 

electrical energy will be much higher. 

In the case of the reversed electrochemical reaction, 

namely electrolysis, the reaction can be written as 

follows: 

9 𝑘𝑔 𝐻2𝑂+≈ 39 𝑘𝑊 ∙ ℎ + 𝑄 = 1 𝑘𝑔 𝐻2 + 8 𝑘𝑔 𝑂2   (2) 

PEMWE electrolysis technology has an efficiency of 

75–93 %, and the total energy consumption reaches 45–

53 kW·h. At the same time, the efficiency of SOEC is 

higher and reaches 90–98 %. In state-of-the-art 

production, energy costs for SOEC technology require 

34–37 kW·h of electricity and 6–11 kW·h of thermal 

energy. 

To approximately estimate the consumption and price 

of hydrogen, we present the following data: 

1 kW∙h PEMWE produces 0.016-0.018 kg/h H2  

1 kW∙h SOEC produces 0.022-0.028 kg/h H2  

1 kW∙h PEMFC consumes 0.069 kg/h H2 [31] 

1 kW∙h SOFC consumes 0.0534 kg/h H2 [32] 

In 2020 the cost of hydrogen varied as follows: 2.50–

6.80 USD/kg for green H2; 1.40–2.40 USD/kg for blue H2 

(biofuel), and 1.00–1.80 USD/kg for gray H2 (from 

hydrocarbons). 

The strategy for the transition to technologies with 

zero CO2 emissions involves using blue and green 

hydrogen, and fuel cell technologies are at the forefront 

of different development strategies of many countries 

(Hydrogen Road Maps). To reach high efficiency 

(reactions (1)–(2)), scientists are focusing on the 

development of new materials and improving their 

properties. However, above all, it is necessary to ensure 

the efficiency of the whole FC system to achieve better 

performance for FC materials and complete structural 

optimization of all fuel cell elements and technologies. 

4.2 Structural optimization 

According to DOE, the catalytic layer’s percentage of 

catalytically active platinum is less than 50 %. Figure 5 

schematically shows the catalytic layer, which consists of 

platinum particles on a carbon carrier, and schematically 

shows the catalytic layer in actual FC operation 

conditions, when the amount of catalytically active 

material is reduced significantly. 

 

Figure 5 – Catalytic layer of PEMFC: catalytically active  

Pt (yellow), inactive Pt (brown), carbon (gray),  

polymer component (NafionTM) 

Stable electrochemical conversion on FC electrodes is 

ensured by a constant flow of semi-cellular redox 

reactions, which begin on the surface of the catalytic 

material with constant removal of protons and electrons 

to the polymer electrolyte (NafionTM) and electronic 

conductor (carbon particles). The catalytically active 

platinum is depicted by a yellow color, while platinum 

which does not contribute to the efficiency of 

electrochemical conversion, is depicted by brown color. 

The content of one of the components or adding other 

structural changes to the whole catalytic layer is varied. 

Therefore the study of FC processes in conditions of low 

content of catalytically active material is a difficult task 

with many uncertainties and complexities. Solid platinum 
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[22] is usually used as a reference for non-Pt systems, 

especially concerning activity, but it is proven 

theoretically and experimentally that platinum activity 

can be significantly improved by doping with other 

metals. Thus, the efficiency of the modified Pt systems 

becomes a reference point for implementing hydrogen 

conversion technology into electricity. In energy 

conversion devices, weight and efficiency play an 

important role, and the amount of catalyst in fuel cells for 

fuel conversion, in general, can be a critical parameter. 

The magnetron sputtering was used for the controlled 

deposition of the catalyst material. To obtain a highly 

dispersed substance by magnetron sputtering, a surface 

with high specific area [22]. Usually, the catalytic layer is 

made of catalytic ink and is applied on the surface of the 

electrode with the presence or absence of a hydrophobic 

microporous layer. In our case, the adapted catalytic ink 

method was used to form a surface with an active support 

layer for platinum catalyst. For obtaining a standard 

PEMFC catalyst layer, the catalytic ink contained a 

catalyst material (catalyst nanoparticles or carbon-

supported catalyst nanoparticles), proton-conductor 

membrane ionomer dispersion, and the aqueous-alcoholic 

solution used. Since the catalyst material was obtained by 

magnetron sputtering, the catalyst material was absent in 

the prepared ink. The microporous layer was formed from 

a mixture of carbon carrier (nanoparticles of size 20–

50 nm), 5 % Nafion ionomer dispersion or 

polytetrafluoroethylene dispersion, isopropyl alcohol, and 

water. Figure 6 shows the microporous carbon-based 

surface and Nafion ionomer images before and after hot 

pressing. This technique is applied to obtain a sandwich-

like catalyst, the details, and parameters described in [33, 

34]. Hot pressing is usually used to form a membrane 

complex of the fuel cell with improved proton 

conductivity at the interfaces between the membrane and 

catalytic layers of the anode and cathode. 
 

 

Figure 6 – SEM image of the surface of microporous layer 

based on carbon nanoparticles and Nafion ionomer (25 %) 

before and after hot pressing 

During the formation of the catalytic layer by 

magnetron sputtering on this type of surface (Figure 1), 

the thickness of the deposition film should not exceed 

50–60 nm in the case of pure platinum since a further 

increase in thickness does not increase the fuel cell 

efficiency [22]. The catalytic layer can be deposited on 

the surface of the electrode (anode/cathode) or the surface 

of the membrane during magnetron sputtering. In the 

latter case, hot pressing is used, and the amount of the 

active catalyst can be increased during a deposition of a 

sandwich-like structure of the catalyst material for direct 

and reverse FC [34]. The catalytic layer is shown in 

Figure 7. In the near-membrane catalytic layer 

(Figure 7 a), the catalyst material is deposited by 

magnetron sputtering on the surface of the microporous 

layer and transferred to the surface of the membrane by 

hot pressing. When the catalytic layer is located on the 

support (Figure 7 b), the catalyst material is deposited by 

magnetron sputtering on the surface of the microporous 

layer, which was transferred to the membrane by hot 

pressing. 

Performed studies on the catalytic activity of the anode 

and cathode materials in real FC operation conditions 

resulted in developing a layered structure of the anode 

and cathode with a polymer electrolyte and ultra-low 

platinum content [21]. 

 

Figure 7 – Model of catalytic layer deposition: a – in-orientation 

or adjacent catalytic layer; b – top-orientation  

or catalytic layer on the carrier 

The amount of platinum can be reduced to 1–

10 μg/cm2 on the hydrogen electrode (anode) and up to 

40–60 μg/cm2 on the cathode by deposition the catalytic 

layer on the surface of the electrode with a hydrophobic 

microporous layer [22]. Further reduction in the amount 

of the catalyst is possible by carbon doping [35]. 

 

Figure 8 – VA curves for Pt and Pt-C thin films with a thickness 

of 2 nm on the cathode side of the FC (anode 300 μg/cm2 Pt, 

Nafion 212) 
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Figure 8 also schematically represents the formation of 

a pure platinum catalytic layer on a carbon carrier and 

porous structure during the simultaneous deposition of 

platinum and carbon by magnetron sputtering. By 

replacing the “bulk” Pt catalytic layer with Pt-C 

composite, we reduce the amount of Pt in the catalytic 

layer, while the catalyst dispersion is improved due to the 

roughness of the surface. The FC tests showed that the 

samples had almost the same initial characteristic 

(Figure 8) when the catalyst layer on the cathode was 

pure Pt and Pt-C (11 % Pt) with an equivalent thickness 

of 2 nm. However, the porous structure of the Pt-C 

composite has an advantage in the case of increased 

pressure inside the FC. The efficiency of the FC increases 

by only 20–25 % for pure Pt thin films with increasing 

pressure, and then the efficiency decreases. The evolution 

of the development of new material is shown in Figure 8 

(top). 

According to this technique, the content of precious 

metal in the membrane complex of FC can be 

significantly reduced without loss of initial characteristics 

and long-term stability of FC compared to the 

conventional catalysts on carbon carriers. 

The effect of pressure was used to control ionic 

conductivity in SOFC electrolyte materials based on zinc 

oxide. 

4.3 Structural optimization of electrolyte 

Zinc oxide can be used in SOFCs as a primary or 

alloying material to increase ionic conductivity, reduce 

sintering temperature, improve the mechanical properties 

of the electrolyte, and reduce the operating temperature of 

the cell. 

After the literature analysis on the application of ZnO 

in SOFCs, we studied the effect of forming pressure (84–

336 MPa) on the sintering of zinc oxide ceramics. 

According to SEM fractography, the fracture of ZnO 

ceramics is brittle [24]. As for its micromechanism, the 

fractographic analysis indicated that all samples obtained 

at different pressures and a sintering temperature of 

1 100 °C show chipping. 

Data on the electrical properties of ZnO ceramics after 

being formed under different pressures and sintered at 

various temperatures are presented in Arrhenius 

coordinates in Figure 9. The linear dependencies in wide 

temperature ranges correspond to the ceramics with zero 

porosity, and nonlinear curves are referred to the porous 

samples. Analysis of electrical conductivity data 

concludes that the ionic conductivity can be adjusted by 

changing the forming pressure of the powders. Red 

(sintered at 1 100 °C and pressed at 336 MPa) and green 

(sintered at 1 200 °C and pressed at 168 MPa) curves 

clearly indicate the possibility of reducing the sintering 

temperature when the pressure is doubled to achieve 

similar ionic conductivity values, which gives the 

possibility to develop materials with different alloying 

elements and properties. 

 

Figure 9 – Electrical conductivity and activation energy of ZnO 

ceramics pressed at different pressures and sintered in the range 

of 1 100–1 200 °C: 1 – 84 MPa; 2 – 168 MPa;  

3 – 252 MPa; 4 – 336 MPa 

Comparing the activation energies of zinc oxide and 

yttria-stabilized zirconia (marked as 8YSZ, dashed line at 

Figure 9) materials in the temperature range from room 

temperature to 600 ºC, the decrease of Ea value with 

temperature is observed for zinc oxide. Such behavior is 

attributed to zero porosity of ZnO ceramics (red lines). 

The activation energy increases by 0.1–0.2 eV with the 

porosity and depends on the temperature in the range 

from 300 ºС and above, which should be considered 

when forming the porous structure of the electrodes. In 

the case of 8YSZ-based ceramics with only oxygen 

conductivity, the activation energy increases with 

decreasing temperature. ZnO electrolyte with a thickness 

of 75–85 μm and diameter of 13–15 mm after sintering at 

1 100–1 200 °C was used for testing in real fuel cell 

operation conditions without structural optimization 

membrane-electrode complex. The open-circuit voltage 

of 1.07 V was obtained at 450 °C. 

Platinum-rhodium grid, which has a limited catalytic 

surface (catalytic layer), was used as electrodes. The 

current density of 0.36 μA/cm2 was obtained at a voltage 

of 0.6 V and a temperature of 500 °C [26, 28]. The 

obtained results confirm the effectiveness of using the 

method for materials characterization without structural 

optimization of membrane-electrode complex and can be 

used to search for promising fuel cell materials. The 

sensitivity of the test system is 2.5 pA. 
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5 Conclusions 

It can be concluded that the application of zinc oxide 

in fuel cells is a promising area of research. However, the 

complexity of the processes occurring in the electrode-

membrane complex requires step-by-step analysis of each 

element (anode, cathode, and electrolyte), structural and 

chemical composition optimization, and tests at real FC 

operation conditions. The small number of studies on 

using pure zinc oxide as the SOFC electrolyte opens 

opportunities for thorough analysis and determination of 

optimal technological parameters that will accelerate the 

implementation of SOFCs with operating temperatures 

below 600 °C. As follows from the review of ZnO-based 

materials for SOFC, the materials with mixed 

conductivity and low sintering temperatures are the most 

promising and effective for electrochemical conversion in 

real FC operation conditions. Moreover, the structure 

optimization of the membrane-electrode complex and 

testing in real operation conditions will accelerate the 

implementation of fuel cell technologies to achieve a 

zero-carbon target. The method for analysis of promising 

materials without structural optimization was 

investigated. The current density of 0.36 μA/cm2 was 

obtained for the fuel cell with 75–80 μm thick ZnO 

electrolyte and without membrane electrode assembly 

optimization at a voltage of 0.6 V and a temperature of 

500 °C. 

The paper presents the steps of increasing the catalytic 

activity of the fuel cell electrodes, which are useful in 

modeling the profile of the catalytic layer and its 

subsequent verification in real conditions.  

6 Acknowledgments 

The authors are grateful to NRFU - under the project 

2020.02 / 0301 “Research support leading and young 

scientists” (2020-2022) and Charles University for access 

to infrastructure. 

