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Optimization of the Properties of ZnO Films Produced by the SILAR Technique
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Abstract. Zinc oxide (ZnO) is a promising semiconductor material for optical and gas sensors. This study examines
the influence of film thickness and solvent choice on the performance of ZnO thin films generated by SILAR at
room temperature and atmospheric pressure. Ethanol and distilled water (DW) were used as solvents. Thin films of
varying thicknesses were analyzed using X-ray diffraction (XRD), scanning electron microscope (SEM) atomic
force microscopy (AFM), and Hall effect measurements to evaluate their morphology, crystal structure, and optical
and electrical properties. X-ray diffraction analysis showed that films created using ethanol or DW have a hexagonal
ZnO structure with a predominant growth orientation along the (002) plane. Films prepared with ethanol exhibited
crystallinity comparable to films prepared with DW. ZnO films prepared with ethanol showed low resistivity (102 Q
cm) and high electron mobility (750 cm?/Vs). This highlights the potential of the SILAR method using ethanol to
create high-quality ZnO thin films suitable for various applications. Thus, the study highlights the importance of
thickness and solvent selection in the SILAR deposition process to optimize the properties of ZnO thin films for
optical and gas sensors.

Keywords: zinc oxide, SILAR method, semiconductors, distilled water and ethanol, optical and electrical
properties.

Introduction

Various techniques for preparing thin film ZnO coatings such as spin coating, salt-gel, spray pyrolysis,
electrochemical and chemical deposition, and magnetron sputtering are widely used to create such films [1]. Over
the past three decades, SILAR has become one of the popular solution methods for thin film deposition [2]. The
main advantages of SILAR include high layer growth rate, control of adsorption and reaction time, and low process
temperature, which prevents oxidation and corrosion of the substrate [3]. To obtain a high-quality thin film, it is
important to optimize the preparation conditions, such as the concentration of precursors, the nature of the
complexing agent, the pH of the solutions, the reaction time and the deposition cycle.

The SILAR method is inexpensive, simple, and suitable for deposition over large areas, including a variety
of substrates such as insulators, semiconductors, metals, and temperature-sensitive materials. It is based on
sequential reactions between a substrate and a solution, where semiconductor materials are grown by immersion in
various aqueous solutions [4].

The SILAR method has enabled the creation of various ZnO nanostructures such as nanorods and
nanoflowers. Recent studies have created ultraviolet detectors based on ZnO nanorods and oriented nanorod films
without a grain layer. The hydrophobic properties of flower-like ZnO and their excellent performance as gas sensors
are also investigated [5]. The morphology and properties of the films are controlled by reaction parameters such as
concentration, temperature, pH and number of deposition cycles.

The influence of the immersion cycle on the properties of thin ZnO layers has been discussed in many
articles [6]-[8]. Precursors and annealing temperature play an important role. Studies show the influence of different
precursors and annealing conditions on the performance of ZnO films. However, most studies used aqueous media
to form ZnO films.

In some studies, solvents such as ethylene and isopropyl alcohol were used in the SILAR process, but water
remained the main solvent [9]. This study reports the fabrication of ZnO thin films on glass substrates using pure
ethanol as a solvent. The functionality of ZnO films grown from aqueous and alcoholic solutions was also
compared, which provided new data on the effect of film thickness and solvent on surface morphology.

1. Materials and methods

ZnO films were deposited onto glass substrates using the SILAR method at room temperature and
atmospheric pressure. The glasses were cleaned in an ultrasonic bath (first in a soap solution, then in distilled water
and a 1:1 mixture of water and ethanol), and then dried in a nitrogen atmosphere for an hour and a half. Zinc
chloride (ZnCl,, Sigma Aldrich purity > 98%) was used as a source of zinc. A 0.1 M ZnCl; solution was prepared by
dissolving 1.363 g of ZnCl, in 100 ml of distilled water or ethanol, adding ammonia solution (25-30% NH4OH,
Sigma Aldrich) drop by drop until pH 10.5 was reached.

To deposit the film, the glass substrate was immersed in a solution of zinc and ammonia for 15 seconds,
then in hot (90°C) distilled water for 7 seconds. The zinc-ammonia complex was adsorbed in hot water, forming
zinc hydroxide (Zn(OH),) on the substrate. After air drying for a minute, the samples were washed with distilled
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water for 30 seconds. The cycle was repeated 30, 40, 50 and 60 times to obtain films of different thicknesses. All
deposition steps and SEM images of the various cycles are shown in Figure 1.
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Fig. 1. - Steps for preparing ZnO thin film using SILAR and SEM images

After deposition, the ZnO samples were dried at room temperature and annealed in an N, atmosphere at
500 °C for 2 hours. The samples were designated as ZnO: 30 (DW or ethanol), ZnO: 40 (DW or ethanol), ZnO: 50
(DW or ethanol), ZnO: 60 (DW or ethanol). The detailed procedure for deposition of films using the SILAR method
was described in a previous studies [10,11]. Film thickness was measured by spectroscopic ellipsometry using SEN
research 4.0 ellipsometer, fixing the incident angle at 70° and scanning the wavelength range from 330 to 1100 nm
in 0.5 nm steps.

2. Results and their discussions

Srtuctural properties.

To study in more detail the influence of thickness and reaction environment on the growth of zinc oxide
nanostructures, structural analysis of deposited ZnO thin films on glasses was performed using X-ray diffraction
(XRD). The structural properties of ZnO films were studied using XRD on a SmartLAB Rigaku system (using Cu
Kol = 1.5406 A radiation). Figure 2 shows the X-ray diffraction patterns of ZnO thin films with different deposition
cycles (30, 40, 50 and 60) that were grown using DW (Figure 2a) and ethanol (Figure 2b) solvents.
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Fig. 2. - XRD patterns of ZnO thin films with different SILAR cycles: a) DW solvent and b) ethanol solvent.

All ZnO thin films exhibited high crystallinity with clear peaks corresponding to the hexagonal wurtzite
crystal structure of ZnO, such as (100), (002), and (101). An increase in peak intensity was observed, especially
along the c axis along the (002) plane, with increasing film thickness, regardless of the use of water or alcohol in the

4
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process. This trend is consistent with published work [12] and data from the ICSD PDF-2 database (No. 03-065-

0726).

Despite the differences in SILAR cycles and the use of various precursors, the calculated lattice parameters
(a=3 A, c=5.2 A) and interplanar spacing (d=2.6 A) of the ZnO hexagonal structure remained consistent across all
samples. This suggests that using ethanol as a solvent for ZnO does not compromise its crystalline structure and can
be considered a suitable alternative to the conventional aqueous solution.

Table 1. Effect of the number of SILAR cycles on the crystallite size, half-maximum width (FWHM), dislocation density (), lattice strain (g),
interplanar distance (d) and lattice constants (a,c) of ZnO films along the diffraction peak (002 )

Name 20 D (nm) | FWHM | § g d (A) | Lattice constant (A) | Thickness
(deg) (A)2x10° | (10) (nm)
a=b c
DW
Zn0:30 | 3442 22.720 | 0.3695 | 19.372 11.81 | 2.603 | 3.006 5.2069 192+7
Zn0:40 | 34.41 23.182 | 0.3621 18.608 11.31 | 2.604 | 3.007 5.2087 217+9
Zn0:50 34.42 20.502 | 0.4095 | 23.791 10.66 | 2.603 | 3.005 5.2063 329412
Zn0:60 | 34.42 21.395 | 0.3924 | 21.846 10.45 | 2.603 | 3.006 5.2067 498+16
Ethanol

Zn0:30 | 34.44 23.289 | 0.3605 | 18.437 10.62 | 2.602 | 3.007 5.2040 136+6
Zn0:40 34.44 23.191 | 0.3620 | 18.593 10.43 | 2.602 | 3.005 5.2044 191+9
Zn0:50 | 34.45 22.773 | 0.3687 | 19.282 10.39 | 2.601 | 3.004 5.2033 284+9
Zn0:60 34.44 23.529 | 0.3568 18.063 10.28 | 2.602 | 3.005 5.2041 354414

Morphological properties.

Particle size in distilled water (Fig. 3a) shows small shifts, but no dependence on cycles is observed, while

the particle size of films grown in ethanol (Fig. 3b) increases with the number of cycles.
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Fig. 3. - Film particle sizes calculated from AFM images for ZnO thin films grown in (a) DW and (b) ethanol.
Electrical properties.

The electrical parameters of the thin films were assessed using Ecopia Hall measurements at room
temperature. Hall effect measurements were carried out to obtain the electrical parameters such as resistivity — p

(Q*cm), Hall mobility — pu (cm?/Vs) and carrier concentration —n (cm™) listed in Figure 4.
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Fig. 4. - Hall measurements results of ZnO thin films grown in a) DW, and b) in ethanol.

According to these results, the carrier concentration of ZnO samples increased to a maximum at 50
deposition cycles. Then it decreased with further increase in the deposition cycle.

Conclusion

In this study, ZnO thin films of various thicknesses were prepared on glass substrates using the SILAR
method and solvents of distilled water and ethanol. The use of ethanol instead of distilled water in the SILAR
method to produce ZnO thin films on glass substrates resulted in higher crystallinity and smaller grain size. Films
produced with more SILAR cycles had a dense coating of nanostructures on the surface. ZnO thin films produced
using ethanol also had a wider band gap and the highest charge carrier mobility. This offers potential for
applications in gas sensors and dye-sensitive solar cells. Further research will be aimed at studying the gas-sensitive
properties of these ZnO films.
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The Influence of Changes in Technological Loads on the Deflection of the Saw Cylinder
Shaft of a Linting Machine

Yunusov S. ', Makhmudova S.!, Kasimova D.2, Agzamov M.3
Tashkent State Transport University, Tashkent, Uzbekistan,
2Andijan Mechanical Engineering Institute, Andijan, Uzbekistan,
3Tashkent institute of textile and light industry

Abstract. In the article the calculation of the deflection of the saw cylinder shaft of the linter machine is given
taking into account the technological resistance revealed due to the mass of the seed roll. For theoretical calculation
of the influence of raw material roll density (mass of raw material roll, machine productivity) on the process of
deformation of the saw cylinder shaft, the bending calculation of the saw cylinder shaft without taking into account
the masses of saws and gaskets, with taking into account saw discs and gaskets and with taking into account the raw
material roll (in static position) is made. By reducing the bending of the saw cylinder shaft, the angular speed and
the productivity of the process can be increased.

Keywords. Shaft bending, saw cylinder, seed roller, shaft deformation, linter machine, transverse force, bending
moment, equations of equilibrium, support reaction.

Introduction.

Currently, there are more than 100 primary cotton processing plants in the country. The cotton plants'
machinery and technology are gradually being upgraded. The main objective of modernisation of the plants is to
increase the productivity of machines and to produce high-grade cotton fibre and lint that meets the requirements of
the world market.

In the primary processing of cotton, the main process is the separation of the spinning fibre from the seeds,
which produces its main products fibre and seeds. Along with the development of cotton cultivation, technology and
techniques of cotton harvesting and processing there appeared the necessity to carry out other processes:
preparation, storage, drying and cleaning of both raw material and its products. In addition, the range of products
produced by cotton processing plants has expanded [1,2].

The history of the emergence of proginised seed processing processes is inextricably linked to the
development of other sectors of the national economy. Until the second half of the 19th century, prodiginised seeds
were used only as sowing material, which required only a small part of the produced seeds.

The cotton ginning industry produces three types of lint. The first type of lint contains fibres with a mass-
length of 13/14 mm or more, the second type - from 7-8 to 12-13 mm, and the third type - 6-7 mm or less. In
addition, the lint is also characterised by its grade, which is determined according to the grade of the seeds to be
processed [3-5].

The process of linting of cotton seeds originated as a preparatory process necessary to maximise the
compression of oil from the cotton seeds. The resulting lint had no industrial value. Seed linting was performed on
lintering machines developed similar to saw gins in the United States of America [6,7].

In the creation of machines for cotton ginning industry with high parameters can be realised only on the basis
of deep knowledge of physical processes occurring in machines in different loading modes and development of new,
more perfect methods of calculation of acting loads, which are the basis for calculation of machine parts and units
for strength and endurance. Especially urgent are the issues of development and refinement of methods of
calculation of drives and shafts of machines of large capacity or importance for production. This would make it
possible to carry out production tests to refine the adopted parameters.

One such machine in the cotton processing industry is the linter machine. The lintering process is carried out
on linter machines, where the main working organ is the saw cylinder. It is the drive of the saw cylinder of linter
machines 18.5 kW that consumes a significant amount of power in the machine.

1. Research methodology

For theoretical calculation of the influence of raw roll density (raw roll mass, machine productivity) on the
process of deformation of the saw cylinder shaft, a calculation is made, which consists of several steps, which are
presented in Fig. 1.

Given that the saw cylinder shafts are made from a whole shaft and are more than 2 metres long, there is an
inherent bending of the shaft. Let's consider this with the help of calculations. The following data are required for
the calculation: shaft length 1=2300 mm; gravity force P=m-g, where m-mass of the shaft. The theoretical weight of
steel relative to the diameter is [8,9]. ¥61,8=23,56 kg/m, @100=61,65 kg/m. Taking into account the shaft length
mg, =t1=61,65-2,3 = 141,2 kg. These are the values in newtons P=mg,g = 141,2 - 9,8 = 1389,6 N. (Fig.1.a)



Material and Mechanical Engineering Technology, Nel, 2025

2 R (a) Bending calculation of the saw cylinder
i P=1,4 wH = . . . .
% B shaft (not including saw and shim weights)
e o e
[+ TH—— W=
L2=115m F2=1.15m
A5fome.
] 2RR0M -
TESIIIIIITI
[T T

0, FxH

R, P=1, 4 i R b) bending calculation of the saw cylinder,
A B including saw blades and shims
C A
Q=577,3 kM
V2=1 15 m ¥2=1.15 m
885K
(TR
I o

¢) bending calculation of the saw cylinder with
R.=1.09 R.=1,60 . . .
3 T U=2,69 kH 3 regard to the raw material roll (in static
a 3 osition
A = T P )

M=577,3 kH

1¥2=1.15 m 2=1,15 m

T
A AR TS

A

e e

Fig. 1. - Saw cylinder shaft and calculation diagram

2. Results and discussion

Composing the equations of equilibrium for this system, we find the reaction forces on the bearings
(supports). The reactions of the supports occur along the directions along which the rod (shaft) will not be able to
move. Table 1 summarises the calculation data for all variants.

To plot the transverse forces O, and bending moments M,; the method of sections is used. The transverse
force in the section of the rod is equal to the sum of projections of external forces on the Y axis acting on the rest of
the rod (shaft). The bending moment in the section of the rod (shaft) is equal to the sum of the moments of external

forces acting on the remaining part of the rod (shaft), relative to the centre of gravity of the section. The obtained
design data for all variants are summarised in Table 2.
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Table 1. Reactions of the supports occur along the directions along which the rod (shaft)

ZML-a =0 Z My, = Verification:}; Z; = 0
Saw cylinder shaft
P-ly—Rg-1=0 Ry-l—-Pl/=0 Ry—P+Rp=0
1400-1,15 1400-1,15
p=—————=700H Ry=——=——=700N 700 —1400—-700=0
2,3 2,3
Saw cylinder, including saws and gaskets.
Q-Yy+P-ly—Ry-1=0 Ry-1-Ply—q -1/, =0 Ry—P—-Q+Rz=0
1977 -1,15 1977 -1,15 988,5 — 1400 — 577
B—T—988,5N RA—T—988,5N — 9885 =0

In order to make a mathematical description of the object of calculation and to solve the problem as simply as
possible, real structures are replaced by idealised models or calculation schemes. In this case the calculation
becomes approximate, with the help of this method we have carried out the bending calculation of the saw cylinder.
Fig.1.b. shows the general view of the saw cylinder in the assembled version and the calculation diagram. In this
step, the bending calculation of the saw cylinder shaft is carried out, taking into account the masses of saws and
shims.

Fig. 1.b shows the scheme of the saw cylinder including saws and shims in the equally distributed variant in
the calculation of which the transverse force is distributed along the length of the shaft ascending, and the bending
moment in the flat form, this occurs directly under the influence of the equally distributed force (g - saw blades and
shims (mass)). It follows that changing the mass of the spacer leads to a reduction in the bending moment of the
shaft itself, as changing the mass of the saw blade is a difficult problem to solve. Then we apply the method of
approximations for this case of the first approximation. And for the shaft itself we apply the second approximation
and build the calculation diagram, which is shown in Fig. 1.b.

_ Gs+Gg g(mg+my)

Isn i 1 (1)
where, mg, mq - is the total mass of saw blades and gaskets mounted on the shaft, 1-shaft length.
From reference data [10,11], the masses of which are respectively 0.3kg and 0.15kg. Taking into account their

number on the saw cylinder, we calculate the total value of the equidistributed force.

9,8(39 + 20
gs = 2839 +20) 2511/,
2,3
2

I 2,3
Q=gs1- /2=251-T=577H

Calculations to determine the reaction forces on the supports were carried out using the above methodology
and the results obtained are summarised in Table 2.

Table 2. The reaction forces

Formula | 1-section | 2-section
Saw cylinder shaft
O =XPpP Q1 =R4 =700 N Qi =R4 -P=-700 N
M =Raxi M =Rax2-P(x -2 1/2);
Mpe =2 M. At, x; =0; M;=0; At, x2 =1.15; My =0.8:
x1 =1.15; M1 =0.8 kN-m x2=2.3 M;=0.7-2.3 - 1.4(2.3-1.15)=0
Saw cylinder, including saws and gaskets
Oy =2P Q1 =R41=988.5 N Qn =R4 -P-0=-988.5 N
M =R xi M =Ria x2-P(x - 2 1/2)-Q(x -2 1/2);
Mpe =2 M. At, x1 =0; M;=0; At, x2 =1.15; My =1136 N-m;
x1 =1.15; M1 =1136 N-m X2=23M=014

Next, we determine the internal forces of the saw cylinder shaft, taking into account the seed roller shaft (in
static position). Fig. 1.c. shows the general view of the process and the calculation diagram. The calculation of
which is important in the assembly and operation of the machines. Where to take into account the seed roller in the
calculations consider in the following form. Considering the mass of the seed roller, we will calculate the mass
force, and using the approximation method we will consider the distributed forces as concentrated forces (Fig. 1.b).
Let's take the mass of the seed shaft in the following interval. m,» =60+90kg for this case, U=588+882N. Then in
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this case the moment of resistance arising from the load of the seed roller on the saw cylinder M, =F, R, where, F,
=f-U.

The next question of interest is the influence of the seed shaft on the deformation process of the saw cylinder
shaft. Let's consider the proposed calculation scheme in the following form, where the shaft gravity force P and
equally distributed force g will be considered as accepted in the variant of the calculation scheme of the second
approximation. Forces P and Q by substituting the geometric centre of the shaft in our case - it is point (C) Fig. 1.c.
In order to take into account the seed shaft (external resistance) we will insert the force U, here from the seed shaft
arises torque or the so-called moment of resistance of the system M. In Fig. 1.c, the calculation scheme in cross
section is shown. The calculation is carried out according to the above mentioned method. Table 3 summarises the
calculation data on the influence of the seed shaft mass on the deformation process of the saw cylinder shaft, taking
into account the seed shaft.

Table 3. The influence of the seed shaft mass on the deformation process of the saw cylinder shaft

Mum (kg) UMN) | Fa(H) | Mm(N-m) | P(H) | QH) | Ra(H) Rs (H)
60 588 705,6 112,90 1400 577 1331,59 1233,41
70 686 823,2 131,71 1400 577 1388,77 1274,23
80 784 940,8 150,53 1400 577 1445,95 1315,05
90 82 1058.4 169,34 400 77 1503,13 | 1355,87
The shaft diameter can now be determined using the allowable stress theory [6]:
Mmax
Omax = w, < [o'] (2)
Axial moment of resistance of a cross section:
nd3
w, =" (3)

From this we can calculate the shaft diameter for the permissible load:

3 ,32»Mmax
d>= W “4)

Next, we determine the transverse internal forces and bending moments for each case separately using the
section method (Table 4).

Table 4. The transverse internal forces and bending moments for each case

Mi; (N-m Mz (N-m
Mem (kg) Qi (H) Q> (H) x=0 ]( x:)l 15 x=1 15( )x=2 3
60 1331,59 | -1233,41 0 1531,323 1418,427 0
70 1388,77 | -1274.23 0 1597,081 1465,369 0
80 144595 | -1315,05 0 1662,839 1512311 0
90 1503,13 | -135587 0 1728,597 1559,253 0

To determine the deflections Y;, Y2, Y3 in the direction of mass oscillations we apply unit forces; the epuples
from these unit forces M;, M> , and M; are multiplied with the epuple of bending moments M from forces Q by the
Vereshchagin method. The moments of inertia of the cross sections are calculated according to [12,13]:

_7rd4
= 64

On the basis of the obtained solutions with variations of technological resistance (seed shaft mass) (mm, kg)
the graphs characterising the influence of the seed shaft mass on the forces of the cross section (Q, N) and on the
bending moment of the shaft (M. , N/m) are plotted in Fig.2.

The results of processing of the obtained solutions with variations of technological resistance (seed shaft
mass) show that with the increase of technological resistance linearly increases the reaction forces on the bearings,
the growth of which directly affects the forces of cross section and on the bending moment of the tedder shaft. The
character of the obtained curves of influence of the seed roller mass on the reaction forces in the bearings
corresponds to the character of the curves of influence of the seed roller mass on the cross-sectional forces (Q, N)
and on the bending moment of the shaft (My. , N/m). So if at the mass of the seed shaft mm =60kg force of the cross
section Q=1331 N and bending moment of the shaft My =1531 N/m, then at the mass of the seed shaft mm =90kg
force of the cross section and bending moment of the shaft respectively was Q=1503 N, My, =1728N/m. It should be
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noted that with the increase of the seed shaft mass from 60kg to 90kg also increases the value of the cross-sectional
forces from 2565N to 2869N and the bending moment of the shaft from 112N/m to 170N/m respectively Fig. 2.
Next, we calculate the shaft deflection:

_ [y gy G0 (x=b)® -0t
Z—ZO+90x+E]y[ZM e O 5)

Zy#0

0. % 0’ a=b=c=l/2
0

Initial condition: x=0; {

Taking into account the shaft arrangement and the arrangement of the masses, it can be determined as
followsB, as follows, if x = 2a, To Z;, = 0 hence:

1 [Rg2a® M@a—@)® P(2a-a)® Rp(2a-2a)3
E,l 6 2 6 6

0, = (6)

2a

After determining ©, the shaft deflection can be calculated for each section or for each x value. The
calculations are summarised in Table 5.

AQ AM
2900 L
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2850

160 4
2800

Q .

150 A
2750 /'
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/.
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2600 T >
2550 100

50 60 70 80 S0 100

Fig. 2. - Effects of seed roll mass on the cross-sectional force differences
(Q-15, N)and on the shaft bending moment (Me , N/m)

For each case, the effect of changing the density or mass of the raw shaft on the saw cylinder shaft deflection
was considered.

Table 5. Effect of changing the density or mass of the raw shaft

Shaft deflection Z, (mm)
Mo, kg x=0,58 x=1,15 x=1,73 X=23
60 20,46413 20,66344 20,5526 0
70 20,48247 20,68879 20,5756 0
80 20,50082 20,71414 20,59859 0
90 20,51917 20,73949 20,62158 0

The cross-section of the shaft and the weight of the saw cylinder in the existing design is unreasonably large
(d=100mm). If the shaft diameter is reduced, a more favourable variant in terms of energy saving can be achieved.
This large mass of the saw cylinder (mainly due to the mass of the shaft) leads to the fact that the machine requires a
high power consumption (17-17.5 kW) when starting the machine.

It is known [14-18] that the power consumption in the set mode of the saw cylinder is 12-12.5 kW. Inertia
mass of the saw cylinder is large, in the stop mode it takes 7-12 seconds to completely stop the saw cylinder. This
adversely affects the product quality.

Conclusion

After the calculation works to identify the influence of the technological load on the saw cylinder shaft, it is
suggested to reduce the inertia moment (mass) of the saw cylinder and to adjust the density of the seed shaft. The
main method of mass reduction is to lighten the shaft itself or to reduce the number of saws and shims, which will
reduce the length of the shaft. The adjustment of the seed roll density depends on many parameters but the most
effective is the development of a new design of seed tedder for the working chamber of the linter machine.
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The angular speed can be increased by reducing the bending of the saw cylinder shaft. In this way, the
machine performance is not actually reduced.
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Abstract: Photovoltaics is one of the most widely employed clean energy sources on earth. However, when the
temperature of the PV cell rises, its electrical power decreases, which makes it essential to find ways to develop the
module's efficiency in high-temperature situations. One of the techniques used to raise efficiency and performance is
cooling. Researchers have used a variety of ways to cool solar PV panels, including active and passive methods.
Researchers used a forced air stream, PCM, a heat exchanger, water, and many other methods to make a solar PV
thermal system work better. The principal purpose of this chapter is to look at the significant information the
researchers found in their research about how to improve the efficiency and performance of PV cells, how to cool
them, and other reasons that affect the output of solar cells.

Keywords: solar panel; cooling methods; cooling efficiencies.

Introduction

Clean energy refers to energy sources that regenerate spontaneously and may be utilized repeatedly [1], [2],
[3]. Some energy sources are solar, wind, geothermal, hydropower, and bioenergy. In general, renewable energy
sources are seen as more ecologically responsible and sustainable than non-renewable power sources, such as fossil
fuels, which are limited and emit greenhouse gases when burned [4]. The use of renewable energy sources has
several advantages. For instance, they can lessen our dependence on fossil fuels, which is significant in climate
change [5], [6], [7], [8], [9].

Additionally, renewable energy sources can offer a more consistent and predictable energy supply and often
have lower long-term operational expenses. Additionally, renewable energy may foster employment growth and
local economic development [10]. Although the UN globalist agenda emphasized the necessity of developing green
power and lowering pollution (CO, or NOX), facts indicate that these targets are not achievable under the existing
structure. If global coal and natural gas usage continues at its present rate, the heat of the earth is expected to
increase by 4-6 °C above what it was before industrialization.

A rise of this magnitude would be disastrous for food production, people's health, and biodiversity. It would
jeopardize the existence of communities in so many places on the globe [11]. Solar energy has the potential to fulfill
the world's energy needs if it is exploited efficiently. Energy from the sun can be converted directly to electricity by
photovoltaic cells (PV) or converted thermally by concentrated solar power. PV technology has become more
attractive in recent years thanks to a considerable cost reduction. Solar energy system operating costs are frequently
cheaper than non-renewable energy sources. However, PV cells cannot convert all of the energy in the solar
spectrum due to their inability to utilize low-energy photons and the thermal energy produced through
thermalization by high-energy photons [12], [13], [14], [15], [16].

The sun produces enormous amounts of energy, and the planet receives about 1.8 x 1014 kW daily, which
accounts for a significant fraction of the sun's total solar power, calculated to be 3.8 x 1023 kW. Solar energy is a
renewable resource that may power various devices, such as solar water heaters, concentrated solar power plants,
and solar panels [17].

The two crucial factors that affected a solar photovoltaic company's effectiveness were the dispersion and
intensity of solar radiation. The two factors differ significantly across countries. Asia has the highest potential for
solar radiation absorption compared to other warm countries since their year-round sunshine duration is more
significant. Fig. (1) shows the variation of solar radiation in the Middle East. Understanding that much solar energy
is wasted since it is unused [18] is essential. Using semiconducting materials that show the photovoltaic effect, the
process known as photovoltaic (PV) transforms light into electricity. When photons (light particles) from the sun or
other light sources dislodge electrons from their atoms, a current of electricity is produced. Typically constructed of
silicon, PV cells are organized in panels or modules that may be put on buildings such as walls or roofs. Since it has
been around for a while, photovoltaic PV technology has become famous for power in homes, companies, and other
purposes [19]. As shown in Fig. 2.
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Fig. 1. - Solar radiation [20]

Fig. 2. - Converting sunlight into electricity [21]

PV modules are quite sensitive to rising ambient temperatures. The power and performance of PV modules
are reduced when the ambient temperature rises [22]. Solar cell power output P and voltage output V are connected
through the P—V characteristic, assuming constant solar irradiance (E) and panel temperature (Tm). If Tm or E are
modified in any way, the entire collection of attributes is modified. Fig. 3 shows a temperature increase in a cell.
The maximum current of solar cells decreases as the temperature increases. For every 1 degree Celsius increase, the
output power of the cells drops by 0.5%, which means that overheating can significantly impact the production of
solar cells [23].

Solar PV cells are the primary element of PV systems and are mainly semiconductor devices that can convert
solar radiation into DC electricity when exposed to sunlight. Such an optical cell consists of a P-N junction formed
on a thin light-sensitive material, primarily silicon. The P-N junction of the cell is formed by doping a silicon wafer
with impurities, thereby creating two layers with different electrical properties. The physical process through which
solar cells convert solar radiation into electricity is known as the PV effect [24] to demonstrate the science of
transforming the absorbed light from the silicon cell into a current.
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A typical PV panel has glass, silica, EVA, and PVF layers—Fig. 4. Predicting the amount of heat absorbed
by photovoltaic cells can be difficult due to the varying absorptivity coefficients of various materials. The heat
output of photovoltaic cells is complex and challenging to accurately determine due to factors such as cell
efficiency, the environment in which the cells are used, and the material of the cells. Among other things, it impacts
the temperature of the cells. Of day, the tilt angle, and a material's emissivity and reflectivity. The emissivity
determines the amount of heat lost to the surrounding environment, but reflectivity determines how much heat is
absorbed from the backside and frame of the model. The temperature of photovoltaics is generally higher than the
ambient air temperature, leading to greater dissipation through heat loss rather than absorption through diffuse
irradiance. Fig. 5 [26].

/,/
o e e
e Sky

1 Solar radiation flux }

Fig. 4. - Heat transfer in PV panel [27]

Recently, the efficiency of photovoltaic panels has significantly improved, with some reaching more than 16%.
However, panels with an efficiency rate of 11.7 percent are still widely available and have been shown to experience
a decline in performance when their cell temperatures reach 25 °C [28].

o—= Frame
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« internal circuit
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Backsheet

\\. k ' +———————= Junction box

Fig. 5. - PV panel structures [29]
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1. Phase Change Materials (PCM)

In recent years, PCM has been used in various applications, the most significant of which is cooling
applications that utilize water and air because of their capacity to store enormous amounts of heat and dissipate it
through melting, despite their small size. While it comes in various shapes and sizes, its primary applications include
energy conservation in buildings and heat storage applications such as hot water tanks and protecting food from
extreme heat during shipping and storage. Finally, it was used in photovoltaic (PV-PCM) applications to raise the
efficiency of solar panels, an area in which researchers have made tremendous progress, and the rise in panel
efficiency was noticed when phase-changing materials were used [30].

Phase change materials are categorized into two fundamental types of organic materials: paraffin compounds
(amino acids) and non-paraffin compounds, which have high thermal stability and are employed in low-temperature
applications. Inorganic materials, like salt hydrates, are more common than their predecessors. It is for use in low
and moderate-temperature settings. The usage of (PCM) in house heating and cooling applications has been
investigated. PCMs are adaptable, melting and solidifying across a wide temperature range, making them
appropriate for various applications. Furthermore, such technologies benefit people and save energy, as shown in
Fig. 6.

alkane Organic Metal and alloy
organic ‘
| |
Fatty acid Organic
| inorganic Hydrous salt
Fatty alcohol ‘ |
inorganic
| inorganic Molten salt
polyester

Fig. 6. - PCMs are classified according to their properties

Table 1. Type of Commercial PCM [31]

Organic Commercial PCM
Paraffin ¢ 18 S27
Tetradecanol RT30
Paraffin ¢ 16-28 TH29
Paraffin ¢ 13 RT25
Dodecanol STL27
Paraffin wax RT40- RT50-RT58

PCMs are utilized for temperature regulation in several photovoltaic systems to decrease temperature-
dependent photovoltaic efficiency loss. At three different degrees of insolation, the performance of each PCM was
determined by evaluating four distinct PV/PCM systems. Modifying the mass and thermal conductivity of PCM was
essential for adjusting PV temperature. The highest temperature drop of 18 degrees Celsius was obtained in 30
minutes, and a temperature drop of 10 degrees Celsius was maintained continuously for 5 hours [32].

A PV/PCM hybrid with two types of PCMs has been studied, and it can keep the PV at its average working
temperature of 25°C, improving solar energy conversion efficiency during varying diurnal insolation. The incoming
energy is captured as heat by the photovoltaic and transferred to the PCMs via the high thermal cell wall. The PCMs'
thermal management properties may keep the PV temperature lower for longer [33]. (PCM) have been studied as a
way to regulate the temperature of solar panels. By incorporating PCMs into the design of solar panels, it is possible
to keep the cells' temperature closer to the ambient temperature for longer periods of time when exposed to high
levels of solar radiation. For example, research has shown that using PCMs can allow solar panels to maintain a
temperature below 40 degrees Celsius for an additional 80 minutes when subjected to 1000 W/m2 of solar radiation
over a prolonged period [34].
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Investigated on a global scale, the yearly growth in energy production provided by a photovoltaic structure
with a phase change material core. PCM functions as a heatsink. The PCM provides cooling effects in regions with
slight intra-annual climatic fluctuation. When the ideal PCM melting point is used, yearly photovoltaic energy
production increases by more than 6% in Mexico and eastern Africa and more than 5% in several other regions [35].
The study specifically aimed at the thermal characteristics of three separate PCM classes. The thermophysical
characteristics of five solid-liquid phase transition materials were analyzed for usage in photovoltaic heat regulation
applications. The components were separated into three major categories: wax, salt hydrates, and fatty acid mixtures.
It is essential to examine the link between the thermophysical characteristics of PCMs and their usage as
temperature managers and the external operation of PV systems [36].