References 

1. Staffell, D. I., Scamman, A. V., Abad, P., Balcombe, P. E., Dodds, P., Ekins, N., Shahd, K., Ward, R. (2019). The role of 

hydrogen and fuel cells in the global energy system. Energy and Environmental Science, Vol. 12, pp. 463–491. 

2. Solonin, Yu. M. (2019). On the implementation of the target comprehensive program scientific research of NAS of Ukraine 

“Fundamental Aspects of Renewable Hydrogen Energy and Fuel-clear Technologies”. Bulletin of the National Academy of 

Science of Ukraine, Vol. 4, pp. 37–41. 

3. Owusu, P. A., Asumadu-Sarkodie, S. (2016). A review of renewable energy sources, sustainability issues and climate change 

mitigation. Cogent Engineering, Vol. 3(1), 1167990, doi: 10.1080/23311916.2016.1167990. 

4. Cox, L. A. (2019). Communicating more clearly about deaths caused by air pollution. Global Epidemiology, Vol. 1(100003), 

pp. 1–7. 

5. Sweileh, W. M., Al-Jabi, S. W., Zyoud, S. H., Sawalha, A. F. (2018). Outdoor air pollution and respiratory health: A 

bibliometric analysis of publications in peer-reviewed journals (1900 – 2017). Multidisciplinary Respiratory Medicine, 

Vol. 13(15) pp. 1–12, doi: 10.1186/s40248-018-0128-5. 

6. Meschede, C. (2020). The Sustainable development goals in scientific literature: A bibliometric overview at the meta-level. 

Sustainability, Vol. 12, 4461. 

7. Sun, T., Ocko, I. B., Sturcken, E., Steven, P. H. (2021). Path to net zero is critical to climate outcome. Scientific Reports, 

Vol. 11, 22173. 

8. Xiong, P., Peng, X., Taie, Z., Liu, J., Zhang, Y., Peng, X., Regmi, Y. N., Fornaciari, J. C., Capuano, C., Binny, D., 

Kariuki, N. N., Myers, D. J., Scott, M. C., Webe, A. Z., Danilovic, N. (2020). Hierarchical electrode design of highly efficient 

and stable unitized regenerative fuel cells (URFCs) for long-term energy storage. Energy and Environmental Science, Vol. 13, 

pp. 4872–4881. 

9. Egeland-Eriksen, T., Hajizadeh, A., Sartori, S. (2021). Hydrogen-based systems for integration of renewable energy in power 

systems: Achievements and perspectives. International Journal of Hydrogen Energy, Vol. 46(63), pp. 31963–31983, doi: 

10.1016/j.ijhydene.2021.06.21. 

10. Bianchi, F. R., Bosio, B. (2021). Operating principles, performance and technology readiness level of reversible solid oxide 

cells. Sustainability, Vol. 13, 4777, doi: 10.3390/su13094777. 

11. Hong, W. T., Stoerzinger, K. A., Lee, Y.-L., Giordano, L., Grimaud, A., Johnson, A. M., Hwang, J., Crumlin, E. J., Yang, W., 

Shao-Horn, Y. (2017). Charge-transfer-energy-dependent oxygen evolution reaction mechanisms for perovskite oxides. Energy 

and Environmental Science, Vol. 10, pp. 2190–2200. 

12. Calle-Vallejo, F., Tymoczko, J., Colic, V., Vu, Q. H., Pohl, M. D., Morgenstern, K., Loffreda, D., Sautet, P., Schuhmann, W., 

Bandarenka, A. S. (2015). Finding optimal surface sites on heterogeneous catalysts by counting nearest neighbors. Science, 

Vol. 350, pp. 185–190, 2015. 

13. Escudero-Escribano, M., Malacrida, P., Hansen, M. H., Vej-Hansen, U. G., Velázquez-Palenzuela, A., Tripkovic, V., Schiøtz, J., 

Rossmeisl, J., Stephens, I. E. L., Chorkendorff, I. (2016). Tuning the activity of Pt alloy electrocatalysts by means of the 

lanthanide contraction. Science, Vol. 352, pp. 73–76. 

14. Chen, C., Kang, Y., Huo, Z., Zhu, Z., Huang, W., Xin, H. L., Snyder, J. D., Li, D., Herron, J. A., Mavrikakis, M., Chi, M., 

More, K. L., Li, Y., Markovic, N. M., Somorjai, G. A., Yang, P., Stamenkovic, V. R. (2014). Highly crystalline multimetallic 

nanoframes with three-dimensional electrocatalytic surfaces. Science, Vol. 343, pp. 1339–1343. 



 

G10 CHEMICAL ENGINEERING: Advanced Energy Efficient Technologies 

 

15. Li, M., Zhao, Z., Cheng, T., Fortunelli, A., Chen, C.-Y., Yu, R., Zhang, Q., Gu, L., Merinov, B. V., Lin, Z., Zhu, E., Yu, T., 

Jia, Q., Guo, J., Zhang, L., Goddard, W. A., Huang, Y., Duan, X. (2016). Ultrafine jagged platinum nanowires enable ultrahigh 

mass activity for the oxygen reduction reaction. Science, Vol. 354, pp. 1414–1419. 

16. Kuo, D.-Y., Kawasaki, J. K., Nelson, J. N., Kloppenburg, J., Hautier, G., Shen, K. M., Schlom, D. G., Suntivich, J. (2017). 

Influence of surface adsorption on the oxygen evolution reaction on IrO2 (110). Journal of the American Chemical Society, 

Vol. 139, pp. 3473–3479. 

17. Jensen, K. D., Tymoczko, J., Rossmeisl, J., Bandarenka, A. S., Chorkendorff, I., Escudero-Escribano, M., Stephens, I. E. L. 

(2018). Elucidation of the oxygen reduction volcano in alkaline media using a copper-platinum (111) alloy. Angewandte Chemie 

International Edition, Vol. 57, pp. 2800–2805. 

18. Chen, J. G., Jones, C. W., Linic, S., Stamenkovic, V. R. (2017). Best practices in pursuit of topics in heterogeneous 

electrocatalysis. ACS Catalysis, Vol. 7(9), pp. 6392–6393 

19. Stevens, M. B., Enman, L. J., Batchellor, A. S., Cosby, M. R., Vise, A. E., Trang, C. D. M., Boettcher, S. W. (2017). 

Measurement techniques for the study of thin film heterogeneous water oxidation electrocatalysts. Chemistry of Materials, 

Vol. 29(1), pp. 120–140. 

20. McCrory, C. C. L., Jung, S., Ferrer, I. M., Chatman, S. M., Peters, J. C., Jaramillo, T. F. (2015). Benchmarking hydrogen 

evolving reaction and oxygen evolving reaction electrocatalysts for solar water splitting devices. Journal of the American 

Chemical Society, Vol. 137, pp. 4347–4357. 

21. Ostroverkh, A., Dubau, M., Kúš, P., Haviar, S., Václavů, M., Šmíd, B., Fiala, R., Yakovlev, Y., Ostroverkh, Y., Johánek, V. 

(2020). Durable ultra-low-platinum ionomer-free anode catalyst for hydrogen proton exchange membrane fuel cell. 

International Journal of Energy Research, Vol. 44(6), pp. 4641–4651, doi: 10.1002/er.5245. 

22. Ostroverkh, A., Johánek, V., Dubau, M., Kúš, P., Khalakhan, I., Šmíd, B., Fiala, R., Václavů, M., Ostroverkh, Y., Matolín, V. 

(2019). Optimization of ionomer-free ultra-low loading Pt catalyst for anode/cathode of PEMFC via magnetron sputtering. 

International Journal of Hydrogen Energy, 2019, Vol. 44(35), pp. 19344–19356, doi: 10.1016/j.ijhydene.2018.12.206. 

23. Paul, D. K., McCreery, R., Karan, K. (2014). Proton transport property in supported Nafion nanothin films by electrochemical 

impedance spectroscopy. Journal of The Electrochemical Society, Vol. 161(14), pp. F1395–F1402. 

24. Choi, P., Jalani, N. H., Datta, R. (2005). Thermodynamics and proton transport in Nafion: II. Proton diffusion mechanisms and 

conductivity. Journal of the Electrochemical Society, Vol. 152(3), E123. 

25. Rajeswari, K., Buchi Suresh, M., Hareesh, U. S., Rao, Y. S., Das, D., Johnson, R. (2011). Studies on ionic conductivity of 

stabilized zirconia ceramics (8YSZ) densified through conventional and non-conventional sintering methodologies. Ceramics 

International, Vol. 37(8), pp. 3557–3564, doi: 10.1016/j.ceramint.2011.05.151. 

26. Qiao, Z., Xia, C., Cai, Y., Afzal, M., Wanga, H., Qiaod J., Zhu, B. (2018). Electrochemical and electrical properties of doped 

CeO2-ZnO composite for low-temperature solid oxide fuel cell applications. Journal of Power Sources, Vol. 392, pp. 33–40, 

doi: 10.1016/j.jpowsour.2018.04.096. 

27. Paydar, S., Akbar, N., Shi, Q., Wu, Y. (2021). Developing cuprospinel CuFe2O4–ZnO semiconductor heterostructure as a proton 

conducting electrolyte for advanced fuel cells. International Journal of Hydrogen Energy, Vol. 46(15), pp. 9927–9937, doi: 

10.1016/j.ijhydene.2020.04.198. 

28. Chen, X., Dong, B., Islam, Q. A., Song, H., Wu, Y. (2021). Semiconductor-ionic properties and device performance of 

heterogeneous La-doped CeO2-ZnO nanocomposites. International Journal of Hydrogen Energy, Vol. 46(15), pp. 9968–9975, 

doi: 10.1016/j.ijhydene.2020.04.174. 

29. Garbayo, I., Baiutti, F., Morata, A., Tarancón, A. (2018). Engineering mass transport properties in oxide ionic and mixed ionic-

electronic thin film ceramic conductors for energy applications. Journal of the European Ceramic Society, Vol. 39(2-3), 

pp. 101–114, doi: 10.1016/j.jeurceramsoc.2018.09.004. 

30. Lim, D., Im, H., Song, S. (2016). Spatial distribution of oxygen chemical potential under potential gradients and theoretical 

maximum power density with 8YSZ electrolyte. Scientific Reports, Vol. 6, 18804, doi: 10.1038/srep18804. 

31. Yousefkhani, M. B., Ghadamian, H., Daneshvar, K., Alizadeh, N., Troconis, B. C. R. (2020). Investigation of the fuel utilization 

factor in PEM fuel cell considering the effect of relative humidity at the cathode. Energies, Vol. 13, 6117, doi: 

10.3390/en13226117. 

32. Zhang, L., Xing, Y., Xu, H., Wang, H., Zhong, J., Xuan, J. (2017). Comparative study of solid oxide fuel cell combined heat and 

power system with multi-stage exhaust chemical energy recycling: modeling, experiment and optimization. Energy Conversion 

and Management, Vol. 139(1), pp. 79–88, doi: 10.1016/j.enconman.2017.02.045. 

33. Kúš, P., Ostroverkh, A., Ševčíková, K., Khalakhan, I., Fiala, R., Skála, T., Tsud, N. (2016). Magnetron sputtered Ir thin film on 

TiC-based support sublayer as low-loading anode catalyst for proton exchange membrane water electrolysis. International 

Journal of Hydrogen Energy, Vol. 41(34), pp. 15124–15132, doi: 10.1016/j.ijhydene.2016.06.248. 

34. Kúš, P., Ostroverkh, A., Khalakhan, I., Fiala, R., Kosto, Y., Šmíd, B., Lobko, Y., Yakovlev, Y., Nováková, J., Matolínová, I., 

Matolín, V. (2019). Magnetron sputtered thin-film vertically segmented Pt-Ir catalyst supported on TiC for anode side of proton 

exchange membrane unitized regenerative fuel cells. International Journal of Hydrogen Energy, Vol. 44(31), pp. 16087-16098. 

35. Ostroverkh, A., Dubau, M., Johánek, V., Václavů, M., Šmíd, B., Veltruská, K., Ostroverkh, Y., Fiala, R., Matolín, V. (2018). 

Efficient Pt-C MEA for PEMFC with low platinum content prepared by magnetron sputtering. Fuel Cells, Vol. 18(1), 137, doi: 

10.1002/fuce.201700137. 