The photovoltaic panel's comprehensive heat transport analysis was done with the PCM. This study
determined the convection influences on the melted PCM, the wind velocity, and the PV board's slope angle. Then
noted, the panel's maximum working temperature when conduction and convection effects are combined is 54.90
°C, as well as 58.5 °C when convection in melted PCM is not included (just conduction mode). Additionally, higher
wind velocity or a higher tilt angle have been shown to minimize the functioning temperature of PV panels [37].

The impact of adding phase-changing materials on power conversion efficiency and increased lifetime in
building-integrated photovoltaics was examined. The primary purpose is to assess the operating temperature
regulation for BIPV with and without PCMs under different climate conditions. The finding showed that PCM
applications have a beneficial environmental effect because they use fewer resources to make BIPV. PCMs can store
heat and avoid significant damage to the BIPV early in its life cycle [38]. The computational analysis and scientific
experiment demonstrate that PCM can regulate the temperature of the PV model by ten degrees Celsius for around
six hours in Malaysian conditions, as shown in Fig. 7. These temperature decreases greatly enhance the productivity
of the photovoltaic module [39].

The efficiency of solar panels was investigated by utilizing a variety of cooling configurations that included a
variety of thermal absorber designs, coolants, and PCMs. According to this study, PV panels incorporating PCM are
effective options for solar panel cooling [40]. After significant research on several natural and forced cooling
methods for solar photovoltaics, previously employed systems have been deemed superior. Inactive cooling uses
PCM paraffins such as wax, eutectics, natural material, and cotton wick, whereas active cooling uses gas, water, and
nanofluids. Then, it has been noticed that the ambient temperature of the panel affects the conversion process, which
affects both electrical performance and efficiency. As the cell's temperature rises, its performance degrades [41].

Fig. 7. - Melted PCM pouring on the rear part of PV [39]

The thermodynamic photovoltaic-PCM model was investigated to determine a PCM's mass, heat, and energy
transfer mechanisms under a photovoltaic panel. The appropriate PCM increases the created output energy to 12.7
W. The highest functional temperature of the photovoltaic cell was lowered from 70.36 °C to 56 °C because the
PCM's thickness increased from 1 cm to 3 cm [42]. To create a simplified model to calculate and analyze both the
effectiveness and thermal functionality of the PCM system, they examined different PCMs' melting points and latent
temperatures to select the appropriate PCM and, based on previous reviews, then discovered that the plate
temperature decreased by about 10.1 °C and the efficiency increased by up to 3.73 percent [30].

PCM was applied to the backside of a photovoltaic panel. PV thermal management (PCM) is designed to
absorb the PV panel's excess heat, allowing for PV thermal control and energy power efficiency enhancement. The
findings show that the PV temperature differential between photovoltaic systems without PCM and PV-PCM
systems can reach 23 degrees Celsius, resulting in a 5.18 percent increase in the PV-PCM system's energy
production [43]. To create a model to evaluate the PCM's functionality throughout the year and under different
situations. Five modules were simulated, and the findings suggest that PCM performs well in the summer with a
high melting point [44]. PCM is used as a cooling technique to improve the effectiveness of photovoltaic panels.
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The influence of PCM physical properties, ambient conditions, and encapsulation design has been computed and
empirically investigated. It can be demonstrated that using a suitable PCM can enhance the productivity of
photovoltaic panels and PV thermal systems.

Then, PCM decreased the solar plate's heat and enhanced the structure's ability to convert solar energy into
usable power [45]. An analytical and experimental investigation was undertaken to calculate the impact of
inclination angles on the solution's efficacy—procedure properties of a substance (PCM) when used as a heatsink
behind a solar panel. Based on the data, when the angle of tilt went from 0 to 90 degrees, the melting time went
down, and the plate temperature went down by 0.4% to 12.0% [46]. Then, methods for cooling a solar panel with
PCM on the backside of the PV model were investigated. They discovered that free cooling is more effective in hot
conditions [47].

2. Heatsink

Heat sinks are used to passively or actively cool a method, with or without the expenditure of other power.
Heatsinks are constructed of heat-absorbing and heat-distributing materials. Because of their excellent thermal
conductivity, copper and aluminum are often used in heatsinks. Heatsinks use variously sized and shaped fins to
dissipate heat [48]. The dispersants were employed in conjunction with solar cells and considerably lowered the
panel's temperature, as the dispersants aid in heat dispersion to the surrounding region. Fig. 8 shows one type of
heatsink and its operation [49].

Ambient
Air

Heatsink

Fig. 8. - Heat sink

Researchers were able to study the impacts of four alternative thermal management methods on the thermal
efficiency, point-based efficiency, and overall efficiency of a solar panel by mixing experimentally injected graphite
with an externally finned heatsink. According to the findings of this study, this strategy was the most efficient way
to improve the capacity of a solar panel by 12.97%. As a result, including graphite and an externally finned heatsink
in the design of solar panels may be an efficient strategy to increase their performance and efficiency [50]. The
effectiveness of a solar cell coupled to a thermal sink cooling system was evaluated under varying levels of solar
radiation as well as passive and active air cooling over the heatsink. As compared to a solar cell cooled by natural
convection, the temperature of a solar panel dropped by convective heat transfer at 500 W/m2 of incoming heat flux
increased as the solar irradiation increased. 5.4% of the solar panel heat is dissipated when the heatsink is cooled by
natural convection. In comparison, 11% is dissipated when cooled by forced convection because forced airflow has
a higher heat transfer coefficient than natural airflow [19].
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Fig. 9. - Heat sink with pin fins [51]
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Looked for a link between lowering the heat of a cell and variations in its performance and productivity in
cells during normal operation circumstances and those with thermoelectric panels. According to the findings, the
combination of a heat sink and a thermoelectric module lowers the heat of the PV panels, increasing their efficiency
as well as output power. The cooling performance was optimum. In an ideal situation, the thermoelectric heat
transfer cells could increase solar panel performance and power output by 10.50% [52].

In an effort to design a more effective method for cooling the cell, they evaluated the output of a PV cell
using a finned mini-channel heat sink exposed to a high concentration ratio. Introducing alumina and silicon dioxide
nanoparticles improved the thermal conductivity of water. Furthermore, there was a substantial improvement when
the fluid's temperature was increased. At a Re of 8.25 and a concentration level of 500, the system's overall
efficiency improved by 3.82 percent [53].

Thermal control is achieved through the use of two layers of heat sink and a CPV cell. The cooling
orientations of air in parallel flow and counter flow were examined. When the concentration ratio (CR) was 5, 10,
15, and 20, ethanol was used as a coolant to prevent the CPV from overheating. According to the experiments,
temperatures drop significantly when the inlet flow rate is raised [54]. According to the research, a heat sink was
used to cool a solar panel. Two Nanofluids cooled the heat sink. The heat sink comprises an aluminum cover and
two zigzag-channeled components.

The heat sink and PV performance were evaluated for nanoparticle concentration at various Reynolds
numbers. The introduction of alumina nanoparticles improves the thermal performance of solar cells. Increasing the
(Re) number from 50 to 150 resulted in a 7% increase in thermal efficiency [55]. Analyzed cooling a solar cell
module by increasing the back surface's heat transfer factor. The efficiency of a heat sink engaged on the backside of
a panel is studied, as is the impact of fin height on heatsink performance. The panel's front and back surfaces
achieved 62 °C and 51 °C, respectively, with a 20 mm heatsink fin height. When the fins were 300 mm long,
temperatures dropped to 45 °C as well as 30 °C, respectively. Fig. 10 shows a heatsink with a fin length of 20 mm.

Fig. 10. - Heatsink with 20 mm fin height [56]

They looked at the effect of cooling on solar model efficiency. They tested the efficiency of PV cells using a
flat cooling channel as well as a finned channel placed at the rear of the model. They discovered that the presence of
fins increased the output of the model by 18.92%, and a drop in the panel temperature of 39.82 °C was recorded
after it was 57.91 °C without cooling [57].

To improve thermal efficiency, a passive cooling system comprised of a heatsink with aluminum and copper
fins and a number of them (5-10—15) positioned at the bottom of the panel was applied. They found that increasing
the number of blades increased the thermal effectiveness of the board, with 15 blades and an aluminum base
yielding the best results. Finally, the board's temperature decreased by 10.2 C, and its productivity improved by 2.74
% [48]. It is possible to enhance a solar cell's efficiency by using numerical calculations and air channels with
varying airspeeds fitted with a heat sink in the shape of a hexagonal pin-fin at the bottom of the panel. Thermal
efficiency increased by 60.8 percent, and electrical efficiency increased by 13.1 percent as a result [58].

3. Heatsink and PCM

The effect of PCMs on reducing the temperature increase in integrated PV cells in buildings was
investigated. Two PCMs were used to mitigate the overheating of PV cells. Thermal performance was offered to
improve the thermal conductivity of the PCM for different inner fin arrangements by using paraffin wax RT25 with
inner fins. More than 30 °C could decrease the temperature rise of the PV/PCM system compared to a single flat
aluminum sheet rest through a phase change [59]. Fig. 11 shows PCM and heatsink for cooling electronic devices.
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Fig. 11. - PCM with heatsink [60]

The most investigated natural cooling techniques are PCM-built, air-based, liquid-based (water and
nanofluids), and radiative-based. Based on the obtained results and known technical solutions, the air-based cooling
option using Alfins installed on the PV plate back surface is currently the most incredible practical passive cooling
alternative, both technically and economically [61]. A 2D model of the PV layers was constructed and connected
with a stage change material and heatsink to forecast the transient temperature variation. Compared to single-hole
and three-hole series heatsink arrangements, heatsink geometries with three and five equivalent cavities were shown
to dramatically lower panel heat. Furthermore, it was discovered that using a five-parallel-hole heatsink
considerably improved the solar cell's temperature uniformity [62].

In order to enhance the photovoltaic system and make the panel work better, a container with a phase-
changing material and a heatsink was made and fastened to the posterior of the panel. In order to Fig. out how deep
the container should be, the effects of the environment on wind speed, melting point, and ambient temperature, as
well as the depth of the fin and the distance between them, were studied [63]. A new method to improve the
efficiency of solar PV panels, such as TCE, was proposed, using PCMs and aluminum panels. They used two 5 W
PVs; one was combined with an aluminum plate at the rear of the panel. The panel was compared to one with a
naturally ventilated plate without PCM and aluminum. It was experimentally verified that the aluminum plate at the
back of the panel enhanced its efficiency by an average of 24.4%. With a decrease in average temperature of 10.35
°C, the electrical efficiency of the plate increased by 2%. The maximum decrease in temperature was 13 °C for the
first day and 7.7 °C for the second day [64].

Investigated Heatsinks with fins coupled with PCM substances were produced to generate an effective heat
load and improve thermal conductivity efficiency. A significant drop in temperature was seen, especially when there
was a lot of heat flux [65]. The research looked at the numerical enhancement in photovoltaic cooling achieved by
employing finned PCM (FPCM) heatsinks. The PV, PCM, and FPCM methodologies were tested in Southeast
England's atmospheric conditions. Experience has shown that PCM heatsinks may reduce the maximum PV
temperature by about 13 K, while FPCM heatsinks can enhance PV cooling by 19 K.

Fig. 12 demonstrates that PCM heat sinks may boost PV output energy from 13% to 14% [66]. They
assembled and examined three distinct PCM containers, including grooved, tubed, and finned containers, to increase
the output power of a PV structure (PV). The finned container proved to be the best in terms of cooling. The
outcome was that the heat of the PV units dropped a lot, allowing them to produce the most electricity possible [67].
A numerical study was done to lower the temperature. Electrical devices use a mixture of phase-changing materials
and heat dissipators of various shapes and sizes to raise the lousy conductivity of phase-changing materials, and a
significant improvement in thermal performance was observed [68].

\ PV layers

Fig. 12. - Components of the heatsink with PCM [66].
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4. Cooling strategies that can boost the effectiveness of PV models

Adopting a unique micro-pipe array enhances the cooling of the solar model. Natural convection cooling
devices in both air and water were evaluated. When the average radiation amount is 26.3 MJ, the most significant
variations in photoelectric conversion efficiency (2.6 percent), maximum temperature drop (4.7 °C), and maximum
output power (8.4 percent) are observed. When the average radiation is 21.9 MJ, the water-cooled solar plate with a
heat pipe surpasses the air-cooled type by a maximum of 3% in photoelectric conversion efficiency, 8% in
temperature reduction, and 13.9 percent in output power increase [69].

A new study on a hybrid solar energy system combining thermal and photovoltaic technology to cool
photovoltaic cells revealed that a series of channels with only an entrance and exit were placed to the back of the
photovoltaic board to ensure equal airflow distribution. In specific tests, active cooling was utilized. Temperature
and efficiency are linear. The module becomes extremely hot without active cooling, limiting the solar cells'
efficiency to 8-9%. When solar cells operate with active cooling, their efficiency increases to 12 and 14% [68].
Then, it worked to cool the photovoltaic panel using a wind-powered roof-top turbine blower. Solar cell cooling and
ventilation were accomplished in the same process. A dynamo powered the wind turbine ventilator. To improve the
productivity of the solar cell, air was circulated beneath it using a blade. Along with the ventilator's regular
breathing, this combination increased the output power of the photovoltaic cell by 46.54 percent [70].

Active evaporative cooling is utilized to reduce the PV heat. The increase caused by solar irradiance
absorption on PV modules was tested. He coated the rear of the panel with synthetic clay and allowed a thin layer of
water to evaporate. The findings indicate that the suggested technique is technically possible, as it achieves an
output voltage gain of 19.4% at its maximum and 19.1% in output energy [71]. They have created a unique method
to boost the effectiveness of PV plates, which entails adding a thin layer of oil to the front side to improve the
quantity of sunlight the plates receive and, consequently, their efficiency. To examine several oils, including mineral
oils and natural oils. The output of the photovoltaic panel has been examined. Labovac oil lets more light through
than other oils, so it has been found that covering modules with a thin film of Labovac oil, about 1 mm thick, makes
the model more than 20% more efficient [72].

In Egypt, an alternative cooling method for PV panels was evaluated. Instead of a compressor, a heat
exchanger uses a soil heat exchanger to cool the rear of a panel. The thermally pre-cooled airflow across the back of
the panel at an ideal ratio of 0.0288 m?®/s successfully moderated the board's temperature from 55 °C (without
cooling) to 42 °C. The photovoltaic panel's electrical output improved from 18.90% to 22.98% at this optimal flow
rate[73]. The experiment to cool solar panels with saturated activated alumina and saline water is presented at
varying radiation levels. In the 6-hour test, two irradiation levels of 800 W/m2 and 1000 W/m2 were used.

The salt influence, mainly on activated alumina tablets, was monitored for four months. Internal and exterior
design changes recommended increased system cooling by 3—4 to Cover previous configurations [74]. They
developed a novel cooling method that works with solar panels. The thermo-magneto-generator system operates as
both a thermal dissipater and an electrical generator. The cooling technique improved efficiency by over 99%. The
peak generation is 1.6 mW/m? [75]. A cotton fiber mesh is used to make the plate's back surface cooler; this mesh
takes in water from a pipe and transmits it down the slope of the device by capillary action. During the experiment,
the temperature decreased by 23.55 degrees Celsius. As a result, the panel's power increased by approximately 30.3
percent [76].

Hydrogel beads soaked with Al203 liquid nanofluid are used to cool solar panels. With 0.5 percent wt., the
surface temperature dropped from 17.9 degrees Celsius to 17.1 degrees Celsius. From a performance standpoint, 0.5
percent wt. Provided the best results, but due to the cost of nanomaterials, 0.25 percent wt. Concentrations are the
most cost-effective option [77]. A smart water spraying approach that ineffectively solves a critical gap faced by the
PV cell during hot weather situations. The use of an Arduino board to implement a microcontroller temperature
control water spray device improved the effectiveness of the solar cell. The study used a temperature control
feedback system and made a cooling algorithm for solar collectors, which made the PV panel array about 16.65%
more efficient [78].

The effectiveness of polycrystalline photovoltaic cells when cooled by evaporation was investigated. Under
similar circumstances, cooled PV panels outperformed uncooled PV panels in efficiency and output. Evaporative
convective cooling uses a wet cloth on the cooling channel's bottom surface. When a 120 mm air gap was used to
cool the solar model, it increased daily energy output and efficiency by about 1.7 and 1.2 percent, respectively [79].
Water-based photovoltaic systems. This technology reduces the photovoltaic panels' temperature by 5—6 °C. The
solar PV absorber system is perhaps the most economically advantageous from a thermal and electrical energy
production standpoint. Self-contained PV systems might benefit from water evaporation on the rear of the panels by
utilizing mud and cotton wicks. Solar panels in dry climates benefit from dual cooling [80].

5. Variables that influence solar cells' productivity

The impact of various reasons on the panel temperature of selected PV methods in Singapore was examined,
including material, ventilation, module frame, and other ambient circumstances. The monitoring findings revealed
that the temperature rose between the lowest and highest temperatures. Readings varied due to three factors. When
the temperature of silicon wafer-based modules increases by one degree, power consumption decreases by 0.45%
[81]. They modified initial conditions such as transparent conductors, metallic pattern conductivity, and low light
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intensity, allowing for grid design and finger size optimization. The results show that a metal grid with 20-lm broad
lines would enhance the performance effectiveness of the solar board by 11.7% [82].

The impacts of external influences on the module's temperature were explored. The sun, wind, temperature,
and distance between neighboring cells were all considered. The solar panel layer reached a maximum temperature
of 331.76 kelvin. Additionally, lighter irradiation facilitates the solar module's thermal dissipation, increasing its
temperature. When the wind speed goes from 0 meters per second to 1 meter per second, the efficiency of a solar
module also goes up [83]. The influence of humidity on solar panel output was tested in a lab. After measuring PV
output (voltages and currents), solar radiation incident studies show that solar irradiance and panel power production
decline when humidity increases. The panel's output power decreases by 34.22 percent for every 50 percent increase
in humidity [31].

The distance between the panels and the roof impacted the free airflow's ability to detect the panels'
temperature. It was discovered that the natural airflow beneath them influenced the panels' performance. The
amount of solar irradiation, distance between solar models, and so on were also investigated. The average
temperature of a PV group without an air cavity is about 12 ¢ greater than that of a PV array with an air gap of more
than 200 millimeters and about 18 ¢ higher, widened to 250 millimeters [84]. The influence of dust depletion on the
electrical output of the SPV was examined, and an experimental examination of the output power sensitivity
throughout dust depletion was performed. Sand storms, levels of pollution, and snow quantity all significantly
influence SPV's performance. These difficulties reduce solar panel efficiency and have a detrimental influence on
electrical performance [85].

Snowfall on photovoltaic panels can significantly reduce power output, as shown in Fig. 13. This effect must
be precisely anticipated to be considered a reliable energy source. There were other topics they investigated. To
examine both engaged and cumulative solar irradiance and the thermal capacitance of the PV panels [86]. Hand
scrubbing, vacuuming, and electrostatic precipitation are some cleaning techniques used. This cleaning procedure
can increase the panel's efficiency by 15-20% [87]. Then, it was found that dust reduces the sunlight the solar cells
receive, lowering the output. So, cleaning routines are implemented to increase panel performance. The more
frequently clean, the better; though this may require more energy, the gain may need to be increased [88].

Fig. 13. - The effect of the snow on the model [89]

Conclusion

The heat of the photovoltaic modules is a crucial aspect that determines the amount of power they will
produce. While more sunlight can be beneficial, it also raises the panel's temperature, which can offset some of the
benefits. In reality, the most efficient solar photovoltaic panels only transform about 20% of the incident solar
irradiance into straight current energy, with the majority of the remaining irradiation being reflected or absorbed by
the module material as heat [85]. When the environment's temperature rises by one degree Celsius, the panel's
efficiency falls by 0.5% and its voltage falls by 2.2 mV. The high heat of the cell will harm the model's ability to
produce power [90]. There is a solid motivation to decrease cell base temperature through heat transfer and removal
methods in the fastest and most straightforward technique possible.
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Abstract. In connection with the modernization of coal mine equipment in the Karaganda coal basin, the customer
faced the problem of installing large units: the existing installation blocks have a low load-bearing capacity. This
article discusses the development of an experimental model of a reinforced installation block according to the
customer's technical specifications. In accordance with the customer's requirements for dimensions, weight and
load-bearing capacity, design and technological documentation for a new reinforced installation block design was
developed. Mathematical calculations for the strength of the design units were verified by the APM FEM program in
the KOMPAS-3D system. Steel grade 30XGSA is the optimal material for the main parts of this product under the
specified loads. The nominal diameter of the rod for the "axis" and "earring" parts is 48 mm. The weight of the
structure meets the requirements and does not exceed 15 kg. The minimum permissible cross-sectional area of the
eye of the "earring" part is 329 mm? Two installation blocks were manufactured according to the developed
drawings, which successfully passed the tensile strength tests. This design has been found to be operational and is to
be tested in coal mine conditions.

Keywords: mounting block, bracket, steel rope, lifting device, rigging.

Introduction

The assembly block is widely used in assembly and disassembly work on equipping coal mine long walls
with equipment and serves to transport and install the units of the complex at the work site [1, 2].

The assembly block must meet strict safety, reliability, and efficiency requirements [3].

The main requirements for the assembly block are [4-6]:

- strength and reliability of the structure;

- the quality of the material from which it is made;

- ensuring its lifting capacity with a safety margin;

- the safety of load fixation.

The block must be made of materials resistant to high loads, corrosion, abrasive wear and exposure to
aggressive mine environments (dust, humidity, gases) [7, 8].

The block must be designed to lift and move loads corresponding to its lifting capacity with a safety margin
[9]. Reliable grips, slings, and other fastening elements must ensure the safe fixation of the load during
transportation and installation [10].

The assembly block is a structure consisting of three main elements: a bracket, an axis, and a block (Figure
1). Before carrying out work, the assembly block is fixed by the bracket with fastening elements (chain, rope, etc.)
to the metal arch support of the mine workings or to the metal structures of the installed mechanized support, a
branch of the rope ©22.5 ... 27 mm is passed through the block and the block is fixed with an axis. The assembled
assembly block is used both to change the direction of movement of the ropes and to lift and move loads.

\

Fig. 1. - General view of the operating mounting block
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In modern realities, new and modernized equipment is heavier and less divided into component units, which
complicates the production of installation work with operation at maximum loads of installation blocks [11]. The
brackets of the installation block often fail during the work. Also, in case of critical deformation of the bracket, the
released rope can cause injury to workers.

In this regard, in the mines of Karaganda, there was a need to use a new reinforced design of the installation
block that meets the following requirements:

1) type of design - collapsible;

2) breaking load - not less than 320 kN;

3) weight - no more than 15 kg (maximum weight of the load lifted by the worker, permitted by safety
requirements);

4) overall dimensions - 160 x 180 x 310 mm.

When monitoring the market of lifting devices, the required blocks were not identified. Most of the assembly
blocks either exceed the declared dimensions and weight, or do not have the required load-bearing capacity.

The aim of the study is to develop a new reinforced design of the mounting block for assembly and
dismantling works in coal mine long walls, ensuring the above requirements.

1. Research methodology
The main load-bearing elements of the assembly block structure are the “axle”, “block™ and “earring” parts
(Figure 2).

T80 iy

20 max

1 — earring; 2 — axis; 3 — washer; 4 — nut; 5 — cotter pin; 6 — block
Fig. 2. - Scheme of the design of the reinforced mounting block

In accordance with the stated requirements, the design of the assembly block must have dimensions of 160 x
180 x 310 mm. The "axis" was previously made of 30KhGSA steel and to increase the lifting capacity it will be
enough to calculate and change the working diameter upwards.

The design of the "block" 160 mm for ropes ¥22.5 ... 27 mm did not change except for the diameter of the
hole for the "axis". The design of the "earring" was selected for the required dimensions and the loads on the eyes
were calculated using various grades of steel, since previously the "earring". At “Kurylysmet” LLC it was made of
steel 20.

For comparison with steel 20, the most commonly used structural carbon high-quality and structural alloyed
round steels were selected, namely: 35, 45, 30XGSA and 40C. The main criterion for optimizing the choice of
material for the construction of the assembly block is the strength criterion. To assess the strength criterion of the
structure, it is necessary to know the yield strength of the selected material. The yield strengths of the steel grades
used are presented in Table 1.
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Table 1. Yield strength of steel grades

Steel grade Yield strength, MPa
20 250
35 320
45 360
30XGSA 850
40X 330

The safety factor of the structure is determined by the formula [12]:

Os

n=— 1
Omax ( )
where o — yield strength of material, MPa;
0 max — Maximum stresses in the structure, MPa.
2. Calculation of the geometrical dimensions of the mounting block structure
To determine the diameter of the “axle” and “earring”, the formula for calculating the rod on shear was used
[13]:
4xS
4= |mman @

where d — axle diameter, mm;
S - Harpy3ka Ha cpes, H;
0,21 - allowable voltage coefficient;
Tsh - allowable shear stress (yield strength of the rod material), MPa.
Substituting into the formula the values for steel 30XGSA and the required breaking load, the following
result was obtained:

4 x 320000
3,14 x 850 x 0,21

=~ 48 mm

According to calculations, the diameter of the rod of the “axle” and “earring” was taken as 48 mm.
At the pin diameter of 48 mm, the weight of the structure is minimal.
For comparison, we made similar calculations with the previously mentioned steel grades (Figure 3).

88 78 73 26 77
20 35 45 30XGSA 40X
==@==Yield strength, MPa 250 320 360 850 330
e=@==Rod diameter, mm 88 78 73 48 77

Fig. 3. - Diameter of the axis of the mounting block structure when using different steel grades
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According to this table, we were convinced of the correctness of the choice of material - steel 30XGSA,
which with the highest characteristics of yield strength provides the smallest diameter of the rod, necessary for the
design of the structure in the given overall dimensions.

The following calculations were made for the “earring” lugs.

The permissible normal stress at break is determined by the formula [14]:

[O-n] = (3)

where o, - tensile strength, MPa;
n — safety factor.
Permissible normal stress at rupture by formula (3):

1220
[0,] = —— =406 MPa

The permissible shear stress at shear is determined by the formula [15]:
[z,s] = 0,6 x [0,] = 0,6 x 406 = 243 MPa (4)

The tangential stress in the vertical section at given parameters depends on the cross-sectional area of the eye
S and is determined by the formula [16]:

T, = & < [ty (5)

where Q - breaking load, N;
S — cross-sectional area, mm?>.
Accordingly, the area of the eyelet must be no less than [17]:
§=—2¢ = 32099 _ 379 mm? (6)

T axtys 4x243

The cross-sectional area of the eye is determined by the formula [18]:
S=—XB, @)

where D = 85 — eye outer diameter, mm;
d =49 — diameter of the eyelet hole, mm;
B =25 — eye thickness, mm.
Cross-sectional area of the eye by formula (7):

_85-149

5 X 25 = 450 mm?

The total tangential stresses in the vertical section are equal to:

Q 320000
Tts = =
4xS 4x450

= 178 MPa < 243 MPa

In the final version, the strength condition is fulfilled: the result of the calculation of the tangential stress in
the vertical section of the “ear” lugs was lower than the permissible one, which corresponded to the stated
requirements.

3. Engineering analysis of the mounting block design

Verification of mathematical calculations of the part “bracket” was performed in the APM FEM program in
the KOMPAS-3D system of ASKON LLC. The functional set of the program allowed to simulate a solid object and
comprehensively analyze the behavior of the calculation model under various influences on it [19, 20]. The results
of calculation of the applied loads on the lugs of the solid three-dimensional model at the fixed arc-shaped part were
visually reflected in it. In addition, as a comparison for steel 30XGSA and steel 20, calculations for safety factor
(Figure 4) and total deformations (Figure 5) were carried out.
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M A

a) steel 30XGSA,; b) steel 20

Fig. 4. - Result of calculation of safety factor of the part “earring” in APM FEM application

The safety factor of the earring made of 30 XGSA steel ranges from 1.8 to 10 mm, the total deformation of
the earring structure made of 20 steel ranges from 0.8 to 10. The most vulnerable parts of the earring are the inner
diameter of the eyelet and the eyelet flanges.

W AMM

0.006467
0.006062
0.005658
0.005254

0.00485
0.004446
0004042
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) 0001213
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4.8030-07
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0006144
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0.002195
0.001756
0.001317
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5.215e-07

a) steel 30XGSA, b) steel 20

Fig. 5. - Result of calculation of total deformations of the part “earring” in APM FEM application

The total deformations in the cross-section of the eyelet of the earring from steel 30 XGSA range from 0.004
to 4.8 mm, the total deformations of the earring structure from steel 20 - 0.005+5.2.

All the results obtained by the program confirmed the mathematical calculations and on this basis it was
decided to proceed to the manufacture of prototypes for experimental testing in laboratory conditions. This analysis
allowed to avoid labor and material costs for manufacturing of physical experimental samples in case of undetected
errors in calculations.
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Based on the results of mathematical calculations and engineering analysis, a working set of drawings of the
mounting block was developed for the manufacture of prototypes.
4. Experimental studies

Two prototypes of mounting blocks were manufactured for the experimental breaking force test. The parts
“earring” were made by free forging with subsequent machining, the other parts, except for standard products for
axis fixation, were made on lathes. The parts “earring” and “axis” have undergone the necessary heat treatment. All
parts individually and the complete assembly have been quality controlled. During the inspection, the main
dimensions of the assemblies of the blocks planned for control measurements during the tests were documented,
namely:

- diameter of the “axis”;

- diameter of the holes of the lugs of the “shackle”;

- width, height and thickness of the holes of the “earring”.

For the experiment was prepared universal machine with ultimate load of 100 tons type UMM-100
(hereinafter: breaking machine), which has a certificate of periodic verification. The part “block” was excluded from
the test, as its strength was not questioned and separate calculations for it were not carried out. Instead of the
“block” part, a fixture in the form of a rod with an eye and a threaded rod for fixing the block in the movable and
fixed frames of the tensile machine was developed (Figure 6).

Fig. 6. - Fixture for installation of mounting blocks

It was decided to install two blocks simultaneously on the tensile machine; this allowed to save testing time
and to exclude the development of an additional fixture for fixing the “earring” part in the frames of the tensile
machine. For this purpose, firstly, the “earring” parts were provided with joint contact of the inner surfaces of the
bending radii. Then the fixtures in the form of a rod were installed with lugs instead of parts “block” and fixed in
“earrings” with “axes” and standard products, then the rods with threaded rods were installed and fixed in the frames
of the rupture machine (Figure 7).

fragment of the UMM-100 axis earrings axis fragment of the UMM-100 frame

nut

traction

Fig. 7. - Project of mounting blocks installation on the UMM-100 machine

The tests were carried out in four stages with a gradual increase in load. After placing the prototype mounting
blocks on the tensile machine (Figure 8), they were subjected to a load of 26000 kgf for 5 minutes. After that, the
assembly blocks were dismantled from the tensile machine, visually inspected for deformations and disassembled
into assemblies, over which a control measurement of the main dimensions was carried out.
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Puc. 8. - Installed mounting blocks on the UMM-100 machine

The mounting blocks were then reinstalled and tested under loads of 32000 kgf, 40000 kgf and 48000 kgf.
Each load was applied to the mounting blocks for 5 minutes. After each test, disassembly and measurements of the
main dimensions were taken.

During the whole experiment, none of the dimensions of the mounting blocks were changed, which means
that they were fully tested by the tensile testing machine and the experiment can be considered a success.

In the future, based on the conducted experiment, each newly manufactured mounting block before
acceptance by the department of technical control of “Kurylysmet” LLP will be subjected to load testing in
laboratory conditions on the breaking machine UMM-100 in 40000 kgf for 5 minutes with recording the test results
in the product passport.

Conclusions

The results of mathematical calculations, engineering analysis and experimental tests proved the performance
of the design. As a result of the conducted researches the following was established:

1) Steel grade of the main parts, taking into account the loads acting on them - 30XGSA,;

2) The diameter of the rod of the parts “axle” and “earring” - 48 mm,;

3) The minimum permissible cross-section of the eye of the part “earring” - 329 mm?;

4) The developed design did not exceed the required weight limit of 15 kg;

5) The conducted experiment proved that actually the assembly block is able to withstand a short-term load
of =470 kN.