 

Journal of Engineering Sciences, Volume 8, Issue 2 (2021), pp. G11–G19 G11 

 

JOURNAL OF ENGINEERING SCIENCES 

Volume 8, Issue 2 (2021) 

 

Onyeka V. O., Nwobi-Okoye C. C., Okafor O. C., Madu K. E., Mbah O. M. (2021). Estimation 

of global solar radiation using empirical models. Journal of Engineering Sciences, Vol. 8(2), 

pp. G11-G19, doi: 10.21272/jes.2021.8(2).g2  

Estimation of Global Solar Radiation Using Empirical Models 

Onyeka V. O.1, Nwobi-Okoye C. C.1, Okafor O. C.2*, Madu K. E.1, Mbah O. M.3 

1 Chukwuemeka Odumegwu Ojukwu University, Uli, Anambra State, Nigeria;  
2 Grundtvig Polytechnic, Oba, Anambra State, Nigeria;  

3 Federal University Oye, Ekiti State, Nigeria 

Article info: 

Paper received: 

The final version of the paper received: 

Paper accepted online: 

 

September 7, 2021 

December 10, 2021 

December 15, 2021 

*Corresponding email: 

okaforobiorac@gmail.com 

Abstract. The dearth of solar radiation data availability has necessitated the development of several mathematical 

models for estimating global solar radiation (GSR) of regions using the readily available meteorological data of the 

region. This study was centered on estimating the GSR of the Ihiala region in Sub-Saharan Africa using empirical 

models. For the last ten years, meteorological data from the Nigerian Meteorological Agency (NIMET) were used. 

The sunshine-based equation, temperature-based equation, and multivariate polynomial equations were the empirical 

models employed to estimate the GSR of the region. The performance of the seven models was determined using 

statistical measures. From the results obtained, the seven models had their respective P-values all less than 5 % 

significant level for a confidence interval of 95 %. Thereby attesting their suitability for GSR estimation of the region 

is needed. Also, from the other statistical tools employed, the considered multivariate model had better estimation 

performance than the other models. Therefore, the considered multivariate model is suitable for estimating the GSR 

of the Ihiala region in Sub-Saharan Africa. 

Keywords: renewable energy, global solar radiation, artificial neural network, statistical tests.

1 Introduction 

Solar energy is a primary source of energy and is non-

polluting and inexhaustible. According to [1], solar 

energy can be harnessed using three different methods, 

namely: using photocells or photovoltaic cells for 

converting solar energy to electrical one directly; 

converting solar energy into thermal energy through the 

application of suitable devices which may be 

subsequently converted into mechanical, chemical, or 

electrical energy; through photosynthesis in which plant 

trap the solar energy and it is converted to chemical 

energy- biomass energy. 

Solar energy is ultimately harnessed using solar cells 

to convert the solar energy that falls on it into electricity. 

Research [2] argues that renewable and clean energy, 

such as solar energy, is needed to maintain quality of life 

and the environment. The use of solar energy, like any 

other natural resource, requires detailed information on 

the total number of cases of solar radiation on the earth’s 

surface. The total solar radiation incident on the earth’s 

surface is called global solar radiation (GSR). GSR data 

are necessary for various design, engineering, simulation, 

and performance evaluation of any project utilizing solar 

energy. Most recent technologies are hinged principally 

on solar energy applications. These technologies are seen 

in the invention of solar cars, solar heaters, solar pumps, 

solar refrigerators, solar air conditioners etc. Though, 

some designed solar cars are hybrid systems that still 

employ internal combustion (IC) engines in their 

operations. 

Owing to the broad areas of application of solar 

technologies, the knowledge of the intensity of global 

solar radiation of a geographical location is imperative. 

Also, the intensity of GSR is influenced by seasonal 

changes, geographical location, and collector position [3]. 

Thereby the need for frequent measurement of GSR 

parameters is created. Therefore, there is a need to 

develop mathematical models using empirical equations 

to estimate the GSR of a region of interest. 

Therefore, this study estimated the GSR of the Ihiala 

region in Sub-Saharan Africa using empirical models. 

The meteorological data employed in the study were 

obtained from the Nigerian Meteorological Agency 

(NIMET). The estimation performance of all the models 

was validated using some statistical tools, such as mean 
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bias error (MBE), mean percentage error (MPE), and root 

mean square error (RMSE). 

2 Literature Review 

Ihiala is a city in Sub-Saharan Africa, located in the 

southern part of Anambra state at latitude 5.85 N, 

longitude 6.86 E, and altitude 146 m above sea level and 

has long served as the Local Government Area of the 

region. The Local Government Area has a population of 

about 87,796 persons. 

The frequent measurement of GSR of a region of 

interest due to seasonal changes and the position of 

collectors [3] has thus called the attention of researchers 

to develop mathematical models for estimating the GSR 

of a geographical location. In [4], a linear regression 

model used in correlating the GSR data with relative 

sunshine duration was developed using the Angstrom 

type model. [5] studied the correlation between the 

measurement data on global solar radiation and 

meteorological parameters using solar radiation, average 

daily maximum temperature, average daily relative 

humidity, average daily sea level pressure, average daily 

vapor pressure, and many hours of bright sunshine 

obtained from different parts of Egypt. 

Also, [6] developed two decomposition-based models 

that predict atmospheric transmittance using temperature 

and relative humidity data of Petronas city in India. [7], 

developed a mathematical model for estimating global 

solar radiation using Angstrom’s formulation equation for 

the Himalayas region, Nepal. The statistical analysis 

results proved that the model was suitable for estimating 

global solar radiation parameters of the region. 

Furthermore, [8] examined and compared the results of 

three isotropic sky models (Liu and Jordan, Badescue and 

Koronakis model) with experimental data for global solar 

radiation estimation in eastern Nigeria. Scilab 

computational software tool was used in implementing 

the models. Statistical tools were used to determine the 

accuracy of the models. It was observed that Liu and 

Jordan’s model gave the most negligible value of mean 

bias error and t-stat of 0.0127 W·h/m2 and 3.3947 

respectively. In addition, [9] compared anisotropic sky 

models with experimental data for solar radiation 

estimation on tilted surfaces in the Sub-Saharan African 

climate. The models considered were the Perez model 

and Hay, Davies, Klucher, and Reindl (HDKR) models. 

The result showed that the Perez model recorded the least 

mean bias error (0.05 W·h/m2) and root mean square 

error (0.02 W·h/m2) than the HDKR model. 

3 Research Methodology 

3.1 Data processing 

The meteorological data of the Ihiala region was 

retrieved from the Nigerian Meteorological Agency 

(NIMET), Awka, during the last ten years. The climatic 

data collected were: monthly mean daily sunshine 

duration, monthly mean daily hours of bright sunshine, 

monthly mean minimum and maximum temperatures, 

monthly mean global solar radiation, monthly mean 

relative humidity, and monthly mean extraterrestrial 

global solar radiation of the Ihiala region. 

The following characteristics are used: 

– monthly mean global solar radiation Hm – the 

monthly mean of total short-wave radiation of the sky 

falling on the horizontal surface of the earth. It includes 

both direct sunlight and scattered radiation resulting from 

the reflected or scattered sun’s energy; 

– monthly mean extraterrestrial global solar radiation 

HO – defined as the monthly mean of the total short-wave 

radiation from the sky before reaching the atmosphere, 

where its reflection, absorption, scattering, and diffusion 

occurs; 

– monthly mean minimum temperature Tmin – the 

monthly average of the minimum temperature of an area 

under study; 

– monthly mean maximum temperature Tmax – gives 

the monthly average of the maximum temperatures of an 

area being studied; 

– monthly mean sunshine duration/day length N – 

gives the mean of the day length during the sunshine 

period for a month; 

– monthly mean relative humidity RH – the average 

amount of water vapor present in the air as a percentage 

of the maximum airflow at a given temperature for a 

month. The relative humidity is the actual water vapor 

pressure ratio to the saturation vapor pressure; 

– monthly average hours of bright sunshine n – the 

average of all the daily hours of bright sunshine for a 

month. 

MINITAB 2020 software was used to determine the 

correlation coefficient between the region’s measured and 

estimated global solar radiation values. It was also 

employed in deriving the mathematical models using the 

formulation equations proposed by other researchers. 

Microsoft Excel 2020 was used to simplify and compute 

the model terms. 

The estimation of global solar radiation of the Ihiala 

region was done by employing Angstrom–Prescott 

(sunshine-based), Hargreaves–Samani (temperature-

based), and various multivariate (polynomial-based) 

formulation equations. The estimation performance of the 

models was validated using some standard statistical 

tools, such as root mean square error (RMSE), mean bias 

error (MBE), mean percentage error (MPE), the 

coefficient of correlation (r), Nash-Sutcliffe model 

(NSE), R-square value, and t-statistic test. The best 

suitable model for estimating global solar radiation of the 

Ihiala region was obtained through the confirmatory 

results of the statistical tests. The methodical procedures 

employed in this study are further elucidated in the 

preceding sections. 

3.2 Applied formulation models 

According to the Angstrom-Prescott model, the first 

correlation proposed for estimating the monthly mean 

daily global solar radiation on a horizontal surface using 

sunshine duration [10] and clear sky radiation data was 
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first developed by Angstrom. The correlation is shown 

thus: 

 
𝐻𝑚

𝐻𝑐
= 𝑎 + 𝑏 (

𝑛

𝑁
). (1) 

However, due to the problems usually encountered in  

The new model, the Angstrom-Prescott model or 

sunshine model. In [12, 13], it was stated that many 

researchers have equally employed this concept. 

According to the Hargreaves-Samani model, the 

temperature-based model used to estimate global solar 

radiation is used. The model is based on the temperature 

difference of the experimental site and is shown thus: 

 
𝐻𝑚

𝐻𝑜
= 𝐾𝑟(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)

1

2, (2) 

where Kr – an empirical coefficient. 

Moreover, the multivariate model development 

involves applying multivariate regression analysis to 

model climatic data having two or more independent 

variables. The presence of many predictors in a 

multivariate model enhances its estimation performance. 

The five multivariate formulation equations are of the 

form indicated in the following equations [12]: 

 𝐻 = 𝑎𝑐𝑜𝑠∅ + 𝑏𝑐𝑜𝑠𝑛 + 𝑐𝑇𝑚𝑎𝑥 + 𝑑 (
�̅�

𝑁
) + 𝑒 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
) + 𝑓 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

2

+ 𝑔𝑐𝑜𝑠∅. 𝑐𝑜𝑠𝑛 + ℎ; (3) 

 𝐻 = 𝑎𝑐𝑜𝑠∅ + 𝑏𝑐𝑜𝑠𝑛 + 𝑐𝑇𝑚𝑎𝑥 + 𝑑 (
�̅�

𝑁
) + 𝑒 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
) + 𝑓 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

4

+ 𝑔𝑐𝑜𝑠∅. 𝑐𝑜𝑠𝑛 + ℎ
𝑇𝑚𝑎𝑥

𝑐𝑜𝑠∅
+ 𝑖; (4) 

 𝐻 = 𝑎𝑐𝑜𝑠∅ + 𝑏𝑐𝑜𝑠𝑛 + 𝑐𝑇𝑚𝑎𝑥 + 𝑑 (
�̅�

𝑁
) + 𝑒 (

�̅�

𝑁
)

3

+ 𝑓 (
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𝑅.𝐻
) + 
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)

2
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3
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𝐻 = 𝑎𝑐𝑜𝑠∅ + 𝑏𝑐𝑜𝑠𝑛 + 𝑐𝑇𝑚𝑎𝑥 + 𝑑 (
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𝑁
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𝑅.𝐻
)

2

+ 

+ℎ (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

3

+ 𝑖 (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

4

+ 𝑗𝑐𝑜𝑠∅. 𝑐𝑜𝑠𝑛 + 𝑘 (
𝑇𝑚𝑎𝑥

𝑐𝑜𝑠∅
) + 𝑙𝑐𝑜𝑠2𝑛 + 𝑚; (6) 

𝐻 = 𝑎𝑐𝑜𝑠∅ + 𝑏𝑐𝑜𝑠𝑛 + 𝑐𝑇𝑚𝑎𝑥 + 𝑑 (
�̅�

𝑁
) + 𝑒 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
) + 𝑓(𝑅. 𝐻) + 

+𝑔𝑐𝑜𝑠∅. 𝑐𝑜𝑠𝑛 + ℎ (
𝑇𝑚𝑎𝑥

𝑐𝑜𝑠∅
) + 𝑖 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

2

+ 𝑗 (
�̅�

𝑁
)

2

+ 𝑘𝑐𝑜𝑠2𝑛 + 𝑙, (7) 

where ∅ – location latitude, degrees; n – the monthly 

mean sunshine hours; N – maximum sunshine duration or 

day length; Tmax – maximum monthly mean 

temperature, °C; n – day number in the year, RH – 

monthly mean relative humidity; a–m – correlation 

coefficients or constants; n/N – the relative sunshine 

ratio; H – the monthly mean global solar irradiance value. 