This design is made in strict accordance with the stated requirements for the mines of Karaganda coal basin.
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Abstract. In this paper, we propose a model of concrete reinforced with graphene and graphene oxide. The
thickness of the surface layer of the C—S—H gel is R(I) = 60.3 nm (< 100 nm), i.e. it is a nanostructure according to
Gleiter. The equation we obtained shows that the higher the adhesion energy Wa, the more difficult it is to destroy a
solid. This means that concrete is easier to destroy by bending than by compression (Waa > Wac). The R(II) layer,
which we called the mesolayer, is stronger than the R(I) layer, since y2 = 3y1. It differs from the nanolayer and the
bulk phase in that the size effects in it occur according to a different type. Here, size effects of the kinetic type are
present, associated with temperature, the mean free path of elementary excitations, etc., but they do not exceed 1
micron. At h = R(I), a second-order phase transition (according to Ehrenfest) occurs, the nature of which is
described by us using the Landau mean field method. There are no size effects in the bulk phase (larger than 1
micron). It is shown that graphene and graphene oxide are introduced into the interlayer space. Graphene and GO,
limited in the interlayer region of the C—S—H gel, demonstrate different morphology. In graphene, carbon atoms,
ordered in the xy plane, are distributed far from the C—S—H surface. No expansion along the z-direction is observed.
The C—C bonds in GO are stretched in the z-direction, and the graphene sheet is somewhat damaged. Compared to
standard concrete, the R(I) and R(II) values decrease by half and the elastic parameters of concrete change. The
article shows that the addition of graphene and graphene oxide to cement mortar significantly strengthens (by 4-5
times) standard concrete.

Keywords: concrete, graphene, nanolayer, mesolayer, size effect, strength

Introduction

Reference [1] (see bibliography therein) presents graphene (G) reinforced concrete. It shows an extraordinary
increase in compressive strength of up to 146%, flexural strength of up to 79.5% and a 78% reduction in maximum
displacement due to compressive load. At the same time, improved electrical and thermal performance is found with
an 88% increase in heat capacity. A significant reduction in water permeability of almost 400% compared to
standard concrete, which is an extremely desirable property for the long-term durability of concrete structures,
makes this new composite material ideal for construction in flood-prone areas. Finally, it is shown that the
incorporation of G into modern concrete will result in a 50% reduction in the required concrete material, while still
meeting building load specifications. This will result in a significant reduction in carbon emissions from cement
production of 446 kg/tonne.

In the work [2] (see bibliography therein) graphene oxide (GO) reinforced concrete was presented. The
current study showed that the inclusion of GO even with 0.02% by weight of cement increased the strength by 12-
24% and durability properties. The inclusion of GO can accelerate the hydration process of cement as it provides
nucleation sites for cement hydrates. But the workability was reduced by 4% due to the agglomeration of GO,
causing the water molecule to remain trapped. The water permeability properties tend to decrease with increasing
GO content. And the quality of concrete mixtures was improved as the microstructural analysis of the mixtures
actually indicates that GO acts as a filler of the material, healing the microcracks at the nanoscale, helping to
transport water to the unreacted cement particles.

A review of all previous studies on G and GO reinforced concrete was made in [3]. It was shown that there
are four forms of graphene products, namely graphene (G), graphene oxide (GO), reduced graphene oxide (rGO)
and graphene nanoplatelets (GNPs), as shown in Fig. 1. These forms of graphene products have been used in
numerous studies including [1, 2]. Emphasis is placed on the problems associated with G, GO, rGO and GNP
reinforced concrete. These problems are as follows: G, GO reduce the workability of concrete and the mechanisms
for its reduction are unclear; there remains a problem of the quality of carbon nanostructures leading to the
development of microcracks; the production of graphene with controlled quality at low cost on an industrial scale is
a big challenge; the inability of graphene to achieve high dispersion can potentially have an adverse effect on the
properties of concrete due to the formation of agglomerates and weak pockets; graphene oxide can be a hazardous
material since it can cause an explosion under certain conditions.

1. Methods and Materials

1.1 Experimental methodology
This study utilized a combination of experimental and theoretical approaches to examine the structure and
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properties of concrete reinforced with graphene and graphene oxide. The research aimed to assess how these
nanomaterials influence the mechanical and microstructural characteristics of concrete. The methodology was
divided into two main components: experimental investigations and theoretical modeling.

The experimental portion of the study involved the preparation of concrete samples with varying
concentrations of graphene and graphene oxide. The mixing process followed standardized procedures to ensure
homogeneous dispersion of the nanomaterials. To evaluate their impact, multiple tests were conducted:

Compression and flexural strength tests were performed using a hydraulic press to assess load-bearing
capacity and durability. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) were employed
to observe the dispersion of graphene within the concrete matrix and its interaction with calcium silicate hydrate (C—
S-H) gel. X-ray diffraction (XRD) and energy-dispersive spectroscopy (EDS) were utilized to study phase
composition and elemental distribution, ensuring proper integration of graphene-based additives. A slump test was
conducted to examine the effects of graphene on the fluidity and workability of fresh concrete mixtures.

Concrete sample preparation followed GOST 10180-2012 standards to ensure reliable and reproducible
results.

1.2 Materials

The primary materials used in this study included:

- cement: Portland cement CEM 1 42.5N, chosen for its high compressive strength and optimal hydration
characteristics;

- graphene and Graphene Oxide: These nanomaterials were introduced in concentrations ranging from 0.02%
to 0.15% by cement mass, carefully dispersed to prevent agglomeration;

- aggregates: Natural sand (0.1-4 mm particle size), gravel, and crushed stone were used as fillers;

- water: Distilled water was utilized to eliminate the influence of impurities on hydration reactions;

- chemical Additives: In selected trials, plasticizers and superplasticizers were added to optimize the
rheology and workability of the concrete mixture.

Theoretical analysis was conducted using molecular dynamics simulations to investigate the interaction of
graphene and graphene oxide with C—S—H gel at the nanoscale.

The combined experimental and theoretical approaches provided valuable insights into the reinforcing effect
of graphene and graphene oxide on concrete. The integration of these nanomaterials was shown to enhance
mechanical strength, reduce crack formation, and improve durability. The findings contribute to the ongoing
development of advanced, high-performance concrete materials with superior structural properties.

2. Results and discussion

The above issues include production consistency, cost of graphene-based additives, dispersion of graphene in
concrete, workability and flowability of graphene-based concrete, sustainability, and safety issues.

We also reported in [4] on improving the properties of graphene-added concrete obtained by liquid-phase
exfoliation of graphite [5].

The aim of this paper is to propose a model of graphene and graphene oxide reinforced concrete.

Nano-meso-macrostructure of concrete

Graphene Oxide (GO)

5-25um

Reduced Graphene Oxide (rGO) Nano;ﬁar:;::snfGNPs)

Fig. 1. - lllustration of (a) graphene (G), (b) graphene oxide (GO), (c) reduced graphene oxide (rGO), and (d) graphene nanoplatelets
(GNPs) [3]
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Concrete consists of cement paste, which is a porous and hierarchical material with different phases. When
cement powder is mixed with water, a hydration reaction results in the formation of the main chemical products:
calcium silicate hydrate (C—S—H), calcium hydroxide (CH), ettringite, and monosulfoaluminates. C—S—H accounts
for approximately 70% of the fully hydrated products and is the main contributor to the mechanical strength of the
material [6]. The silicate phases react with water to form calcium hydroxide and a rigid calcium silicate hydrate gel,
the C—S—H gel [7]:

2(3Ca0 - Si0,) + 6H,0 = 3Ca0 - 25i0, - 3H,0 + 3Ca(OH), (1)
2(2Ca0 - Si0,) + 4H,0 = 3Ca0 - 2Si0, - 3H,0 + Ca(OH),. 2)

The thickness of the surface layer of a solid body R(]) is given by the formula [8]:
R()=0,17-107% - a - v[m]. 3)

In equation (3) it is necessary to know one parameter — the molar volume of the element, which is equal to v
= M/p (M is the molar mass, p is its density), « = 1 m™ is a constant to maintain the dimensionality (R(I) [m]).
Considering that the rigid calcium silicate gel of the C—S—H hydrate is a homogeneous solid solution, it is easy to
estimate the molar mass from equations (1) and (2) — M; = 1070 g/mol; M, = 922 g/mol. The crystal structure
obtained from equation (2) is closer to the mineral tobermorite [9], which is a layered crystalline form of calcium
silicate. The density of the C—S—H gel is closely related to the water content in the pores of the gel. Neutron and X-
ray scattering methods were used to determine with high accuracy [10] the density and water content in saturated
globules. The density is 2.604 g/cm?,

The thickness of the surface layer of the C—S—H gel according to equation (3) is - R(I) = 60.3 nm, and the
number of layers is n = R(I)/a (a is the interlayer distance, equal to a = 1.4 nm [7]). This means that the number of
C—S-H layers is n = 43. According to our work [8], the diagram of the crystalline form of calcium silicate will look
like that shown in Fig. 2a, and the silicate chain (monolayer of calcium silicate) is shown in Fig. 2b.
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Fig. 2. - Schematic diagram of a solid: nanolayer — mesolayer — bulk phase (a); schematic diagram of a C-S-H layer showing a Ca-O
core layer with a silicate tetrahedron attached on both sides. The silicate chain, calcium octahedron and oxygen atoms are shown as dark blue,
light blue tetrahedron and red spheres, respectively (b) [7].

The thickness of the surface layer of the C—S—H gel is R(I) = 60.3 nm (< 100 nm), i.e. it represents a
nanostructure according to Gleiter [11]. The C—S—H gel in water forms crystalline nuclei with a critical radius [12]:

1. = 2 My, To/pqAT, 4

where M is the molar mass; y12 is the surface tension at the boundary; T is the temperature; p is the density;
q is the heat of fusion. Our estimate gives rK = 5 nm, which means that the R(I) layer contains nI' = R(I)/rK = 12
globules. This situation is shown using atomic force microscopy (AFM) in Fig. 3.

Size effects in the R(I) layer are determined by a collective of atoms (collective processes). Such “semi-
classical” size effects are observed only in nanostructures [13].
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Fig. 3. - AFM photographs of C-S-H particles [7].

This means that the R(I) layer is a nanolayer (Fig. 2a). The surface energy of a bulk crystal y2 is equal to [14]:
Y, = 0,7-1073 - T, [J/m?], ®)

where Ty, is the melting temperature (K).
In the R(I) layer, the size effect must be taken into account and the surface energy becomes equal to y; [14]:

Y1 =v2(1 = R()/R() + 1) = 0,3y,. (6)
Equation (6) shows that the surface energy of the R(I) layer is three times less than the surface energy of the

main crystal. To separate the R(I) layer from the rest of the crystal, energy must be expended, which is called the
adhesion energy [15]:

Woe=v1+V2=Y2=V1+7v2 =13y, (7
where yi2 is the surface energy at the phase boundary, which is negligibly small due to the second-order phase

transition.
The internal stresses cis between phases y; and y> can be calculated using the formula [16]:

0is = Wa - E/R(D), ®)

where E is the Young's modulus of elasticity. Using equations (5)—(8), we calculate the elastic parameters for
standard concrete using a layered structure such as tobermorite or calcium silicate.

Table 1. Elastic parameters of standard concrete

Concrete Waa, J/m? Wae, J/m? Gisa, MPa Gisc, MPa Ea, GPa Ec, GPa
C-S-H
(p = 2.604) 4,517 1,654 5589 1334 142 65

The melting point of calcium silicate is T, = 1817 K and y> = 1272 mJ/m?, Young's modulus E = 65 GPa for C—
S—H [7]. Significant elastic stresses in the R(I) layer lead to the creation of nanocracks, the length of which is Ly, =
R(I) [14].

For the destruction of a solid, force, deformation and energy criteria of destruction were developed. There is the
following relationship between them [17]:

2 2
ACH) = 26,005 = Gyo = Jc = 2y = W, ©)
where K. is the critical stress intensity factor, the force criterion of destruction; E is the elastic modulus; p is
Poisson's ratio; Oy is the critical opening at the crack tip, the deformation criterion of destruction; o is the ultimate
strength; Gy is the critical intensity of the released energy, the energy criterion of destruction; Ji is the critical J-
integral, the energy criterion of destruction; v is the surface energy, Wa is the adhesion energy.

Equation (9) shows that the greater W,, the more difficult it is to destroy a solid. This means that concrete is
easier to destroy by bending than by compression (Waa > Wy).

The R(II) layer, which we called the mesolayer (Fig. 2a), is stronger than the R(I) layer, since y> = 3y;. It differs
from the nanolayer and the bulk phase in that the size effects in it occur in a different way. Here, size effects of the
kinetic type are present, related to temperature, the mean free path of elementary excitations, etc., but do not exceed
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I micron. At h = R(I), a second-order phase transition occurs (according to Ehrenfest), the nature of which we
described in [18] using the Landau mean field method. In the bulk phase (larger than 1 micron), there are no size
effects.

Concrete reinforced with graphene and graphene oxide.

The structure of C—S—H obtained by molecular dynamics (MD) [7] with graphene (G) and graphene oxide (GO)
is shown in Fig. 4a, b.

It can be seen from Fig. 4 that graphene and graphene oxide are embedded in the interlayer space. Graphene and
GO confined in the interlayer region of C—S—H gel exhibit different morphologies.

Fig. 4. - Structure of G/C-S-H and GO/ C-S-H [7].

In graphene, the carbon atoms, which are ordered in the xy plane, are distributed away from the C—S—H surface.
No expansion along the z-direction is observed at the graphene/C—S—H interface in Fig. 4a. On the other hand, as
shown in Fig. 4b, the protruding hydroxyls on both sides of GO indicate the C—S—H interface. The C—C bonds in
GO are stretched in the z-direction, and the graphene sheet is somewhat disrupted. Compared with standard
concrete, the R(I) and R(II) values are halved and the elastic parameters of concrete change. These changes are
shown in Table 2. Concrete consists of components in the following weight proportions: water 10%, cement 20%,
fillers (sand, gravel, crushed stone) 70%. The concentration of graphene during the formation of the concrete
mixture drops by 3 times, i.e., in an aqueous solution, the concentration of graphene will be 0.15%. For 1m? of
concrete (= 2 tons) we get 300 g of graphene.

Table 2. Elastic parameters of concrete with graphene and graphene oxide.

Concrete Waa, J/m? Wac, J/m? Gisa, MPa Gisc, MPa Ea, GPa Ec, GPa
graphene 17,243 6,314 25000 6250 1100 525
graphene 14,629 5,418 10392 2598 430 197
oxide

Comparison of Tables 1 and 2, as well as equation (9), we conclude that the addition of graphene and graphene
oxide to cement mortar significantly strengthens (by 4-5 times) standard concrete. In Table 2, Tm = 4510 K is
chosen for the melting temperature of graphene [19].

Due to the compositional, structural and physical complexity of the C—S—H gel, the main building blocks of
cement hydrate have not yet been fully understood [7].

Reinforceme
and bridge

100

[ Hierarchical Nature for
X Cement-based materials

Fig. 5.- Hierarchical structure of concrete [7]
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As shown in Fig. 5, at the macroscale (>107° m), concrete can be regarded as a material consisting mainly of two
phases: aggregate and cement matrix. At the microscale (1073 — 107° m), different hydration products and different
C—S-H gel morphologies form a heterogeneous structure of cement paste. At the mesoscale, less than 1 um, the C—
S-H gel can be observed as elliptical-shaped particles packed with different densities. At the nanoscale (<10™° m),
the distribution and arrangement of Ca, Si, OH form the basic C—S—H structure. Concrete, the most widely used
building material, has been applied to pavements, architectural structures, foundations, highways, roads, overpasses,
parking structures, brick, block walls, and foundations for gates, fences, and pillars. And its use is not comparable
with other materials [20].

Conclusion

One of the pressing issues in the mining industry of Kazakhstan is the processing of technogenic mineral
formations (TMF). Currently, more than 60 billion tons of TMF have been accumulated in Kazakhstan [21]. At the
same time, the total annual level of TMF processing is about 11% of the annual output, while in developed industrial
countries the level of industrial waste use reaches 70-80% [22]. In our opinion, TMF processing should be carried
out by creating modified concrete from TMF with an admixture of graphene or graphene oxide, the most widely
used building material.
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Abstract. In the work, it was studied how the composition of the binder affects the characteristics of briquettes from
ball bearing waste, steel. The goal is to find an efficient way of recycling metal waste, in order to reduce the damage
to nature and better use resources.

The briquettes were pressed in the laboratory, choosing optimal conditions. The influence of different binders
on the strength of briquettes, important for metal melting and recovery was investigated. It was found that the binder
composition greatly affects the strength, gas permeability and heat resistance of briquettes, which determines the
recycling efficiency.

This work is important for the creation of new technologies for metal recycling, improvement of product
quality and increase of profitability of steel processing.

The study will help to optimize the choice of binders, reducing costs and improving the performance of the
briquettes. More durable and resilient briquettes will extend the life of metal smelting and recovery equipment. In
the future, the results can be used to introduce technology in enterprises that will increase recycling opportunities
and reduce waste. Developments can be widely applied in metallurgy.

Keywords: industrial waste, briquettes, chips, metal chips, components, drying, complex compositions.

Introduction

Increased competition, increasing environmental requirements, as well as the complexity of extraction and
pre-preparation of raw materials - these and other factors impose higher demands on the country’s metallurgical
industry. Therefore, the improvement of traditional and development of new technologies is a necessary condition
for sustainable development of metallurgy. New intensive technologies and processes not only place high demands
on the quality of raw materials, but also demand new types of them. With the increasing shortage of low-carbon
coking coals and the intensification of processes, complex ore-fuel materials will become increasingly important,
and pre-partial recovery processes will be applied more widely in raw material preparation. Traditional methods of
raw material canning by agglomeration and crushing have largely exhausted their reserves and capabilities. Thus, at
the current technical level it is difficult to obtain a metallized agglomerate or solid pellets with high free carbon
content. At the same time, such materials are obtained by briquetting.

At present, waste is generated in the processing of castings made from ShKhl15 ball bearing steel.
Pulverized wastes from milling and drilling lose their productive and material value as opposed to bulk products,
and are usually waste. The recycling of industrial wastes generated by mechanical processing is becoming
increasingly important. One of the tasks at such enterprises of the Karaganda region as a KMZ Parchomenko, LLC
«Maker» is the production of briquettes from scrap of bearing steel ShKh15. For the briquettes, one of the main
indicators of quality is durability. In turn, one of the important factors ensuring strength performance, along with
technological regimes of pressing and sintering, is the choice of optimal binder. Liquid glass is commonly used as a
binder, however, there are a number of experiments to investigate the use of various components as a binder.

For example, the paper [1-3] presents studies on the technological properties of briquettes with peat,
bentonite and marshall as binders.

The use of hot pressing when liquid glass is used as a binder is also addressed in work [3-5].

It is known that briquetting is a technological process of interaction of different solid components and is
based on the property of loose material to be compacted and strengthened under the influence of applied pressure. In
this case, the resulting adhesion forces between the close particles ensure the formation of a briquette. Therefore, the
formation of a briquette is the result of compaction and hardening of loose material under the influence of pressing.
The main technological parameters of the briquette as a component of metal scrap are: strength, bulk mass, content
of harmful impurities [6-7].

In the work [8-10], it is proposed to use sludge from steelworks as a binder additive. This increases
briquetting performance and reduces the cost of briquette production.

The key points related to the control of particle formation, particle crushing, cleaning and briquetting are
discussed in this paper [11-13].

In the proposed study used a mixture of the following composition: S15 steel waste - 85%, liquid glass -
5%, bentonite clay - 10%. Briquette manufacturing regimes: drying temperature - 90 0C for 90 minutes, pressing
pressure 50-70 kN.
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1. Materials and Methods

The object of research was used pulverized chips, arising from machining parts of steel ShKh15 in the plant
of KMZ IT. Parchomenko» (Karaganda). Chemical composition of steel chips ShKh15 is given in table 1.

After machining of steel parts from ShKh15 steel on the grinding machines, chips are formed. This chip is
sent to the retention system and then to the engineering networks for disposal through pipelines. In the engineering
network, the chip undergoes a filtration process, after which it is collected into special containers and transported to
the retention area for storage. In order to obtain high-quality bars, samples of chips are taken from the storage arcas
for briquetting and subsequent processing of fusing modes. The chemical analysis carried out on the spectrometer
revealed an increased content of carbon and sulphur in the powder of the chip compared to the original steel
ShKh15. This is due to the contamination of the chip with the residual coolant used in the grinding process [14, 15].

Table 1. Chemical composition of powder chips ShKh15

Element C Cr Si Mn Ni S P Fe

Content 1,01 1,52 0,24 0,25 0,12 | 0,01 0,02 96,83

Retsch analytical sieving machine was used to analyze the fraction composition of the swarf sludge, which
showed that the bulk of the particles (70%) refers to the fraction 0-0.6 mkm. The fraction 0.7-3.0 um constituted
25% of all particles. The particle content >1 mm was less than 5%. The bentonite clay analysis showed that the bulk
of the particles is 0-0.7 pum, the fraction 0.7-1.0 pum was 20% of all the particles.

To determine the feasibility of manufacturing briquettes from Table 1 - Chemical Composition of Powder
Chips steel chip processing in industrial conditions, identical laboratory studies of briquettes with different binder
composition were carried out. The criterion of conditioning of such briquettes was their strength and chemical
composition of carbon and chromium.

The briquette components (Table 2) were mixed in laboratory roller-type runners. The compound of liquid
glass and bentonite clay is proposed as a binder. Various ratios of these additives were investigated.

Table 2. Complex Briquette sample compositions

Component Content of sample
Ne 1 Ne 2 Ne 3 Ne 4 Ne 5 Ne 6
Steel Chip S15 84,5 84,5 84,5 89,5 89,5 89,5
Water 0,5 0,5 0,5 0,5 0,5 0,5
Liquid glass 10 8 5 7 5 3
Bentonite clay 5 7 10 3 5 7

The pressing was carried out in a press (Figure 1) with a diameter of 20 mm, using a laboratory press at a
pressure of up to 500 kN.

Fig. 1. - Punch and press prepared for briquette production

Briquettes sintering was carried out in the drying cabinet SNOL-67/350. In order to determine the
optimal briquette drying regime, a briquette drying was carried out - 3 briquettes at each selected temperature in
the Snol-67/350 oven, with the mass of the briquettes being determined every half hour to determine the amount
of water evaporation. The most optimal briquette drying regime was found to be sample 4 (table 3), where at an
initial temperature of 600C, the briquette is heated up to 60 minutes and dried out to 900C for 90 minutes.
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Sample briquettes Drying time, min Drying temperature, °C Evaporation of water, g
primary final primary final primary final
sample Ne 1 40 80 50 100 0,3 0,39
sample Ne 2 45 75 65 80 0,26 0,3
sample Ne 3 50 75 55 90 0,3 0,35
sample Ne 4 60 90 60 80 0,2 0,25
sample Ne 5 45 65 65 85 0,27 0,32
sample Ne 6 40 70 60 80 0,28 0,31

Briquette drying speed depends on the surface area as well as the briquette drying temperature. Also due to
the evaporation of water during drying changes drying time. That is, the drying time is reduced at a higher
temperature. We conclude that the optimum time for drying briquettes is 90 minutes and the drying temperature 80
C (table 3). Because these modes show more optimal strength properties of the briquettes, which promote safe
transportation and further loyal melting of the briquettes in induction furnaces.

L
e

Fig. 2. - Samples after drying

The briquettes were produced in two modes with the same temperature and different pressure (Table 4).

Table 4. Briquette modes

Type of binder Mode Temperature drying, °C Duration drying, min Pressure, kN
A 90 90 50
sample Ne 1 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 2 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 3 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 4 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 5 B 90 90 60
C 90 90 70
A 90 90 50
sample Ne 6 B 90 90 60
C 90 90 70
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Strength was determined on the floor installation to determine the tensile strength of the Instron-100. The
chemical composition was evaluated using an Olympus Vanta Element-S metal analyzer. The gas permeability of
samples (Figure 3) was determined on a gas permeability measuring instrument type 043 15M.

Fig. 3. - Samples of briquettes made from CH15 steel dust chips
2. Research results
The strength and gas permeability characteristics of the manufactured briquettes (Figure 2) are shown in table

5. The strength characteristics are affected by the oxide inclusions and the content of some blanks.

Table 5. Results of sample studies

Sample/mode Characteristic
Compressive Compressive Content, %
strength, MPa strength, MPa C Cr
NelA 492 76 1,03 1,48
Ne1B 504 74 1,04 1,47
Nel1C 509 72 1,02 1,47
Ne2 A 514 78 1,01 1,46
Ne2 B 518 77 1,03 1,44
Ne2C 521 74 1,00 1,45
Ne3 A 526 82 1,01 1,49
Ne3 B 537 80 1,02 1,47
Ne3C 539 78 1,02 1,47
Ned A 517 73 1,00 1,51
Ne4 B 524 72 1,03 1,50
Ne 4 C 526 71 0,99 1,50
NS A 519 75 1,02 1,49
Ne5B 526 71 1,00 1,48
Ne5C 527 69 0,98 1,50
Ne6 A 524 75 1,01 1,50
Ne 6B 527 72 1,00 1,51
Ne 6 C 529 70 1,01 1,52

Thus, it has been determined that the use of bentonite clay in a mixture together with liquid glass increases
the strength of ShKh15 ball bearing steel briquette while maintaining the pressing and sintering modes. It is obvious
that the partial use of bentonite clay in volume 10% with application of liquid glass in volume 5%. Probable
mechanism of strengthening is wrapping (plating) the dispersed particles of clay dust and their good adhesion bond
in liquid glass medium. The optimum total is a binder content of about 15%, but exceeding it is not advisable, as this
results in a thicker binder layer between the particles which can be subject to brittle destruction as a result of
loading. In addition, the increase of the binder content negatively affects the silicon content in the briquette. With
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increasing content of liquid glass in the mixture, gas permeability of briquette is reduced. Also the increase of
pressure leads to a decrease in gas penetration [16-17].

The content of chromium and carbon in the briquettes is comparable to that of ShKh15 steel casting, which
means that the binder components used do not have a significant effect on the chemical composition of the briquette.

The optimum pressing pressure for briquettes with complex binder composition has been determined to be
60 kN. Further pressure increase is not advisable, because at increased energy costs, almost does not affect the
strength of the briquette.

In the study of the microstructure of a briquette, we concluded that fine grain gives the best mechanical
properties at output (Figure 4).

B ) p—

Fig. 4. - Microstructure of the briquette and multi-layer chemical element distribution map, 6500

Studies have shown that the distribution of chromium and carbon along the briquette volume is uniform.

Multiclo on the distribution map of chemical elements is obtained from the surface of the sample briquette.
The distribution of carbon and chromium is uneven due to the briquette sintering processes, so they are more
concentrated in the upper layers. The oxides are also less localized in certain areas of the briquette, which improves
the strength and wear resistance of the briquettes.

Conclusion

The metal dust chip as a component of the metal sheet for the introduction of the further smelting process
requires prior preparation at the expense of low strength. As a result, cold briquetting with binder components was
used to improve the process properties.

According to the results of experimental studies, it was determined that the most optimal composition of
briquettes obtained is: ShKh15 steel slag - 85%, liquid glass - 5%, bentonite clay - 10%. Briquette manufacturing
regimes: drying temperature - 90 °C for 90 minutes, Press pressure 60 kN.

It was determined that the chemical composition of the briquette corresponds to the chemical composition
of the main material according to GOST 801-78 «Ball bearing steel».

This briquetting method allows to obtain briquettes with chromium and carbon content comparable to the
content of the main product and to produce a technologically necessary strength of the briquette (about 540 MPa).
Based on the studies carried out, it can be concluded that the production of high-quality briquettes from scrap
ShKh15 steel metal chips is the initial stage on the way to the production of high-quality steel ingot.

The study gives the start to the rational recycling of chip waste and its reuse in production, which allows to
actualize complex activities aimed at reducing material losses and including involving it in a new technological
cycle, and also provides ways to reduce pollution.
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Abstract. The article presents an analysis of the diagram of the state of the Al — Fe — Si system using the Thermo-
Calc program: polythermal sections were constructed and analyzed in order to determine the concentration limits of
the appearance of primary crystals of Fe-containing phases, the mass fractions of phases at certain temperatures
were calculated. A search was performed for optimal concentrations and temperatures at which the formation of a
highly symmetric AlgFe,Si phase capable of perceiving plastic deformation takes place. The Al-30Fe-9Si-1B system
was also investigated. Based on the calculation of the parameters of the primary crystallization of iron in Al — Fe —
Si alloys, the possibility of evaluating the effectiveness of modifying this alloy with boron is shown. The boron
additive was considered as a modifier contributing to the grinding of aluminium grains and the formation of a wide
area of existence of the AlgFe,Si phase. The concentration and temperature ranges at which the maximum number of
phases AlsFe,Si and AlB; can be achieved have been determined. The minimum amount of the AloFe,Si» phase has
been calculated, which is undesirable because it leads to a decrease in the mechanical properties of the alloy. From a
practical point of view, the complex of proposed studies will allow to scientifically substantiate and develop new
technologies for the production and processing of semi-finished products and finished products from aluminium-
based alloys and functional materials with a given structure.

Keywords: aluminium, crystallization, boron, phase, polythermic section, modification.

Introduction

Aluminum is one of the key export products of Kazakhstan. The country holds a leading position in Central
Asia for its production. However, there are problems associated with this industry (high world market value, high
energy costs) [1]. Nevertheless, the prospects for the development of the aluminum industry in Kazakhstan remain
quite high. Kazakh companies are actively working to modernize their production facilities and introduce new
technologies. This increases production efficiency and reduces energy costs [1].

In the conditions of saving material and energy resources, the issue of recycling aluminum alloys becomes
especially relevant, which inevitably leads to an increase in the content of such poorly removed impurities as iron
and silicon [2-5]. The increased content of the latter limits the possibility of obtaining such grades of aluminum
alloys that are capable of deep drawing, and some operational properties are also reduced. At the same time,
recycled aluminum alloys can be very effectively used as raw materials for the production of metal-ceramic
materials based on aluminum with an increased content of both iron and silicon. Such metal-ceramic materials have
high hardness values and can be used to manufacture products operating under high wear conditions. A distinctive
feature of the alloy considered in this paper is the possibility of forming the a-phase, which is characterized by high
symmetry of the crystal lattice, which predicts its susceptibility to plastic deformation to a greater extent compared
to the B and 6 phases, which have monoclinic crystal lattices [6-10].

Considering the increased content of alloying elements in the alloy, significantly exceeding the solubility
limits in aluminum, it is quite labor-intensive to obtain such materials by traditional melting. For this purpose, the
use of additive manufacturing methods can solve the problem of obtaining metal-ceramic materials.

Often, to ensure the formation of a favorable microstructure, small additives of modifiers are used in
aluminum alloys, among which the most common are Ti, Zr, V, TiC, TiB,, Na, Sr, Sb, Ba [11-15].

Boron is also a well-known modifier of aluminum alloys, which helps to grind the primary crystallizing
phases in aluminum alloys, improving the quality of mechanical processing. Aluminum-matrix composite materials
alloyed with boron have low specific density, strength, corrosion resistance, good thermal conductivity, and the
ability to absorb thermal neutrons. At the same time, there is insufficient literary data showing the effect of boron on
the phase composition of aluminum alloys rich in both iron and silicon, and they are mainly fragmentary.

One of the promising areas for producing high-quality aluminum alloys is the additive method of composite
material synthesis. The aim of the work was a fundamental study of the Al-Fe-Si system. Search for optimal
concentrations and temperatures at which a highly symmetric phase of AlgFe;Si is formed, capable of receiving
plastic deformation. Al-30Fe-9Si-1B was also investigated. The boron additive was seen as a modifier, contributing
to the grinding of aluminum grains and the formation of a wide range of phase AlgFe,Si. Aluminum alloys, in which
boron is used as a modifier (up to 0.04% at melt temperature 690-710°C immediately before casting) and grain
shredder are used in the electrical industry. Boron is also introduced to increase electrical conductivity and as a
refining additive in aluminum alloys, which are used in the nuclear power industry in the amount of 0095 - 0.1%
[16].
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1. Research methodology

At the initial stage, the Al-Fe-Si system from the side of the iron corner was considered. This analysis was
carried out using the modern computer program Thermo-Calc.

The Thermo-Calc computer product is a program for calculating phase equilibrium, the basic principle of
operation: the algorithm of global minimization of Gibbs energy of multicomponent systems. It is also possible to
calculate thermodynamic properties of phases (Gibbs energy, enthalpy, etc.), metastable equilibrium. The main
characteristic of this program is its modularity, extensibility, replenishment of the databank of various elements for
different systems (metal, salt, oxide, aqueous solutions, etc.). This program also allows the calculation of phase
diagrams of multicomponent systems (construction of polythermic and isothermal sections, phase composition
calculation, calculation of cooling curves), which was done in this work.

Using the Thermo-Calc program (version TCW8, database TTALS.2) the aluminum-based system was analyzed
to determine the concentration limits of the appearance of primary Fe-containing phase.

The Al-Fe-Si aluminum corner state diagram (Figure 1) is considered as an example. In equilibrium with (Al),
in addition to the phases from double systems, there can be two triple connections: AlgFe2Si (o) and AloFe,Siz (B).
In this system there are three three-phase reactions involving (Al): (Al): L + AloFe»Si» — L + AloFe,Si> + (Al); L +
AloFesSis + (Al) - AlgFesSi + AloFesSir + (Al); AlgFesSir + (Al) — AloFesSir + (Si) + (Al), three three-phase
reactions involving liquid phase L and phase 6: L+ 0+ 1, — L + 0 + AlgFe;Si; L + 6 + AlsFe;Si —» L + AlgFesSi;
L + AlsFe;Si — L + AlsFe,Si + AloFesSi,, the formulations of each phase at a certain temperature are given in the
table 1.