According to [14, 15], an approximate equation for 

determining the declination angle is as follows: 

 𝛿 = 23.45 𝑠𝑖𝑛 (360
284+𝑛

365
). (8) 

According to [14], the sunset hour angle is computed 

using the relation: 

 𝜔𝑠 = 𝑐𝑜𝑠−1(−𝑡𝑎𝑛∅𝑡𝑎𝑛𝛿). (9) 

Monthly mean daily sunshine duration N is computed 

using: 

 𝑁 =
2

15
𝑐𝑜𝑠−1(−𝑡𝑎𝑛∅𝑡𝑎𝑛𝛿) =

2

15
𝜔𝑠. (10) 

Monthly mean daily extraterrestrial global solar 

radiation HO is determined using the relation: 

 𝐻𝑂 =
24×3600𝐺𝑠𝑐

106𝜋
(1 + 0.033𝑐𝑜𝑠

360𝑛

365
) (𝑐𝑜𝑠∅𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝜔𝑠 +

𝜋𝜔𝑠

180
 𝑠𝑖𝑛∅𝑠𝑖𝑛𝛿), (11) 

where Gsc = 1367 W/m2 – the solar constant; ∅ – the 

area’s latitude considered, degrees; δ – solar declination 

angle, degrees; ωs – sunset hour angle, degrees. 

3.3 Validation of the models 

Validatrions of the models has been carried out based 

on the calculation of the following characteristics. 

The mean bias error (MBE) is determined using the 

following relation [15]: 

 𝑀𝐵𝐸 =
1

𝑛
∑ (𝐻𝑖𝑐𝑎𝑙 − 𝐻𝑖𝑚𝑒𝑎)𝑛

𝑖=1 . (12) 

The mean percentage error (MPE) is computed with 

the equation expressed by [16]: 

 𝑀𝑃𝐸(%) =
1

𝑛
∑ (

𝐻𝑖𝑐𝑎𝑙−𝐻𝑖𝑚𝑒𝑎𝑠

𝐻𝑖𝑚𝑒𝑎𝑠
)𝑛

𝑖=1 × 100. (13) 

This is the relation used in the computation of MPE.  

A percentage error in a range from –10 % to +10 % is 

sufficient. 

The smaller the root mean square error (RMSE), the 

better the model’s estimation strength and accuracy. Its 

computational formula is given by [17]: 

 𝑅𝑀𝑆𝐸 = [
1

𝑛
∑ (𝐻𝑖𝑐𝑎𝑙 − 𝐻𝑖𝑚𝑒𝑎𝑠)2𝑛

𝑖=1 ]

1

2
, (14) 

where Himeas, Hical, n – the i-th measured values and  

i-th calculated values of daily global solar radiation and 

the number of values, respectively. 

According to [18], a model is more efficient only when 

the Nash-Sutcliffe equation (NSE) is closer to 1.0: 

 𝑁𝑆𝐸 = 1 −
∑ (𝐻𝑖𝑚𝑒𝑎−𝐻𝑖𝑐𝑎𝑙)2𝑛

𝑖=1

∑ (𝐻𝑖𝑚𝑒𝑎−�̅�𝑚𝑒𝑎)2𝑛
𝑖=1

, (15) 
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where Himea – the mean measured global solar 

radiation. 

Also, Karl Pearson’s method was used in this work, 

and the relation is given as: 

 𝒓 =
∑ 𝑿𝒀

√(∑ 𝑿𝟐)(∑ 𝒀𝟐)

, (16) 

where X is the difference between the measured global 

radiation and the mean of the measured global radiation; 

Y is the difference between the estimated global radiation 

and the mean of the estimated global radiation. 

According to the t-statistic test, at a confidence 

interval of 95 % and significance level of 5 %, the t-

statistics test was carried out to determine how small its 

value was based on the fact that the smaller the value, the 

better the performance of the model. The formula used to 

compute it is given by the following equation: 

 𝑡 = [
(𝑛−1)(𝑀𝐵𝐸)2

(𝑅𝑀𝑆𝐸)2−(𝑀𝐵𝐸)2]

1

2
, (17) 

where the smaller t, the better its estimation 

performance. 

According to the R-squared method, models with R2 

closer to one are considered the best model. The formula 

used to compute its value is given as follows: 

 𝑅2 =
∑ (𝐻𝑖𝑚𝑒𝑎−�̅�𝑖𝑚𝑒𝑎)

2𝑛
𝑖=0

∑ (𝐻𝑖𝑚𝑒𝑎−�̅�𝑖𝑐𝑎𝑙)
2𝑛

𝑖=0

, (18) 

where Himea – the mean measured global solar 

radiation; Hical – the mean of calculated global solar 

radiation. 

4 Results and Discussion 

4.1 Sunshine-based model 

With the aid of the sunshine-based formulative 

equation, the following equation was obtained: 

 
𝐻𝑚

𝐻𝑜
= 0.397 + 0.421 (

�̅�

𝑁
), (19) 

where Hm – measured global solar radiation; Ho – 

extraterrestrial global solar radiation; n/N – relative 

sunshine or fraction of sunshine. 

The significance level of each model term and the 

entire regression model were ascertained from the 

performed analysis of variance (ANOVA). The results 

are presented in Tables 1, 2. 

Table 1 – The significance level of the model terms 

Predictor Coef SE Coef T P 

Constant 0.397 0.024 16.56 0.000 

n/N 0.421 0.057 7.38 0.000 

S = 0.0818436   R-Sq = 31.6 %   R-Sq(adj) = 31.0 % 
 

From Table 1, each of the model terms was all 

significant as their respective p-values are far less than 

the chosen ∝-value of 0.05 for a confidence interval of 

95 %. The values of these statistical parameters: S, R-Sq, 

and R-Sq(adj.), show the level of accuracy of the model 

in fitting data. The small values of R-Sq and R-Sq(adj.) 

explain that the model’s predicted strength is poor. The 

small value of S implies that the model’s data fitting 

ability is not too strong. 

Table 2 – Analysis of variance (ANOVA) 

Source DF SS MS F P 

Regression 1 0.365 0.365 54.48 0.000 

Residual error 118 0.790 0.007 – – 

Total 119 1.155 – – – 
 

The p-value of 0.000 for the regression model attests 

that the model is statistically significant. In other words, 

the model’s degree of accuracy is only justified by using 

other statistical and analytical tools employed in this 

work. 

4.2 Temperature-based model 

This model was solely based on the temperature 

difference of the test site- Ihiala region. The model is 

given thus: 

 
𝐻𝑚

𝐻𝑜
=  0.236 + 0.106(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)

1

2. (20) 

The statistical significance is presented in Table 3. 

Table 3 – The significance level of the model terms 

Predictor Coef SE Coef T P 

Constant 0.236 0.057 4.10 0.000 

n/N 0.106 0.018 5.79 0.000 

S = 0.0873280   R-Sq = 22.1 %   R-Sq(adj) = 21.5 % 
 

From Table 3, it is quite vivid that each of the model 

terms is significant as their respective p-values are less 

than the significant level (∝) of 0.05. 

Therefore, the model’s response predictors or 

independent variables are all essential. In addition, the 

smaller values of R-Sq and R-Sq(adj) imply a poor 

predicting strength of the temperature model since their 

higher values connote a better-predicting strength of 

models. 

Further, on the model’s statistical analysis, the 

ANOVA result shown in Table 4 proves that the 

temperature model is statistically suitable for response 

prediction since the p-value is less than ∝-value of 0.05. 

Table 4 – Analysis of variance (ANOVA) 

Source DF SS MS F P 

Regression 1 0.255 0.255 33.50 0.000 

Residual error 118 0.890 0.008 – – 

Total 119 1.155 – – – 
 

4.3 Multivariate models 

The following multivariate models were developed 

using the polynomial models given in equations (3)–(7). 

The response predictors or independent variables 

which are not significant have been removed from all the 

models. 

1) multivariate model 1: 
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 𝐻𝑚 = −8.85 − 0.922𝑐𝑜𝑠𝑛 + 0.768𝑇𝑚𝑎𝑥 + 6.25
�̅�

𝑁
+ 1.9

𝑇𝑚𝑎𝑥

𝑅.𝐻
− 1.6 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

2

. (21) 

The ANOVA analysis for multivariate model 1 is 

shown in Table 5. 

From Table 5, the p-value of the regression model is 

much less than the ∝-value of 0.05 at a confidence 

interval of 95 %. Hence, the model is statistically 

significant for response prediction (global solar radiation) 

of the Ihiala region. 

 

2) multivariate model 2: 

Table 5 – Analysis of variance (ANOVA) for model 1 

Source DF SS MS F P 

Regression 5 719.72 143.94 18.89 0.000 

Residual 

error 

114 868.72 7.62 – – 

Total 119 1588.44 – – – 

S = 2.76050   R-Sq = 45.3 %   R-Sq(adj) = 42.9 % 

 𝐻𝑚 = −7.65 − 0.910𝑐𝑜𝑠𝑛 + 0.716𝑇𝑚𝑎𝑥 + 6.19
�̅�

𝑁
+ 2.51

𝑇𝑚𝑎𝑥

𝑅.𝐻
− 1.94 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

4

 (22) 

The ANOVA analysis for multivariate model 2 is 

shown in Table 6. 

Table 6 reveals that the model is statistically 

significant as the p-value of the model is far less than the 

∝-value of 0.05 for a confidence interval of 95 %. 

 

3) multivariate model 3: 

Table 6 – Analysis of variance (ANOVA) for model 2 

Source DF SS MS F P 

Regression 5 721.23 144.25 18.96 0.000 

Residual 

error 

114 867.21 7.61 – – 

Total 119 1588.44 – – – 

S = 2.75810   R-Sq = 45.4 %   R-Sq(adj) = 43.0 % 

𝐻𝑚 = 2.07 − 0.670𝑐𝑜𝑠𝑛 + 0.691𝑇𝑚𝑎𝑥 + 6.41
�̅�

𝑁
+ 1.28 (

�̅�

𝑁
)

3

− 

 −50.2
𝑇𝑚𝑎𝑥

𝑅.𝐻
+88.0 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

2

− 46.9 (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

3

+ 1.58𝑐𝑜𝑠2𝑛. (23) 

The ANOVA analysis for multivariate model 3 is 

shown in Table 7. 

The p-value of the multivariate regression model 3 is 

less than the 0.05 value of the significant level (∝). This 

proves that the model is suitable for response prediction. 

 

4) multivariate model 4: 

Table 7 – Analysis of variance (ANOVA) for model 3 

Source DF SS MS F P 

Regression 8 775.45 96.93 13.23 0.000 

Residual 

error 

111 812.98 7.32 – – 

Total 119 1588.44 – – – 

S = 2.70632   R-Sq = 48.8 %   R-Sq(adj) = 45.1 % 

𝐻𝑚 = −7.4 − 0.646𝑐𝑜𝑠𝑛 + 0.686𝑇𝑚𝑎𝑥 + 6.20
�̅�

𝑁
+ 1.76 (

�̅�

𝑁
)

3

+ 

 18
𝑇𝑚𝑎𝑥

𝑅.𝐻
− 85 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

2

+ 139 (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

3

− 71 (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

4

+ 1.58𝑐𝑜𝑠2𝑛. (24) 

The ANOVA analysis for multivariate model 4 is 

shown in Table 8. 

The p-value of the multivariate regression model 4 is 

less than the 0.05 value of the significant level (∝). This 

proves that the model is suitable for response prediction. 

 

5) multivariate model 5: 

Table 8 – Analysis of variance (ANOVA) for model 4 

Source DF SS MS F P 

Regression 9 776.28 86.25 11.68 0.000 

Residual 

error 

110 812.16 7.38 – – 

Total 119 1588.44 – – – 

S = 2.71721   R-Sq = 48.9 %   R-Sq(adj) = 44.7 % 

𝐻𝑚 = −1.0 − 0.631𝑐𝑜𝑠𝑛 + 0.633𝑇𝑚𝑎𝑥 + 1.3
�̅�

𝑁
+ 6.1 (

�̅�

𝑁
)

2

+ 

 +18
𝑇𝑚𝑎𝑥

𝑅.𝐻
− 85 (

𝑇𝑚𝑎𝑥

𝑅.𝐻
)

2

+ 139 (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

3

− 71 (
𝑇𝑚𝑎𝑥

𝑅.𝐻
)

4

+ 1.58𝑐𝑜𝑠2𝑛. (25) 

The ANOVA analysis for multivariate model 5 is 

shown in Table 9. 

Table 9 reveals that the model is statistically 

significant as the p-value of the model is far less than the 

∝-value of 0.05 for a confidence interval of 95 %. 