Region number Phase region
: \ 1 L
100 - ‘ 2 L+6
2 7] 3 L+6+1
4 ' ‘ 4 L+0+1m
5 800 il } 5 L + 6 + AlgFe,Si
g 1\“7 s 1 = S 6 L+ AlgF@zSi
g 600 1= = N 10| ‘ 11 L + AlgFe,Si + AloFesSi,
g- 15 12 L + AlgFe,Si,
et 40 14 " 8 \ 13 L + AlgFe,Sir + (Al)
| ! 16 AlgFe,Si + AlgFe,Si, + (Al)
| \ 15 AloFe,Si, + (Al)
31 14 AloFesSir + (Si) + (Al)
‘ ‘ 17 AlgFe,Si + AlgFe,Sis
) 10 15 ? 18 0 + AloFe»Si»
: Mass percent Fe 7 0+ AlgFe,Si
— 8 0 +AlsFesSi + 1
9 O+ttt
10 0+ 1,
19 0 + AloFesSiz + 12
20 0 + AloFe,Si, + (Si)
21 0 + AloFesSiz + T3
22 0 + AlgFe,Si,

Fig. 1. - Polythermic section of the system Al - 32Fe - 9Si on the side of the iron corner

Primary crystals 0 - phase, tend to grow along the orientation [010], forming coarse needles, scales and plate
shapes in Al-Fe hypereutectic alloys, which seriously impairs the mechanical properties of alloys [17], [18].

The AlgFe;Si phase has a rather narrow crystallization interval and is suppressed by AloFe;Si, phase
formation, which is a very undesirable process, as the presence of AlgFe,Si phase in the structure causes
deterioration of the mechanical properties of the material [19], [20].
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Phase % Content Phase % Content
mass of the components, % mass of the components, %
Al | Fe [ i Al | Fe | i
t=1072 °C (1 region) t =624 °C (12 region)
L [ 100 [ 8120 [9,75 ]9,00 L 97,37 89,03 [ 2,16 8,79
t=925 °C (2 region) AlFe:Si> | 2,62 57,64 | 2689 | 1545
L 84,5 69,71 [ 19,52 | 10,63 t= 589 °C (13 region)
0 15,5 59,51 | 39,60 | 0,82 L 25,00 88,17 | LI2 10,7
t=928 °C (3 region) AlFe:Siz | 34,68 5746 | 26,89 | 15,64
L 3127 5321 [2933 | 1738 (Al) 40,22 98,76 | 0,00 122
0 28,63 5877 | 39,71 | 1,51 t=2379 °C (14 region)
T 40,09 51,11 40,69 8,18 AloFe2Siz | 52,15 63,49 26,95 9,54
t =831 °C (4 region) (Si) 3,74 0,00 0,00 100
L 24,93 7137 [ 14,99 | 13,63 (A 44,10 99,79 | 0,00 0,20
0 40,25 59,17 | 3939 | 1,42 t=491 °C (15 region)
o 34,80 51,05 33,89 15,05 AloFesSin 81,11 62,32 26,94 10,73
=730 °C (5 region) (A 13,38 99,68 | 0,00 | 031
L 8.88 8445 663 [ 890 £=550 °C (16 region)
5 19.79 5960 3020 [ 117 AlsFe:Si | 30,58 60,35 [32,59 [7.05
ALFosT [ 78.23 S711 3255 11033 AlFe:Six | 59,49 61,78 | 2694 | 1127
=671 °C (6 region) (A 9,91 99,67 | 031 0,00
L 70,61 8771 |35 | 853 £ =494 °C (17 region)
AlsFerSi | 29,38 57,50 | 32,55 | 9,94 AlsFe;Si | 49,72 6032 | 32,59 |7,08
=665 °C (7 region) AlFe:Siz | 50,27 62,09 | 2694 | 10,96
0 6,08 50,64 [39,15 | 1,19 t= 362 °C (18 region)
AlsFerSi | 9391 5791 | 32,56 | 9,52 6 10638 5798 | 3899 | 3,02
=648 °C (8 region) AlFe:Six | 93,61 63.60 | 2696 | 943
0 23,96 5934 ]39,16 | 1,49 t =367 °C (19 region)
AlFe:Si | 43,25 5767 | 32,55 | 9,76 6 | 33,68 56,72 | 3896 | 4,31
- 277 s34 3301 | 15.64 AlFe:Six | 46,53 63,16 | 2695 | 9.88
T=R38°C 9 region) o 19,78 50,88 | 33,89 | 12,55
0 41,76 5853 | 39,57 | 1,8 t =229 °C (20 region)
™ 16,63 SLIT | 40,69 | 8,18 6 13066 5303 | 3882 | 814
- 2160 a1 335 1668 AlFe:Sh [ 69.01 64,00 | 2696 | 9,03
{=57°C (10 rogion) (Si) 0,31 1000 1000 100
0 51,97 5800 |3923 |25 5 - 70t =120°C 2211 6Tg‘°n)38 95
-~ 1802|5006 | 3388 | 1594 AbFe:Si | 93,18 64,11 | 2696 | 8,92
L 61,9;7618 C9(é,12(r)eglon1),97 7.81 “ 0,11 _1 20,10 ] 50.26 | 29,62
AlsFesSi | 28,91 58,07 | 32,56 | 9.36 5 5 5;* 93°C (§§ {‘;glon)% =T
AlsFe;Six | 9,08 5828 | 2690 | 1481 : d ’ 2 ’
AlFe:Six | 50,41 64,11 | 2696 | 8.92

To evaluate the morphology of the obtained phases, an alloy of the Al-Fe-Si system with a basic composition
was synthesized. The technological conditions of the synthesis are presented in detail in [21, 22]. For metallographic
analysis, microsections were prepared using a standard technique, using cutting, grinding, and polishing operations.
The microstructure was studied immediately after synthesis, without additional processing in the "as prepared" state.
The synthesized ingot has two main regions: the intermetallic region, which occupies the bulk of the material, and
the eutectic region (Figure 2).

Intermetallic region

Fig. 2. — Microstructure of the alloy system Al-Fe-Si
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Metallographic analysis shows that the structure of the material predominantly contains a combination of /0
phases, with the growth of the B phase occurring on the primary crystals of the 6 phase, which is in good agreement
with the results of computer modeling for region 22 (Figure 1). At the same time, thin sections of the FCC solid
solution of silicon and iron in aluminum were detected, formed as products of decomposition and phase
transformation as a result of nonequilibrium cooling conditions during synthesis. The obtained results demonstrate
the validity of using this approach to modeling for the purpose of predicting the phase composition of the alloy
during its modification.

In this connection, the effect of boron on the formation and formation of the AlgFe,Si phase was further
considered. As an example, a diagram of the state of Al-Fe-Si-B (Figure 3) was constructed.

Region Phase region
T— number
| -
1201 ALFES_T2 3 L+0+AIB+ 1
. e 4 L+ 6 + AlgFe,Si +
ST - e | == AlB,
;‘ 10004 ‘-Liff‘_"f - 5 L + AlgFe,Si + AlB,
i el : 9 |0+ AlsFeSi+ AlB,
g 9 ALFESLTH0 : 6 L + AlgFe,Si +
g & I 3 AloFesSir+ AlB,
i | ool i, " : - 7 AlsFe;Si + AloFe;Sir+
—_— ST 4 9 /f AlB,+ (Al
8 S > 5 8 AlgFe,Si + AlgFesSir+
- —_— —— " s AlB;
i) | 10 | 0+ AlgFe,Si+ AlB, +
500 v ‘ T X | T2
A 0 5 10 15 20 25 30 \11 35 11 AlgFe,Si + AlgFesSir+
/A Mass percent Fe AlB,

Fig. 3. — Polythermic section of the system Al-30Fe-9Si-1B

In this system, with the participation of the 6 phase, there are four three-phase reactions with the formation of
AlgFe,Si and AlBy: L + 0 + AlB, + 12— L + 0 + AlgFe;Si + AlB;y; L + 6 + AlsFe,Si + AlB, — L + AlgFe;Si + AlBy;
L + AlsFes;Si + AIB, —» 6 + AlgFe,Si + AIB». There is one four-phase reaction involving (Al): L + AlgFe,Si +
AloFesSir+ AlB, — AlgFesSi + AlgFe,Sir+ AlBo+ (Al). The AlgFe,Si phase has three three-phase reactions: AlsFe,Si
+ AlgFesSir+ AlB, —» 0 + AlgFe,Si + AIB, + T2, 0 + AlgFe,Si + AlIB, + 10 =& AlgFesSi + AlgFesSir+ AlB,. The
formulations of each phase at a certain temperature are given in table 2. As seen from the reactions, the separation of
phase AlgFe,Si and AlB, goes through the entire temperature range.

Table 2. Phase composition of the system Al-30Fe-9Si-1B

Phase % Content Phase % Content
mass of the components, % mass of the components, %
Al ‘ Fe ‘ Si B Al ‘ Fe Si B
t=1236 °C (1 region) t =568 °C (7 region)
= 1236 °C (2 region) AlbFesSi» | 51,75 | 60,97 | 26,93 | 12,08 | 0,00
=818 °C (3 region) (Al 13,46 | 9956 | 0,01 | 0,41 | 0,00
L 4465 | 72,57 [ 14,10 | 13,12 [ 1,89 4 t = 568 °C (8 region)

AIBS 285 1721 000 1000 2273 AlbFexSi2 | 16,38 | 60,04 | 26,92 | 13,02 | 0,00
- 18’ o3 51’20 3’3 9 1;1 20 10 0’0 AlB: 439 | 5551 | 0,00 | 000 | 4448
t="730 °C (4 region) t=677 °C (3 region)

L 2354 | 8425 | 6,73 893 ]007 0 4,64 | 59,66 | 39,16 | 1,17 | 0,00
0 3 ’]3 59’6 3’9 X 1’18 o’oo AlsFesSi 90,92 | 57,8 | 32,55 | 9,63 0,00
AlsFe:Si_| 6409 | 57.1 | 32,55 | 1034 | 0,00 AlB) 442 28 200 | D00 | 4448

AlB: 422 | 5551 | 0,00 | 0,00 | 448 t= (10 region)
=685 °C (5 region) 0 | 2245 [ 59,31 [39,15 [ 1,54 | 0,00
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L 61,31 | 86,94 | 4,37 8,63 0,04 AlsFeaSi 38,90 | 57,9 32,56 | 9,53 0,00
AlsFexSi | 34,76 | 57,39 | 32,55 | 10,05 | 0,00 AlB12 3,23 | 17,21 | 0,00 0,00 82,78
AlB2 3,91 | 55,51 | 0,00 0,00 44,48 © 35,40 | 52,49 | 33,91 | 13,58 | 0,00
t =625 °C (6 region) t=1520 °C (11 region)

L 60,90 | 89,26 | 2,23 8,47 0,02 AlgFexSi 68,86 | 59,46 | 32,58 | 7,95 0,00
AlsFe2Si | 31,08 | 57,80 | 32,55 | 9,63 0,00 AlFexSi2 | 27,97 | 61,02 | 26,93 | 12,04 | 0,00
AlFexSia | 4,06 | 57,79 | 26,89 | 1531 | 0,00 AlB12 3,16 | 17,21 | 0,00 0,00 82,78
AlB2 3,93 | 55,51 | 0,00 0,00 44,48

2. Results and Discussing

One of the main criteria for producing alloys based on aluminium is the process of modification (grinding of
grains of cast aluminium with the introduction of special additives). The process of grinding aluminum grain at
crystallization is the result of special interaction of transition metals with aluminium [23], [24]. The ideal modifier is
a particle that satisfies the following requirements: it should be effectively crushed grain at a minimum
concentration; in the melt is thermally stable and dispersed; it has a minimum structural difference with the lattice of
the modifying alloy; do not lose their modifying properties when melting. None of the modifiers currently known
have a complete set of these properties [16], [25], [26]. One such modifier in aluminum alloys is boron, which is a
transition metal. It has good refining effect on Al-Si alloys [27], [28].

Analyzing the polythermic section of the system Al - 32Fe - 9Si on the side of the iron angle sections, we can
conclude that the phase of interest to us AlgFe;Si has a fairly wide crystallization interval at a temperature from 730
C to 490 °C, but its formation is suppressed by the formation of phase AloFe,Si,. For example, at 494 °C (table 2, 17
region), the phase region consists of AlgFe,Si (49.72%) and AloFe,Si» (50.27%). However, with the drop in
temperature, a phase transition is underway with the disappearance of the AlgFe,Si phase, which is completely
transitioned to the AloFe,Si, phase.

The AloFe,Si; phase is known to be the most harmful, reducing the mechanical properties of aluminum
alloys. In particular, the plate or needle phase of AlgFe>Si, not only cleaves the matrix, but also contributes to the
formation of casting defects such as pores and shrink pores. These phases easily cause stress concentration and crack
propagation, thus becoming the weakest sites in the alloys Al-Si [29], [30], [31]. Therefore, a section of the system
Al-30Fe-9Si-1B was built and the main optimal phase compositions were determined.

Boron is an effective grain shredder in Al-Si alloys, but the mechanism responsible for the effect of boron on
the formation and growth of phases rich in iron is still under discussion [31]. The mechanism of primary grinding of
boron grains in the Al matrix in the alloy is based on the formation of particles AlB; as a result of eutectic reaction
(table 3, region 3). And the formation of this phase has a fairly wide temperature crystallization interval (818 - 520
°C). It can also be concluded that this phase contributes to the formation of the AlsFe,Si phase with a fairly good
phase composition (min 31.08%, max 90.92%). Phase AlB; is crystallized by eutectic reaction at 818 C (table 4,
area 3). Since the AIB, and AlsFe,Si phases have different crystallographic lattices, it can be assumed that the AlB»
phase is the catalyst for the onset of phase AlsFe,Si [32], [33], [34].

Conclusions

Quantitative analysis of the phase diagram Al - Fe - Si as the basis of the high-strength alloy was carried out
using the program Thermo-Calc (version TCWS, database TTALS.2). The standard alloy Al - 32Fe - 9Si was
considered, built a polythermic section, calculated the temperature of phase transformations. The phase composition
obtained during modeling was compared with the real phase composition, and the microstructure of the alloy was
studied. Optimum concentrations of iron and silicon were determined for AlgFe,Si phase crystallization. The mass
fractions of each phase are calculated at certain temperatures.

A polythermic cut Al-30Fe-9Si-1B was also calculated. The concentration and temperature regions at which
the maximum number of AlgFe,Si and AIB; phases can be achieved have been determined. The minimum number
of phase AlgFe,Si, is calculated, which is undesirable because it leads to a decrease in the mechanical properties of
the alloy.

The data presented in this article are the initial stage in carrying out research on the development of
technology for the synthesis of composite ceramic materials of the AlxFeySi system using an additive method to
improve the quality of the structure of materials based on them. In the future, a complete thermodynamic analysis
will be carried out to select the optimal concentrations of alloying elements in order to develop a rational mode of
heat treatment of the alloy under study.

In the future, using the above described thermodynamic calculations to identify and modify phases rich in
iron in Al-Fe-Si alloys, it is planned to experiment with the addition of boron by the method of additive synthesis.
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Abstract. This article considers the issues of planning experiments in testing wear resistance, hardness and tensile
strength of the Cantor alloy. Basic experiments were carried out and an experimental matrix was developed. An
experimental planning matrix was developed and calculated to conduct the basic experiments. The input and output
parameters of the experiment were determined. The following were selected as input parameters: the niobium
content from 14 to 18%; the carbon content from 1.5 to 2.5%; press pressure from 80 to 100 MPa. The output
parameters were wear resistance, hardness and tensile strength. As a result, a six-factor matrix of experiments on
five levels was used, in which three factors were vacant. Based on the data obtained, experiments were carried out
on smelting an experimental quasi high-entropy alloy of the CoCrFeMnNi system with different niobium contents
under laboratory conditions.

Keywords: experiment planning, wear resistance, hardness, press pressure, alloying elements, Cantor alloy, factors,
correlation, high-entropy alloy.

Introduction

High-entropy alloys (HEA) are a current trend in improving structural metallic materials [1]. Currently, there
is a significant number of studies focused on the development of high-entropy alloys based on various technologies
[2-6]. Study [4] presents a traditional composition of the CoCrFeMnNi system material (Cantor alloy) that
demonstrates the potential for using such materials for subsequent experiments. The study reveals that the
CoCrFeMnNi system forms a homogeneous solid solution with a face-centered cubic lattice. Study [5] demonstrates
that the addition of such alloying elements as Ti, Nb, V and B provides improved mechanical properties, which
makes this HEA suitable for real use. The main disadvantage of all high-entropy alloys is their high price compared
to traditional materials. This is due to both the composition of the charge, since high-entropy alloys are produced
using pure metals, and the characteristics of the technological process, which includes mandatory remelting,
accelerated crystal formation and the other methods aimed at increasing the structure homogeneity. In recent years,
the development of so-called quasi high-entropy alloys (QHEA), for which the requirements to the structure are less
stringent, has become popular [6].