Table 9 – Analysis of variance (ANOVA) for model 5 

Source DF SS MS F P 

Regression 8 768.59 96.07 13.01 0.000 

Residual 

error 

111 819.85 7.39 – – 

Total 119 1588.44  – – 

S = 2.71772   R-Sq = 48.4 %   R-Sq(adj) = 44.7 % 
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From the ANOVA results, it is evident that the values 

of R-Sq. and R-Sq. (adj.) for all the multivariate models 

were more significant than sunshine and temperature-

based models. This implies that the multivariate models 

have better estimation performance than the sunshine and 

temperature models for the region under study. 

4.4 Graphical plots of the models 

To visually compare and contrast the measured and 

estimated global solar radiation values of the Ihiala 

region, the following figures show the respective 

graphical plots for each model. 

Figure 1 shows the plot of measured global solar 

radiation and global solar radiation values estimated 

using the sunshine-based model. 

 

Figure 1 – Comparison of measured and estimated values of global solar radiation using sunshine-based model 

From Figure 1, it could vividly be seen that the 

sunshine-based model did not reasonably estimate the 

global solar radiation (GSR) data. This is justified 

because estimated data are dispersed from the measured 

GSR, as observed in Figure 1. 

Figure 2 depicts the graphical plot of the measured and 

estimated values of GSR using the temperature-based 

model. 

 

Figure 2 – Comparison of measured and estimated values of global solar radiation using temperature-based model 

From Figure 2, the model failed to fit the GSR data 

well, and as such, the correlative associativity of both 

data points is reasonably good. The sunshine and 

temperature models performed poorly in estimating GSR 

values because they only considered a few 

regressors/response predictors/independent variables in 

their respective model formulations. The regressors 

considered in the Angstrom-Prescot model were only the 

sunshine index and the extraterrestrial global solar 

radiation. While in the temperature-based model, the 

global extraterrestrial solar radiation and the temperature 

difference were the model’s regressors. 

Figures 3–7 show the graphical plots of the measured 

GSR and estimated GSR using the multivariate models 

(MVM 1, MVM 2, MVM 3, MVM 4, and MVM 5, 

respectively). 
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Figure 3 – Comparison of measured and estimated values of global solar radiation using multivariate model 1 

 

Figure 4 – Comparison of measured and estimated values of global solar radiation using multivariate model 2 

 

Figure 5 – Comparison of measured and estimated values of global solar radiation using multivariate model 3 
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Figure 6 – Comparison of measured and estimated values of global solar radiation using multivariate model 4 

 

Figure 7 – Comparison of measured and estimated values of global solar radiation using multivariate model 5 

From Figures 3–7, it is evident that the estimated and 

measured values of GSR are more correlated than those 

of Figures 1, 2. This could be observed from the 

sequential rise and fall of the data points in the figures. 

Figure 6 depicts a greater degree of correlation 

between the measured and estimated values of GSR 

gotten using the multivariate model 4. This was because 

multivariate model 4 had more regressors/ response 

predictors than the other models. 

Table 10 shows the result of the employed statistical 

validation tools that aided in deciding the best model out 

of the seven applied empirical equations for estimating 

the GSR of the Ihiala region. 

Table 10 – Statistical validation of the models 

Models MBE MPE, % RMSE NSE r t-statistictest R-Square, % 

SM –0.007 1.910 2.819 0.400 0.633 0.026 0.316 

TM –0.021 2.162 2.998 0.321 0.572 0.075 0.221 

MVM1 –3.553·10–16 1.731 2.691 0.453 0.673 1.44·10–15 0.453 

MVM2 8.333·10–7 1.726 2.688 0.454 0.674 3.381·10–6 0.454 

MVM3 4.167·10–6 1.649 2.603 0.488 0.697 1.746·10–5 0.488 

MVM4 3.333·10–6 1.644 2.602 0.489 0.699 1.398·10–6 0.489 

MVM5 –4.293·10–16 1.647 2.614 0.484 0.696 1.792·10–15 0.484 
 

The acronyms used in Table 10 to represent the model 

names are expressed thus: SM – sunshine-based model; 

TM – temperature-based model; MVM1–MVM5 – the 

multivariate models. 

Table 10 attests that the multivariate model 4 

(MVM 4) performed better than the other models as it 

best satisfied five (5) out of the seven (7) stated standard 

statistical tools for model validation: 

1) MBE value is lower than those of the other 

models except MVM2; 

2) MPE percentage falls within ±10, and it is the 

smallest; 
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3) RMSE is smaller than those of the other models; 

4) NSE value is closer to one; 

5) coefficient of correlation is higher than those of 

the other models; 

6) T-statistics test is smaller than those of the other 

models except MVM5 and MVM1; 

7) R-Square value is higher than those of the other 

models. 

5 Conclusions 

Under using empirical models, the study focused on 

estimating GSR of the Ihiala region, Anambra state in 

Sub-Saharan Africa. A total of seven mathematical 

models were derived using the formulated equations of 

sunshine, temperature, and multivariate polynomial 

equations. The obtained regression models were all 

statistically significant as attested by their respective p-

values that were less than the chosen significance level of 

5 % for a confidence interval of 95 %. 

Despite the models being statistically significant, the 

multivariate model 4 had a better estimation performance 

than the other models based on the statistical error indices 

employed, MBE, MPE, RMSE, NSE. This implies that 

the multivariate model 4 is suitable for the 

estimation/prediction of global solar radiation of Ihiala in 

Sub-Saharan Africa. 
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Abstract. This paper focuses on the formation approach to formalize the mathematical modeling of wastewater 

treatment processes for further forming decision support systems for wastewater treatment facilities management on 

such a theoretical basis. To create an experimental model of formalization of modeling problems, research was 

conducted on activated sludge from municipal sewage treatment facilities by introducing an oxidant (H2O2) during 

standard operation of wastewater treatment facilities and introducing a toxicant (sulfur compounds). It was determined 

that under conditionally standard conditions, the influence of the oxidant is negative: exceeding technological standards 

of the concentration of dissolved oxygen in water solutions (3.0–13,7 mg/l), low water column transparency (1.4–

1.6 cm), higher concentrations of ammonia nitrogen and phosphorus. With the appearance of a toxicant in the form of 

reduced sulfur compounds (sulfide ions and hydrogen sulfide 1.4–2.8 mg/l), on the contrary, the positive effect of H2O2 

on biological water treatment processes was determined: the concentration of dissolved oxygen increases to 3.4 mg/l 

and the swelling of activated sludge stops. In this case, using a simplified scheme of expert evaluation as a global 

quality criterion of the biological stage management process of water treatment for rapid assessment of the vitality of 

activated sludge is justified. As parameters available for direct automatic measurement, it was proposed to use ORP 

and pH approximated by the regression equation. Also, a conditional scheme of the decision support system for water 

treatment management was proposed, which will provide two-level hierarchical control: situational and operational in 

real-time with a preventive response to emergencies; tactical with daily, at least daily, forecasting of the treatment 

plants. 

Keywords: formalization, mathematical model, activated sludge, toxicant, wastewater treatment, biological stage. 

1 Introduction 

Analyzing the composition of technical regulations and 

peculiarities of functioning of water treatment equipment, 

we can conclude that the key and most difficult tasks in the 

implementation of technological regulations directly at the 

production are [1]: 

– control of the parameters of technological processes, 

characteristics of the equipment of treatment facilities; 

– technological analysis of equipment operation 

according to operational production indices, resource 

consumption, cleaning efficiency according to regulations 

and established criteria and indices. 

Even more complicated situation with technical devices 

capable of operating in real-time (RT) in industrial 

conditions – and they are essential for monitoring 

compliance with regulatory requirements for water 

treatment efficiency [2]. 

Accordingly, justification of approaches to formalizing 

mathematical modeling of water treatment processes with 

further creation of an appropriate decision support system 

(DSS) is a relevant and promising scientific and applied 

task. 

2 Literature Review 

The combination of physical and mathematical 

modeling in a single instrumental engineering complex 

will integrate the approaches’ strengths, minimizing the 

weaknesses. When creating such tools and complexes, it is 

advisable to take into account as much as possible the 

possibility of emergencies (ES) - expanding their area of 
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effective practice-oriented use [2]. At the same time, the 

operation of the activated sludge system at high values of 

its retention time in the aeration tanks contributes to 

endogenous respiration of biomass, which increases the 

amount of chemical oxygen demand (COD) oxidized to 

CO2 and reduces the total production of sludge biomass 

[3]. It is essential to control the influx of electron donors 

to the system for different groups of microorganisms. 

Thus, limiting the concentration of reduced sulfur 

compounds in wastewater is associated with their toxic 

effects on biota and the fact that they are energy donors for 

aerobic bacteria of the genus Thiobacillus [4]. The ratio of 

microbial groups affects the qualitative and quantitative 

yield of greenhouse gases and the efficiency of the 

oxidation process of organic pollutants in wastewater, 

which also requires an efficient mathematical apparatus to 

describe this process in practice. Baresel et al. (2016) 

calculated nitrous oxide emissions from a conventional 

biological treatment process using mathematical modeling 

while monitoring dissolved N2O in the aqueous phase 

using a sensor [5], which was necessary for monitoring 

system automation. Monitoring the structure, size, and 

morphology of aerobic pellets is increasing in importance 

and can be used for operation and process control 

purposes. For example, Leal et al. (2021) verified a 

sampling technique to estimate pellet and flocculus 

biomass using quantitative image analysis in the presence 

of biochemically active compounds [6]. 

Dychko et al. (2020) presented a methodology for 

environmental monitoring of natural and engineered 

wastewater treatment systems, including determining the 

dichotomous fractal structure of the measuring network, 

the boundaries of the polygon, and the density of pollution 

by Peano and Koch curves [7]. Modeling is also essential 

in assessing the effectiveness of biological treatment 

processes using activated sludge (AS). Thus, the work of 

Mir-Tutusaus et al. (2020) evaluated the combination of 

advanced oxidation processes (AOPs) based on UV/H2O2 

treatment in combination with biological treatment 

(aerobic activated sludge or fungal enzyme-based 

treatment). Twenty-two PhACs (a pharmacological drug) 

were found in wastewater and were effectively removed 

(93–95 %) by a combination of biological treatments 

followed by UV/H2O2 treatment [8]. Spina et al. (2020) 

studied the enzymatic degradation of micropollutants in 

real, unmodified municipal wastewater with modeling of 

process optimization criteria [9]. 

The study by Breithaupt and Wiesmann (1998) used 

Haldane kinetics to mathematically model the 

biodegradation of organics in an anaerobic wastewater 

treatment system. The model took into account all local 

parameters (pH value, acetic acid concentration, biomass, 

and ion activity) and showed the influence of ion activity, 

which also requires refinement of the dispersion model 

[10]. 

Thus, previous studies presented the experimental 

modeling of treatment plant operation systems according 

to existing regulations, using the parameters of microbial 

growth kinetics. However, the systematization of 

parameters of influence on the efficiency of activated 

sludge in biological treatment systems with the formation 

of an adequate mathematical model of the process remains 

an unsolved problem. 

This study aims to substantiate approaches to the 

formalization of mathematical modeling of wastewater 

treatment processes using different ways of removing 

pollutants from municipal wastewater for further 

formation of decision support systems for the management 

of wastewater treatment facilities on such a theoretical 

basis. 

3 Research Methodology 

To create an experimental basis for formalizing the 

tasks of mathematical modeling, we used active sludge 

(AS) of biological treatment facilities of Baranovichi city 

(Belarus) and additionally added oxidant H2O2 (one of the 

approaches of AOPs) according to the following sequence: 

1) a revolving AS of the functioning sewage treatment 

plants was taken; 

2) a zero sample (initial AS) was settled, and its 

qualitative indices were assessed: water column 

transparency, the concentration of dissolved oxygen, 

phosphorus, ammonia nitrogen, assessment of species 

composition; 

3) different doses of oxidizer H2O2 (concentration of 

3 %) were added to a zero sample (initial AS), the solution 

was retained, and its qualitative indicators were evaluated: 

transparency of water column [11]; concentration of 

dissolved oxygen was determined by an electrochemical 

method [12]; concentration of total dissolved phosphorus 

was determined by a photometric method after combustion 

with persulfate [13]; concentration of ammonium nitrogen 

by persulfate photometric method with Nessler reagent 

[14]; the species composition was assessed [11]. 

Also, the presence of sulfide ions and hydrogen sulfide 

at the treatment plant’s inlet and its effect on the AS was 

investigated in a passive experiment mode. The results 

were analyzed to build mathematical models and form a 

hierarchical structure for solving such a complex problem. 

The basis of such conclusions justified the “global” 

criterion of quality of the management process of 

combined pollutant removal processes. 

4 Results and Discussion 

4.1 Experimental study 

Three doses of H2O2 (3 %) were introduced into the 

activated sludge of the treatment plant: 0.5, 1.0, and 

1.5 ml/l. Comparison of dissolved oxygen concentration in 

the aqueous solution of activated sludge was performed at 

intervals equal to 2 hours (Figure 1). The influence of 

various toxicants leads to a disturbance of the flocculation 

process and the destruction of floccules, which are already 

formed. This entails an increase in the amount of finely 

dispersed suspended fraction and, accordingly, a decrease 

in the transparency of supernatant (Figure 2). 
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Figure 1 – The concentration of dissolved oxygen in the activated sludge of wastewater treatment plants and after adding different 

doses of hydrogen peroxide to AS (3 % concentration) 

 

Figure 2 – Wastewater quality control by indicators of water column transparency over AS, the concentration of ammonia 

nitrogen and phosphorus when treated with different doses of hydrogen peroxide (3 % concentration) 

The degree of biological treatment is satisfactory if the 

water transparency is at least 12 cm. In this case, it was 

initially (in the initial AS) was 8 cm. When applying 

different doses of hydrogen peroxide, it decreased. Other 

indices, in particular the concentration of ammonia 

nitrogen and phosphorus, did not vary significantly from 

the initial AS without adding hydrogen peroxide (3% 

solution), but still higher concentrations of ammonia 

nitrogen and phosphorus were observed in the series of 

experiments. 

After 6 hours from the start of the experiments, an 

analysis of the species composition of AS was performed 

(Table 1). 

The results obtained (Figures 1–2, Table 1) allow us to 

formulate the following conclusions about the 

conditionally standard modes of operation of biological 

wastewater treatment systems: 

– in general, the initial AS, functioning treatment plants 

(without adding additional oxidant H2O2), more consistent 

with the technological objectives of wastewater treatment 

in terms of “Concentration of dissolved oxygen”, 

“Transparency”, “Concentration of phosphorus”, 

“Concentration of ammonium nitrogen”, the species 

composition; 

– additional oxidizer H2O2 has a negative impact on the 

AS by the indicators mentioned above. 

At the same time to the inlet of sewage treatment plants 

after a certain period began to arrive sewage with an 

impermissibly high concentration of reduced sulfur 

compounds (the total concentration of sulfide ions and 

hydrogen sulfide 1.4–2.8 mg/l) - as a result, began to swell 

the AS, reducing the concentration of dissolved oxygen in 

the water solution, reducing the transparency of the water 

column above the silt. Following the rules for the reception 

of industrial wastewater in the sewer system of 

settlements, the maximum allowable concentration of 

hydrogen sulfide in the effluent sent for biological 

treatment should not exceed 1 mg/l. At pH < 10, the 

content of sulfide ions can be neglected, at pH = 7 the 

content of H2S and HS- is approximately the same, at 

pH = 4 H2S is almost entirely (99.8 %) in the form of H2S. 

At the same time introduction of an additional oxidizer 

H2O2 promptly stabilized the technological situation 

(Table 2). 
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The results obtained (Table 2) demonstrate the positive 

technological effect of using AOPs approaches in 

biological water treatment – the process of swelling of AS 

was stopped, and its regeneration began. 

At the same time several other solutions can be used to 

prevent bloating of AI: when the concentration of 

dissolved oxygen in the aerobic zones of the aeration tank 

is less than 1.0 mg/l – to use the maximum available 

capacity of the aeration system and ensure a dissolved 

oxygen concentration not lower than 1.0 mg/l; when pH 

values of sludge mixture are less than 6.0–6.5 – provide 

the possibility of pH regulation; when volley discharge of 

toxic substances and/or oil products to the treatment 

plant – increase the air supply to the aeration tanks to 

ensure the concentration of dissolved oxygen in the tank. 

However, all such operations require maximum 

automation of the process, taking into account normal and 

abnormal situations, and to date, the wastewater treatment 

process using activated sludge is uncontrollable (very 

poorly controlled) in real-time. In the design of sewage 

treatment plants, this process is considered self-

organizing. At the same time, with the emergence of new 

factors that lead to the death of AS, the natural process of 

self-regulation can not, in some cases, ensure the survival 

of activated sludge. 

Accordingly, there is a problem with creating a process 

control system. And, in modern conditions, the primary 

process in this system must be an automatic control system 

(ACS). 

Table 1 – Species composition of AS before and after application of H2O2 (3 % solution) 

Active peroxide treatment (3 % concentration) 

Species composition of the initially AS 
Active peroxide 

treatment  

(3 % concentration) 

Species composition after peroxide 

application (3 % concentration) 

0.5 Nitrous; Opercularia sp; Vorticella; 

Aspidisca; Сarchesium (singular); 

Amoeb shell cysts 

 

In the silt, Vorticella, attached 

colonials are mainly present. Vagrants 

are observed. Protozoa cysts are 

present. 

Cottonwood of moderate size, dark 

brown color 

Nitrous; Сarchesium; Opercularia sp; 

Vorticella (разнообразные); Pamphagus; 

Aspidisca. 

 

A relatively large number of attached 

infusoria, solitary forms, and colonial 

forms are observed. The activity of the 

attached ones is satisfactory. The number 

of bacteria not associated with the active 

sludge is moderate. Gastropod infusoria 

appeared occasionally. Small filamentous 

are present in sludge flakes. Diversity in 

attached infusoria. Sludge flake of 

moderate size 

1.0 Nitrous; Opercularia; Vorticella; 

Сarchesium. 

 

Sludge flakes are finer, the number of 

attached ones decreased, single 

attached (Vorticella) jug-shaped, 

attached infusoria are smaller. The 

number of filamentous bacteria not 

associated with activated sludge flakes 

has decreased. No other species 

diversity was observed 

Nitrous; Euglypha; Opercularia (with a 

closed eyelash disc); Oligohymenophora; 

large free-floating infusoria; Vorticella; 

several species are found in the mud 

funnel-shaped and with a narrow 

peristome; Сarchesium (colonial 

infusoria); Opercularia coarctata.  

 

Cotton silt of moderate size, pervaded by 

many small filamentous bacteria. Little 

diversity of protozoa by species. The silt is 

dominated by attached infusoria 

1.5 Small filamentous; 

- Сarchesium; 

- Opercularia; 

- Vorticella; 

- Shell corneocytes; 

-Equal-crested infusoria. 

 

Attached are found in a depressed state. 

Protozoan cysts are found. The total 

number decreased, the cotton was more 

fragmented. Water over silt has non-

sedimentary turbidity 

Small filamentous; Archesium; 

Opercularia; Vorticella; Shell cornicles; 

Equinocular infusoria. 

 

Cottonwood silt of moderate size, 

a variety of attached infusoria both solitary 

and colonial forms is observed. Mostly 

moderately active, but there are also with a 

closed ciliated disk. 

Equiaceous ciliated infusoria appeared, 

shell amoebae - singularly. 

The number of free-floating bacteria 

decreased 
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Table 2 - AS states at increased concentrations of reduced sulfur compounds and with the addition of an additional oxidizer H2O2 

The total 

concentration of 

sulfide ions and 

hydrogen sulfide 

Without hydrogen peroxide 
After a dose of 1 ml/l of peroxide  

(3 % concentration) 

Transparency, cm 
Dissolved oxygen 

concentration, mg/l 
Transparency, cm 

Dissolved oxygen 

concentration, mg/l 

2.80 0.7 1.3 6.8 2.3 

1.36 1.1 1.5 5.1 3.4 

2.06 0.9 1.1 7.1 2.5 

4.2 Formalization of mathematical models 

In the procedure of ACS synthesis, the first step is the 

synthesis of the mathematical model of the control object 

(CO). In this process, the control object is the AS itself, 

located inside the technological equipment. 

Therefore, the following hierarchical structure of the 

solution of the complex problem is built. 

– Problem 1 (global). Preventing the death of activated 

sludge at sewage treatment plants. 

Solution of the problem 1. Creation of a process control 

system. 

– Problem 2 (consequence). An adequate mathematical 

model of the process is needed to create the ACS. 

Solution of problem 2. Studying the process, in the 

course of experimental researches, with its subsequent 

formalization. 

– Problem 3. Formalization of the process implies the 

introduction of process quality criterion as a numerical 

expression of control objective. 

Solution of problem 3. Formation of a control quality 

criterion by setting its physical meaning, designation, and 

scale. 

– Problem 4. Both the study of the control object, to 

synthesize a mathematical model, and the control process 

require the automatic definition of a global criterion. The 

input quality criterion cannot be determined automatically 

by direct measurement. 

The solution to Problem 4. Application of indirect 

measurement by determining the global quality criterion 

through the quantities available for direct automatic 

measurement. 

– Problem 5. At present, no adequate models are 

defining the connection of global criterion with output 

parameters available for direct automatic measurement. 

The solution to Problem 5. Carrying out experimental 

researches on the determination of relation of values 

available for direct automatic measurement and global 

criterion, with its further formalization in the form of a 

mathematical model. 

A global criterion must be connected with a control 

purpose to solve a global problem. At the same time, it 

must be an adequate numerical expression of the goal, i.e., 

the assessment of the state of the AS biocenosis. 

It should be noted that there are many techniques for 

assessing the viability of AS [11, 15–18]. They are based 

on studying the qualitative and quantitative composition of 

its biocenosis. The quantitative composition of 

microorganisms has a direct relationship with the 

incoming wastewater flow rate. After counting all 

microfauna, the following is calculated: number of 

species, the ratio of attached microorganisms to free-

floating (K coefficient), percentage of sensitive 

microorganisms to resistant ones, Cuba index (it contains 

information both on the number of species and their 

numerical distribution by species) and the number of 

microorganisms per dose of sludge. These quantitative 

indices serve to assess the biocenosis of activated sludge. 

For example, according to them, one can judge whether it 

has a good species composition if all the indices are normal 

[15, pp. 195–203]. 

Thus, in [16–18], approaches to the systematization of 

filamentous microorganisms are outlined. These 

techniques for assessing the AS biocenosis are rather 

labor-intensive. Therefore, we proposed to use a simplified 

expert evaluation scheme as a global criterion for the 

quality of the management process with the characteristics 

presented in Table 3 for express evaluation. 

For example, it is proposed to use ORP (redox 

potential) and pH as parameters available for direct 

automatic measurement. 

As a first approximation, the following regression 

equation for determining the global criterion for the 

wastewater treatment plants understudy is proposed: 

( ) ( ) ( ) ( )( )21213212211 pHpHORPORPapHpHaORPORPa −−+−+−=  

where a1, a2, a3 – regression coefficients; ORP1, 

ORP2 – readings of potential redox sensors at the inlet and 

outlet of aeration tank (digester), respectively; pH1, pH2 – 

readings of pH sensors at the inlet and outlet of the aeration 

tank, respectively. 

Accordingly, such a mathematical model can be 

included in decision support systems for wastewater 

treatment process management (Figure 3). 

Such pattern will allow providing water treatment 

systems with two-level hierarchical control: 

– situational-operational in real-time with preventive 

response to emergencies; 

– tactical with daily, as a minimum, forecasting of 

treatment facilities operation. 
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Figure 3 – Integration of the decision support system  

based on the proposed mathematical models  

with the existing water treatment system 

5 Conclusions 

The wastewater treatment plant is complex, multi-

parameter, and non-linear to control the object, which is 

confirmed by the experimental studies on the effect on the 

activated sludge oxidant H2O2 (one of the approaches 

AOPs): 

– under conditionally normal conditions, such 

influence is negative: exceeding technological standards of 

dissolved oxygen concentration in water solutions (3.04–

13.68 mg/l), low transparency of the water column 

(1.4– 1.6 cm), higher concentrations of ammonia nitrogen 

and phosphorus 

– with the appearance of a toxicant in the form of 

reduced sulfur compounds (total concentration of sulfide 

ions and hydrogen sulfide 1.38–2.80 mg/l), for which 

measurements in real-time there are no effective 

measuring instruments, on the contrary, the effect of the 

oxidant H2O2 has a positive effect on the biological water 

treatment: the concentration of dissolved oxygen increases 

to 3.4 mg/l. It stops bloating of AI with further 

regeneration. 

Using the global criterion (criterion of AS vitality) 

associated with the purpose of management, as a form of 

solving the global problem of automation of wastewater 

treatment plants, as a tool for formalizing mathematical 

models, will create an appropriate decision support system 

with the functionality of operational regulation and tactical 

prediction even in emergencies. 

Further research should be aimed at forming a 

knowledge base for creating mathematical models and 

checking their adequacy and technological compliance. 
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Abstract. This article focuses on studying biotechnologies for remediation of soils contaminated with heavy 

metals to determine further the most effective methods for cleaning soils from the action of toxicants with their 

subsequent implementation in practice. The soil restoration methods were analyzed, their advantages and 

disadvantages were identified, making it possible to establish that biological methods are the safest and most 

environmentally friendly. The expediency of using biological methods lies in the possibility of breeding strains of 

microorganisms that destroy soil toxicants. However, the efficiency of microbial cultures is not equally high due to a 

narrow range of favorable conditions for functioning, the risk of manifestation of the phenomenon of degeneration of 

microorganisms until the required level of soil purification is achieved. This confirms the prospects for the further 

development of this direction and the search for ways to eliminate certain disadvantages of biological methods. For 

an integrated biotechnological solution to soil remediation, a scheme of aerobic plants was developed, which is 

characterized by two stages: aerobic soil cultivation with biocomposite and a phytoremediation stage for additional 

purification and control of the content of toxicants in the soil. 

Keywords: soil contamination, biotechnologies, remediation, heavy metals, biocomposite 

1 Introduction 

One of the most dangerous to human and animal 

health pollutants is heavy metals (HM). They do not 

decompose in the environment and accumulate in the 

tissues of living organisms [1]. Developing effective 

ways to preserve and protect the environment requires the 

definition and constant monitoring of the distribution of 

toxicants in the ecosystem, particularly in the edaphotope, 

according to their distribution by soil profile. At the same 

time, the need for comprehensive application of measures 

for their immobilization into immobile forms is of 

paramount importance. An ecologically safe method of 

soil decontamination is traditionally considered to be 

phytoremediation, due to which the process of removing 

toxicants occurs without destroying the soil structure and 

reducing its fertility [2, 3]. The latest biotechnological 

methods of detoxification and restoration of soil 

complexes of natural and anthropogenic landscapes are 

being developed. 

 

 

Scientific and methodological issues of soil 

remediation and other components of the geological 

environment from toxic pollutants are being developed 

within a new scientific direction – geopurgology. 

Among the measures to reduce the impact of 

pollutants on the soil should be identified primary: 

chemical, technological, mechanical, and 

biotechnological. The formed block diagram for these 

areas is shown in Figure 1. 

Phytoremediation is considered the most promising 

and ecologically safe method of decontamination of 

contaminated soils. The purification mechanism is based 

mainly on the use of hyperaccumulator plants, which can 

remove toxicants from the environment in high 

concentrations and show tolerance to their action. 

The main advantage of phytotechnologies is that 

removing pollutants occurs without destroying the soil 

structure and reducing its fertility. 
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Figure 1 – Remediation technologies for contaminated soil 

To remediate the soil from heavy metals used [4-6]: 

phytoextraction (absorption and accumulation of 

pollutants in the plant), phytostabilization (reduction of 

pollutant mobility and/or accumulation in the root system 

of the accumulating plant or in the rhizome) or 

rhizofiltration (metals are absorbed and bound in the root 

systems of phytore). 

The work aims to study the influence of 

biotechnological tillage on the localization of HM in the 

soil complex. 

To achieve this aim, the following tasks were solved: 

- to study the processes of heavy metals in the soil 

complex concerning other components of the ecosystem; 

- to determine the directions of soil bioremediation 

in the process of cleaning them from HM; 

- development of a technological scheme for 

implementing complex biotechnology for remediation of 

soils contaminated with heavy metals. 

2 Methodological approach to the processes of 

heavy metals fixation in soils using 

biotechnological techniques 

Soil microorganisms can influence the bioavailability 

and absorption of heavy metals and can also promote 

growth and reduce the toxic effect of pollutants on plants. 

Approximately 80 % of aboveground plants have 

symbiotic associations of microorganisms. The ability to 

exist in an environment contaminated with heavy metals 

is characteristic of many species inhabiting the 

rhizosphere. The reason for the stability of the soil 

microbiota can be both innate and acquired mechanisms 

of adaptation. 

Microorganisms (internal bioremediation) can be 

introduced into the contaminated soil or isolated from a 

specific environment and then into the contaminated one 

(bioaugmentation). 

Bioaugmentation – the introduction (in the form of 

biological products) of specialized microorganisms, alien 

to the habitat, which has been previously isolated from 

natural sources or specially genetically modified and 

selected. There is the destruction of pollutants by 

different types of microorganisms due to the activation of 

aboriginal microflora or the introduction of certain 

cultures of microorganisms into the soil, the use of 

complex biological products and other methods to create 

an optimal environment for the development of certain 

groups microorganisms decompose pollutants. The soil 

becomes suitable for growing plants. Introduced 

microorganisms decompose the bulk of contaminants, 

reduce their negative impact on biota and thus stimulate 

self-cleaning processes [7]. 

Table 1 shows the results of the analysis of the 

properties of different types of organic fertilizers. 

Table 1 – Advantages and disadvantages of different types of organic fertilizers 

Name of organic 

fertilizer 
Advantages Disadvantages 

Manure Cheap and affordable organic fertilizer 

contains macro-and micronutrients in 

large quantities. 

The aftereffect of the applied fertilizer 

lasts 3-5 years. 

Contributes to the gradual humus 

formation and soil structure 

The composition is not constant, it depends on 

the type of animal, its feed, litter and method of 

maintenance, storage of manure and its 

humidity. 

Requires special mechanisms for introduction. 

Requires determination of the concentration of 

substances to not provoke toxic effects. 

It may contain geohelminth eggs and cause 

additional biocontamination. 

Improper storage and application can cause 

contamination of soil, groundwater, and surface 

water with excessive amounts of nitrogen and 

phosphorus compounds. 

It may contain large amounts of dissolved salts, 

including chlorides and sulfates, which can 

cause secondary salinization of the soil. 
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Name of organic 

fertilizer 
Advantages Disadvantages 

Digest It has a balanced composition of macro 

and micronutrients. 

It’s an “environmentally friendly” 

fertilizer, because after the mesophilic 

mode, it does not contain components 

of pathogenic microflora, worm eggs, 

weed seeds. 

Promotes the development of typical 

soil microflora. 

It is a fermented material, quickly 

humified or mineralized depending on 

the soil conditions. 

Contributes to the structure of the soil. 

Increases soil moisture content. 

Stimulates the development of bacterial 

microflora and inhibits the development 

of actinomycetes and mycoflora. 

The composition is not constant and depends on 

the raw material and the fermentation period. 

Productivity as a biofertilizer depends on 

humidity and depth of application. 

It has an alkaline pH, better have a stimulating 

effect on acidic soils. 

The liquid fraction of the digestate has a high 

concentration of certain nutrients (phosphorus, 

ammonia) and requires prior preparation before 

application (dilution with water). 

Does not have a selective inhibitory or 

stimulating effect concerning certain types of 

microorganisms. 

The digestate obtained during the fermentation 

of the sludge of treatment plants preliminarily 

requires laboratory chemical studies to prevent 

the ingress of contaminants into the soil in a 

mobile form. 

Vermicompost Contains 4–8 times more humus content 

Than regular compost. 

Easy to transport. 

Improves soil structure. 

Enriches with organic residues serve as 

a nutrient substrate for certain groups of 

soil microorganisms. 

The need to dispose of biomass of live worms, to 

ensure that they do not enter natural ecosystems. 

The need to maintain certain conditions for the 

activity of worms. 

Have enough space for vermicomposting. 

Biofertilizers – micro-

biological inoculants - 

specialized drugs 

based on 

microorganisms and 

enzymes 

Do not harm the soil ecosystem. 

Contain natural strains of 

microorganisms that can facilitate the 

assimilation of certain chemical 

elements in other members of the soil 

biota. 

Direct stimulation of growth through 

the synthesis of valuable substances for 

plants. 

Resistant to water leaching. 

Do not contain pathogenic microflora. 

Cause increased availability of 

nutrients, synthesis of growth 

hormones, decomposition of stress 

mediators. 

Requires certain conditions during storage of the 

drug. 

They do not contain the necessary ready-made 

substances necessary for developing soil 

microflora or plants but only stimulate the 

chemical transformation of substances present in 

the soil. 

You can not accurately predict the speed of the 

result. 

They operate in certain climatic conditions and 

require a particular time of application (from 

spring to autumn, in a relatively warm period). 

Biopesticides – 

indirect stimulation of 

the development of 

certain crops due to 

the suppression and 

displacement of 

phytopathogens or 

bacteria that inhibit 

the growth of plants or 

beneficial microflora 

High efficiency. 

Non-toxic. 

Do not cause gradual resistance in the 

organism on which they act. 

Effective for different plant crops and in 

different soil and climatic conditions. 

Often compatible for use together with 

biofertilizers. 

Have a short storage method. 

More expensive than conventional pesticides. 

Stop active action after a specific time. 

Requirements for deadlines. 

Have only a narrow focus on practical action. 
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The expediency of their use is due to the lack of 

developed natural microbiological coenosis with 

pollution. 

Advantages of use: 

– selectivity; 

– the possibility of removing strains of 

microorganisms that destroy soil toxicants. 

Disadvantages of use: 

– the efficiency of microbial cultures is not equally 

high due to the narrow range of favorable operating 

conditions; 

– the risk of manifestation of the phenomenon of 

degeneration of microorganisms before reaching the 

required level of soil purification; 

– the risk of violation of natural microbiocenoses with 

the use of microbial cultures. 

Bacteria of the genera Actinomyces, Arthrobacter, 

Thiobacterium, Desulfoiomaculum, Pseudomonas, 

Bacillus, and other fungi with bacterial genes are used 

for purification. In complex cases of soil contamination, 

the most effective is its purification with complex 

biological products containing a range of crops and 

nutrients at the same time. 

For the biodegradation of HM in soils, a method of 

their purification [8] has been developed by treatment 

with a culture of bacteria (strain Bacillus fastidious 

VKPM B-4368) in a liquid mineral nutrient medium 

containing carbohydrates. The bioleaching process is 

carried out until the pH value is equal to 4.0–6.0 with the 

consumption of the liquid component in the amount of 

0.4–10.0 mass parts per 1 mass part of the cultivated 

soil. The method is effective but is material-intensive 

(bringing pH 2.8 to pH 4.0–6.0 requires a large amount 

of neutralizing substance, the cost of 0.4-10.0 mass parts 

of nutrient medium per 1 mass part of the soil is also 

resource-intensive) [9-10]. 

The efficiency of phytotechnology use is determined 

by the phytoavailability of heavy metals in the soil 

environment. Effectors are used to enhance remediation, 

mainly chelated compounds, but sometimes 

microorganisms are used. Common effectors are 

ethylenediaminetetraacetic acid, citric acid, 

diethylenetriaminepentaacetic acid, ethylene glycol 

tetraacetic acid, and others. Synthetic chelating 

compounds are considered more effective, but have a 

severe disadvantage of use – many soluble and mobile 

forms of metals [11-13]. 

Biosurfactants are amphiphilic compounds containing 

both hydrophilic and hydrophobic portions, referred to 

as head and tail. Compared with chemical surfactants, 

biosurfactants derived from plants and microorganisms 

have shown better performance considered suitable in 

removing heavy metal from contaminated soil. The 

mechanism of heavy metal removal from contaminated 

soil using ionic biosurfactants is shown in Figure 2. 

[15] studied the effect of the sequence of addition of 

OH-Al species, protein molecules (albumin) and 

montmorillonite, and pH on the nature and properties of 

the final protein-OH-Al-montmorillonite complexes. 

 

Figure 2 – Processing contaminated soil using biosurfactants  

for heavy metal removal [14] 

Sorption of elements in cationic form onto soil 

components may be either enhanced or inhibited by the 

presence of organic acids (as oxalic, citric, malic, 

tartaric, malonic acid) and aminoacids through different 

processes, including alteration of surface charge, site 

competition, formation of different complexes in 

solution, ternary complex formed on the surfaces of soil 

components. Ternary surfaces complexes may be 

classified as type A, in which the metal ion is bonded to 

both the sorbent and the organic ligand, or type B, in 

which the ligand is bonded to the sorbent between the 

surface and the metal ion (Figure 3) [15]. 
 

 
Figure 3 – Illustration of some possible bonding 

configurations of Cu (Me) on goethite (S)–organic matter (L) 

complexes: inner sphere complexation of Cu at goethite sites, 

and type-A-(S-Me-L) and B-(S-L-Me) ternary complexes [15] 
 

The highly dispersed fraction consists of minerals 

with a layered crystalline structure, in which the layers 

are connected less firmly than the ions in the structures 

of clastic minerals. 
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Table 2 – Methods of soil biocleaning 
 

The process 

of bio-

remediation 

Gist Sort Advantages Disadvantages 

Biodegradati

on of 

pollutants 

using 

microorganis

ms 

Destruction or 

transformation 

of contaminants 

under the 

influence of 

enzymatic 

systems of 

microorganisms, 

decomposition 

of toxic forms 

of HM 

compounds to 

less toxic ones, 

transformation 

from active-

mobile form of 

HM compounds 

into difficult or 

immobile 

inaccessible 

biota, or 

absorbed on the 

surface of 

secondary clay 

soil minerals. 

Internal 

bioremediation 

due to naturally 

occurring species 

in this type of 

soil. 

The possibility of using 

artificially created to extract 

a particular type of toxicant 

strains. 

Specific selectivity of action 

on the toxicant. 

Relatively easy application 

in the absence of a 

developed natural 

microbiological coenosis. 

Can be used in situ and ex 

situ. 

The cleaning process can be 

carried out in the near-

surface part of the soil using 

optional aerobes and 

anaerobes. 

Less depends on the 

seasonal phenomena of the 

atmosphere due to more 

stable conditions of the soil 

environment. 

The efficiency of microbial 

cultures is not equally high 

due to the narrow range of 

favorable operating 

conditions. 

The risk of the phenomenon of 

degeneration of 

microorganisms to achieve the 

required level of soil 

purification, the need for 

constant monitoring of species 

composition. 

The need together with a 

specific strain of 

microorganisms to make 

additional nutrient medium 

(mineral or organic 

components) 

the risk of violation of natural 

microbiocenoses with 

introduced microbial cultures. 

Bioaugmentation 

(introducing 

certain cultured or 

removed from 

another 

environment 

species of 

organisms). 

Phytoreme-

diation 

The use of 

hyperaccumulat

or plants that are 

tolerant to the 

action of HM 

and can remove 

certain toxicants 

from the 

environment in 

high 

concentrations, 

accumulating 

them in certain 

parts of the 

body. 

Phytoextraction 

(absorption and 

accumulation of 

pollutants in the 

plant). 

Can be used in situ, without 

spending money on the 

transfer and return of soil 

after cleaning, are more 

environmentally friendly for 

the environment. 

It is possible, if necessary, to 

completely remove from the 

contaminated area of the 

plant, the body of which 

contains absorbed from the 

soil HM. 

After the death of the body 

of plants and transformation 

into a component of humus 

or the formation of organo-

mineral complexes of soil 

with clay minerals, there is a 

binding of HM compounds 

in the stationary component, 

at the same time there is an 

improvement in the 

structural state of the soil, 

trophic and gas regimes, 

improvement of the 

properties of the soil system 

as a whole. 

Do not show selective action 

only for a certain type of 

pollutant. 

Die with an exaggeration of a 

certain amount of toxicant due 

to violation of enzymatic 

regulatory systems. 

Cleansing occurs only during 

the growing season. 

Cleaning occurs primarily in 

the surface layers of the soil, 

where the root systems of 

plants reach. 

Long-term slow uncontrolled 

process, which depends on the 

state of the plant organism. 

Phytostabilization 

(reduction of 

pollutant mobility 

and/or 

accumulation in 

the root system of 

the accumulating 

plant or in the 

rhizosphere). 

Rhizofiltration 

(metals are 

absorbed and 

bound in the root 

systems of 

phytoremediaries) 
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This feature of these minerals contributes to the 

sorption of scattered heavy metals, and their 

concentration in this fraction is higher than in fine-

grained and in the soil as a whole [16]. 

A new direction of scientists’ research is the use of 

alternative immobilizers and the evaluation of their 

effectiveness compared to traditional means. 

Table 2 shows a comparative description of methods 

of biological soil treatment. 

In the work of Adejumo Sifau et al. (2011) 

investigated the effect of inorganic fertilizer (NPK, 

100 kgN/ha), compost from cassava (Manihot utilissima 

Pohl.), and titonia (Tithonia diversifolia) at 

concentrations of 20 and 40 tn/ha on the process of 

immobilization of Pb in the soil in which corn was grown 

(Zea mays L.). It was found that the concentration of 

mobile lead in the soil environment with the use of 

compost from titanium and cassava in the amount of 

40 tn/ha, decreased by 72 % and 67 %, and at 20 tn/ha – 

by 66 % and 49 %. The addition of compost helped to 

increase the height of the plant by 89–94 %, as well as the 

area of leaves and their number (especially when 

applying to the soil compost from titanium at a 

concentration of 40 tn/ha). Activation of biodegradation 

of pollutants by maintaining the optimal temperature is 

carried out by covering the contaminated soil with black 

polyethylene film in winter to increase the temperature. 

In summer – use a transparent film to reduce evaporation 

from the surface [11]. 

4 Results and Discussion 

4.1 Technological intensification of soil 

bioremediation processes 
 

Various bioreactor designs can be used for ex situ 

purification of contaminated soils and other materials, 

including fixed bed reactors (solid-phase bioreactor) and 

suspension with stirring (sludge bioreactor). 

Suspension (sludge) reactors are mainly used for the 

biological treatment of contaminated soil (Figure 4). The 

amount of soil in suspension reactors with stirring can be 

up to 30 % of the total volume. Their advantages over 

solid-phase reactors are easier control, better process 

control, the ability to provide a higher level of aeration. 

They are not prone to siltation, which clogs with 

sediments, suspended particles, and excess biomass. But 

the design of suspension reactors is more complex, 

consumes more energy, and requires high costs for 

exhaust-air purification [18]. Aerobic biogeochemical 

barriers can be created by the migration of groundwater 

with high content of Sr2+, Ba2+, Fe2+, Mn2+.  Due to the 

formation of carbonic acid during the oxidation by 

microorganisms of organic substrates introduced into the 

contact zone, there is a precipitation of carbonates and 

bioleaching processes [19]. The development of iron-

oxidizing bacteria under aerobic conditions promotes the 

formation of Fe3+, which interacts with phosphate to form 

insoluble compounds. The reduction of sulfate is 

accompanied by HM sulfides, which occur as follows 

[20]. CH2O is organic carbon in these reactions, and Me2+ 

denotes the divalent cation HM (Figure 5). 

 
 

Figure 4 – Tillage using a sludge bioreactor 
 

 
 

Figure 5 – Precipitation of metals from contaminated soil  

by microorganisms, based on [20] 
 

The bioscreen can be organized by aerating a section 

of soil in a direction perpendicular to the movement of 

groundwater. The pollution can be biologically oxidized 

or desorbed by the airflow [21]. 

Methods of electrokinetic activation of biodegradation 

include the use of electric current, which provides the 

migration of microorganisms, with its charge, in the 

contaminated area and increase the speed, efficiency of 

uniform soil cleaning [22]. Ultrasound is used to activate 

biodegradation, which includes the destruction of large 

soil aggregates to increase the availability of 

contaminants to microorganisms [23].  

Electrokinetic remediation is associated with the 

transmission of a direct electric current of low voltage 

(20–40 mA/cm2) with a potential difference of several 

volts through the ground for a specific time interval from 

5–10 min to 120–150 min, which can be carried out in the 

place of contamination when the electrodes are installed 

in the soil in situ, or a specially equipped reactor [24]. 

Electrokinetics processes involve passing a low-in-

tensity electric current between a cathode and an anode 

embedded in contaminated soil (Figure 6). 

Ions and small charged particles, in addition to water, 

are transported between the electrodes. Anions move 

towards the positive electrode and cations towards the 

negative one. An electric gradient initiates movement by 
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electromigration (charged chemical movement), electro-

osmosis (movement to fluid), electrophoresis (charged 

particle movement), and electrolysis (chemical reactions 

due to an electric field). 
 

 
Figure 6 – Electrokinetic process for soil remediation  

(buffer solutions are added and removed by purge  

and extraction wells [25]) 

 

Improving soil aeration conditions also contributes to 

the biodegradation of soil contamination by blowing soils 

and groundwater with air at different pressures in 

combination with the introduction of nutrients through 

holes with air or spraying micro-particles of nutrient 

solutions. 

A number of bioventilation screens are installed in the 

unsaturated zone. Air is blown in using a ventilator, and 

decomposition of the contamination is stimulated. 

Usually, a number of passive “air-emission screens” are 

located at appropriate distances depending on the 

characteristics of the contamination. Bioventilation 

stimulates biodegradation by blowing in the air, unlike 

soil vapor extraction, where contamination components 

are sucked out of the soil. The location of the 

contamination is significant. For example, this method 

should be considered where contamination is located 

under or close to a building (Figure 7). 

 

Figure 7 – Typical soil bioventilation system [26] 
 

4.2 Development of a complex biotechnological 

solution for soil remediation 
 

Previous studies [27] at the laboratory of Sumy State 

University modeled the mechanisms of influence of 

biogenic composite material based on sludge and 

phosphogypsum on soil protective functions and 

described the dynamics of soil microbial biome in the 

system “biotic component – biogenic product (digestate)– 

toxicant (HM)” with the stimulating effect of the 

biocomposite. This requires further determination of the 

ecological and biochemical aspects of the impact of 

organo-mineral bio-composite on the development of 

natural soil microorganisms and the process of formation 

of favorable biochemical conditions for the restoration of 

disturbed lands. 

A clear and structured construction of the 

technological scheme of the movement of material flows 

is required to implement complex biotechnology of soil 

remediation. 

The main organizational requirements for the 

biotechnology scheme include the following: 

- ease of execution and automation of equipment; 

- the expediency of placing equipment under the 

direction of material flows; 

- selection of the optimal mode of operation of 

technological equipment - continuous or periodic; 

- carrying out processes in constant conditions; 

- greenhouse gas emissions from biological treatment 

systems (Figure 8); 

- selection of the final product of processing. 
 

 
Figure 8 – Greenhouse gas emissions  

from biological treatment systems 
 

A technological scheme of aerobic plants for soil 

biodetoxification was developed (Figure 9). 

 
Figure 9 – Principle biotechnological scheme of soil 

detoxification: 1 – hopper for mixing the crushed soil and 

biocomposite; 2 – batches for biocomposite supply;  

3 – bioreactor; 4 - scraper conveyor; 5 - isolated bottom;  

6 – aeration system; 7 – electric drive; 8 – platform;  

9 – phytoremediation plants 
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The technological scheme works as follows. The 

crushed soil is contaminated with heavy metals, and the 

biocomposite fed from the dispenser enters the hopper for 

mixing. This mixture enters the bioreactor via a pipeline, 

made in a trench with an insulated bottom and a scraper 

conveyor, through which the soil is moved. 

An aeration system is arranged above the conveyor, 

which air is supplied to the bioreactor to improve the 

aeration conditions. The bioreactor is equipped with an 

electric drive and is covered on top with a sealed opaque 

polymer coating. 

Pre-cleaned soil with a scraper conveyor is fed to a 

particular site, where it is planted plants – remediates (9) 

for further cleaning, monitoring, and control of the 

content of pollutants. 

Thus, cleaning the soil of heavy metals and restoring 

its fertility due to improved conditions for the 

development of soil microbiota is proposed in a two-stage 

process: 

1) aerobic tillage together with the biocomposite; 

2) stage of phytoremediation for purification. 

5 Conclusions 

The peculiarities of the processes of the heavy metal 

in the soil and the relationship with other components of 

the ecosystem are studied, and the factors on which the 

indicators of heavy metal adsorption depend are 

identified. 

The existing methods of soil cleaning from heavy 

metals are reviewed, and it is substantiated that the 

restoration of technogenic contaminated soil with 

biological methods is the most promising area that is 

developing dynamically and is considered 

environmentally friendly. 

There are two groups of biological methods of soil 

purification, including methods using microorganisms 

and plant bioaccumulation and/or redistribution of 

pollutants in the soil while simultaneously affecting the 

biological and inert components of the soil. Features of 

bioaugmentation, the advantages, and disadvantages of 

this method are considered, and the influence of effectors, 

mainly chelated compounds, on the degradation of soil 

pollutants. Some of their features are determined based 

on a review of studies by foreign and domestic scientists. 

A review of technological solutions for intensification 

of soil bioremediation processes, which will reduce the 

duration of treatment, using bioreactors, including fixed-

layer reactors and suspension with stirring, analyzed 

methods, and technological means of activating the 

microflora, improving bioremediation processes 

improving aeration conditions by blowing the soil with 

air). Accordingly, a biotechnological scheme of soil 

detoxification has been developed and described, which 

has two stages: aerobic tillage and the biocomposite 

based on digestate, and stage of phytoremediation for 

purification and control of the content of toxicants in the 

soil. 
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