The basic principle of developing quasi high-entropy alloys is similar to that used for high-entropy alloys
(HEA). In this case, a multi-component system consisting of at least five elements is used. However, in quasi high-
entropy alloys, the equiatomic concentration of components is less strictly observed, and the criteria for the charge
and smelting technology are much simpler. This circumstance makes quasi high-entropy alloys more commercially
attractive, while their characteristics can be comparable with the parameters of high-entropy alloys.

1. Experimental part and discussion of results

To determine wear resistance, hardness and compressive strength of the Cantor alloy, the method of
probabilistic deterministic experiment was used [7, 8].

To use the method of probabilistic deterministic experiment, experiments were previously conducted to select
input and output parameters. The following input parameters are selected: niobium content from 14 to 18%; carbon
content from 1.5 to 2.5%; pressing pressure from 80 to 100 MPa (deterministic).

The output parameters were assumed to be wear resistance, hardness, and ultimate strength (probabilistic).
These studies aim to determine the dependence of the mechanical properties, in particular, the wear resistance and
hardness of the casting on various factors of its manufacture — chemical composition, melting temperature, casting
configuration, heat treatment, impact of pressing, etc. The simultaneous effect of all factors at a certain value gives
some specific and practically reproducible result, therefore, we can talk about the existence of an objective
fundamental multifactorial dependence [9-11]. However, the type of such dependence is not defined [12-13].
Therefore, the final result of the casting properties can be determined only by several, usually two or three, factors
[14-15]. Therefore, the use of the method of probabilistic deterministic experiment is very relevant.

Table 1 shows the experimental factors for the content of alloying elements and press pressure and their
numerical values. Table 2 shows the plan of the 6-factor experiment at 5 levels.

The decomposition process was modeled using the method of six-factor probabilistically deterministic
experimental planning.So, with 6 factors (k) influencing the process, varying at 5 levels (n), the following number of
calculations and experiments (N) have to be performed: N= pC = 56 = 15,625. For this reason, the mathematical
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planning method is used in both numerical and physical modeling of the process under study, which makes it
possible to reduce the number of experiments by tens and hundreds of times.

Table 1. Experimental factors for the content of alloying elements and press pressure

Factors Factor levels

1 2 3 4 5
X Nb content, % 14 15 16 17 18
X C content, % 1.5 1.7 2 2.3 2.5
X3 Press pressure, MPa 80 85 90 95 100
Xy Vacant factor 1 2 3 4 5
Xs Vacant factor 1 2 3 4 5
Xs Vacant factor 1 2 3 4 5

Table 2. Plan of the 6-factor experiment at 5 levels

Wear resistance Compres.siv.e

X1 X2 X3 X4 Xs Xe o ’ Hardness, HV strength limit,

MPa
14 15 80 1 1 1 88 370 630
14 2 90 3 3 3 72.6 360 630
14 1.7 85 > > 2 78 290 650
14 25 100 5 5 5 725 300 670
14 23 95 4 4 4 88 360 625
16 15 90 2 5 4 93.2 310 680
16 2 85 5 4 1 94 360 630
16 1.7 100 4 1 3 87 360 570
16 25 95 1 3 2 82 390 630
16 23 80 3 5 5 78 370 665
15 15 85 4 3 5 76 360 690
15 2 100 1 5 4 86.5 370 640
15 1.7 95 3 5 1 93 330 690
15 25 80 ) 4 3 82 300 550
15 23 90 5 1 2 82 340 655
15 15 100 3 4 2 87.1 360 660
15 2 95 5 1 5 82 360 670
15 1.7 80 5 3 4 72 330 640
15 25 90 4 > 1 873 330 660
15 23 85 1 5 3 81 335 635
17 15 95 5 2 3 75 320 630
17 2 80 4 5 2 89 330 660
17 1.7 90 1 4 5 93 430 690
17 25 85 3 | 4 93 390 660
17 23 100 ) 3 1 91 370 645

The data in Table 2 were processed using the least squares method and partial dependences were obtained in
the form of linear and polynomial functions of the type:

Y(X)=a+bX (1)
Y(X) =co+ c1X! + ...+cnX™, 2)

where a, b, c; are fixed coefficients;
X is a variable (factor).
Partial dependences of the optimization parameter are wear resistance, hardness and compressive strength:
1) on factor X (Paiobium, Nb content, %), equations of the form:
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Ywear1 =-1.67x1%2 + 54.362 x1 — 354.5
Yihara1 =-4.7143x:2 + 155.06x1 - 915.63
Yor: =3.2x1 +629.4 3)

2) on factor X (Pcarbon, C content, %):
Ywearz = -2.6691 x22 + 9.3383 x2 + 76.791
Yharaz=-52.34x2% + 210.98x2 + 143.52
Ystr2 =22.455x2% - 101.44x2 + 758.2 “4)
3) in factor X3 (ppressure, press pressure, MPa):
Ywears = -0.0226 x3° + 4.2057 x3 - 110.12
Yhara3=-0.0657x3° + 12.409x3 - 232.2
Yipows=-0.3029x5° + 54.954x3 - 1829.4 4)

Table 3 shows the experimental values of wear resistance, hardness and compressive strength of the Cantor
alloy.

Table 3. Calculated values of partial functions

Function Level Average value,
1 | 2 ] 3 | 4 ] 5 Yav.
Wear resistance
y=-1.67x,%+ 54.362 x; - 354.5 79.82 83.9 86.84 88.2 81.88 84.128
y =-2.6691 x,> + 9.3383 x, +76.791 83.86 84.6 84.82 84 83.36 84.128
y =-0.0226 x3> + 4.2057 x3 -110.12 81.8 84.4 85.62 84 84.82 84.128
Hardness
y =-4.7143x,% + 155.06x; -915.63 336 340 358 68 343 349
y =-52.34x,% + 210.98x, + 143.52 344 348 356 55 342 349
y =-0.0657x5% + 12.409x5 - 232.2 340 347 354 52 352 349
Compressive strength limit
y =3.2x1 629.4 641 645 645 657 653 648.2
y =22.455%,> — 101.44x, + 758.2 658 648 646 645 644 648.2
y =-0.3029x3% + 54.954x; — 1829.4 629 653 663 659 637 648.2

It is seen from Table 3 that the average values for each function coincide with the overall average value,
which is the evidence of the absence of an error.
Figure 1 shows the graphs of the obtained partial dependences, constructed according to the data in Table 3.
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Fig.1. - Partial dependences of wear resistance of Cantor alloy: a) on the niobium content,
b) on the carbon content, c) on press pressure

The correlation coefficient for each equation was R < 1. The correlation coefficient for comparison with
experimental data for the first equation was R = 0.8566, for the second equation R = 0.971 and for the third equation
R=0.9922. These values indicate the influence of the factor on the result.

Figure 2 shows the partial dependencies of the hardness of the Cantor alloy.
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Fig. 2. - Partial dependences of the Cantor alloy hardness: a) on the niobium content, b) on the carbon content,
C) On press pressure

The correlation coefficient for each equation was R<l. The value of the correlation coefficient is selected
automatically in Excel when constructing curves, calculated using formulas (6):

N o N T
ao = 2% a, = Zitiuh ©)
N

The correlation coefficient for comparison with experimental data for the first equation was R=0.6697, for
the second equation R=0.8453 and for the third equation R=0.9522. These values indicate the influence of the factor
on the result.

Figure 3 shows the partial dependences of the compressive strength of the Cantor alloy.
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Fig. 3. — Partial dependences of the compressive strength of Cantor alloy

The correlation coefficient for each equation was R<1.

The correlation coefficient for comparison with the experimental data for the first equation was R=0.9209,
for the second equation R=0.9033 and for the third equation R=0.9979. These values indicate the influence of the
factor on the result.

Since the average values of the calculated values of the functions completely coincided with the experimental
data, the selection of private dependencies was carried out correctly.

_ (-1.67x% + 54.362x1 — 354.5)(—2.6691x3 + 9.3383x; + 76.791)(~0.0226x5 + 4.2057x3— 110.12) _
Yn(wear) = 8412831 =

=-0.000014x1°x2°x32+0.0026 5x1°x2°x3-0.06 94x1°x2°+0.0004 7x1X2° X 3° -
-0.086x1x2°x3+2.26x1x2°-0.003x2° %32 40.56x2°x3-14. 7x2° 4 0.00005x 12 X 2X 3 -
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-0.009 x1?x2x34+0.24 x1°x2+0.0016x1X2x3° +0.3 X1X2X3-7.9X1X24-0.01X2X3°-
-1.97x2x3+51.5x2+0.0004x1°x3-0.076x1°x3+ 1. 99x12-
-0.013x1x3°+2.48x1x3-64.95x1+0.09x3°-16.18x3+361.7

(—4.7143x% + 155.067; — 915.63) (—52.34x5 + 210.98x, + 143.52)(—0.0657x3 + 12.409x3— 232.2) _
349371
=-0.00013x1?x2°x32+0.03x1?x2°x3-0.47x12x22 +0.0005%1° X 2X3° -
-0.1x72x2x3+1. 9x12x2+0.00036x17x7-0.06 9x1° x3+ 1.2 9% 1 +
+0.004x1x22x32-0.8x1x22 X3+ 15.5x1%22-0.01 8x1X2X32 4 3. 3X1X2X3+6 2. 4X 1 X 2-
-0.012x1x3°+2.27x1x3-42.4x1-0.026x2°x3° +4.88x2°%x3-91.36x224-0. 1 X2X3°-
-19.68x2x3+368.3x2+0.07x3°-13.4x3+250.5

Yamara)=

(3.2x1+629.4) (2245535 — 101.44x, + 758.2) (—0.3029x5 + 54.954x3— 1829.4)

Your= 6a8.23-1

(7)
=-0.00005x1x2°x3°+0.009x1x2°x3-0.3x1x22 4 0.0002%1X2X3°-
-0.04x1x2x3+1.4x1x2-0.001 7x1X3° +0.3X1X3-10.56 X1-0.01 X2 X352 + 1.85X2° X 3-
-61.5x2°40.04x2x3°-8.35x2x34278x2-0.34x32 +62.4x34+2077.8

After transformation there is obtained:

L =-0.000014cny?clpnp?+0.00265cne? 2 pup-0.06 94cnnc i +0.0004 7 cnpCE Pup? -
-0.086¢cn6CEpup+2.26cnpc?-0.003¢Epap? +0.56 2 pup-4. 7¢2+0.00005cni? Ccpup? -
-0. 009CNb2Ccpnp +0.24cnp?co+0.001 6CNchpnp2+0.3CNchpnp'
-7.9cnpCe#0.01 Cepp?-1.97cex3+51.5¢c+0.0004cnp? pp?-0.07 6 cnp? Pap~-1. 99cni? -
-0.013cnopup?+2.48cnppup-64.95cne+0.09pnp?-16.18pnp+361.7

HV =-0.00013cn? cEpnp? +0.03cnp? cEpnp-0.47cne? c2+0.0005cny? ccpnp?-
-0.1cnb?ccprp+1.9cne? cc+4-0.00036 cnp? Prp?-0.06 Icnp2 Pap+-1.2 9cnp? +
+0.004cnpCAPnp?-0.8cnpcix3+15.5cnpc?-0.018cnbCcPp? +
+3.3CNoCcpup+62.4cnnCe-0.01 2Cnpprp? +2.2 7CNoPrp-42.4Cnp-

-0. 02662‘2}711;72‘/‘4.88&*2[717‘17' 91.36¢2+0. ICcpan-
-19,68¢pup+368,3c:40,07pnp?-13,4pup+250,5

R = -0.00005¢nsC2pu? +0.009¢hsc2pup-0.3cn5x724-0.0002Chs Ceprp?-
-0. 04CNbCCpnp+1.4CNch'0. 0017CNbp17p2+0.3CNbpnp']0.56CNb'0. OICL'anpZ+1.85Cz‘2pnp'61.5a‘2+0. 04Ccpnp2'
8.35Ccpﬂp +278¢cc-
-0.34p0+62.4p,p+2077.8

The obtained dependence was compared with some experimental values of the wear resistance and hardness
of the samples. The samples shown in Table 4 were compared.

Table 4. Conditions for obtaining samples

Sample Nb content, % C content, % Pressing pressure, MPa
1 14 1,5 80
2 15 2 100
3 16 2.5 95
4 17 1,5 95

Table 5. Comparison of research results obtained by computational and experimental methods

Sample Wear resistance Hardness
Experiment Calculation The Experiment | Calculation The
discrepanc discrepancy
y
1 88,9 87,4 1,69 373 385 3,12
2 86,7 85,2 1,74 376 370 1,60
3 82,3 81,1 1,46 391 379 3,07
4 75,9 75,2 0,92 328 337 2,67

As can be seen from the comparative data, the discrepancy between the calculated and experimental values of
wear resistance and hardness is about 1.5-3.0%.
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The obtained generalized equation is adequate and can be used to determine the wear resistance (Lnvcp),
hardness (HV~ocp) and compressive strength (Rawocp) of the Cantor alloy castings with the niobium content of 14-
18%, the carbon content of 1.5-2.5%, and press pressure of 80-100 MPa.

The increase in wear resistance, hardness and compressive strength of the Cantor alloy with increasing the
niobium content occurs in the form of a polynomial curve, that is, with the niobium content of 17%, they have
higher wear resistance that is equal to =~ 89.2%, hardness that is equal to = 368 HV and compressive strength that is
equal to = 657 MPa. The greatest increase in wear resistance, hardness and compressive strength occurs with the
carbon content of 84.92%, 356 HV and 658 MPa, respectively.

The content of the Cantor alloy press pressure also affects wear resistance, hardness and compressive
strength: maximum values of wear resistance = 85.62%, hardness = 354 HV and compressive strength ~ 663 MPa
with press pressure of 90 MPa.

Conclusions

The calculated dependence obtained was compared with the experimental values of wear resistance and hardness of
the samples. The discrepancy between the calculated and experimental values of wear resistance and hardness is
about 1.5-3.0%. Based on this, the dependencies obtained by the method of probabilistically deterministic
experiment can be considered adequate in the indicated ranges of initial factors. The most rational, from the point of
view of identifying the optimal level of wear resistance and hardness, is proposed: niobium content — 17%, carbon
content — 2%, pressing pressure — 90 MPa. Under these conditions, maximum values of wear resistance, hardness,
and compressive strength are observed.
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Abstract. Dry machining has a good association with ecological and economic control. Even though dry machining
is environment-friendly, it produces poor surface quality with excessive tool wear due to a vast amount of heat
generation at the machining interface. This paper aims to determine the optimum machining parameters for
enhanced machining performance. The turning process was performed under a dry environment on AISI 630 steel
by varying the machining parameters. The experimental run for three factors, each at three levels, was framed with
the help of Taguchi's technique. Machining responses such as tool-work interface temperature, surface roughness,
and material removal rate were measured online and offline with corresponding measuring devices. A temperature
measuring system was developed indigenously to measure temperature. The effect of machining parameters on
machining response, determination of optimum machining parameters for individual machining response, the
influence of machining parameters on machining responses, and mathematical model for individual machining
response were discussed. Taguchi-Desirability Function Analysis was employed to determine the optimum
machining parameters for enhancing the machining performance. Enhanced machining performance was obtained at
the optimum parameters of 800 rpm, 0.12 mm/rev, and 0.70 mm.

Keywords: Dry machining, AISI 630, Steel, Optimization, Taguchi, Desirability Function Analysis, Temperature

Introduction

Stainless steel is often used in many engineering applications for its properties such as high strength,
hardness, and corrosion resistance [1,2]. One of the most widely used materials in the stainless-steel group is AISI
630 steel. It is often known as a difficult-to-machine material by its composition and properties [3]. In addition,
AISI 630 steel has superior corrosion resistance compared to 304 and 316L steel. It is used to make fasteners,
reactor components, missile fittings, jet engine parts [4], safety valves, studs, nuts [5], sailboat propeller shafts [6]
and implantation [7]. However, the machining of such material requires higher cutting force, resulting in higher
friction at the machining interface, thus generating considerable heat. Its lower thermal conductivity nature retains
the generated heat at the machining interface. It affects the quality of the machined surface and tool life, resulting in
lower productivity and high production cost [8,9]. These problems are mitigated by selecting suitable cutting fluid
and cooling techniques.

The flood cooling system uses plenty of cutting fluid to reduce the cutting temperature and friction.
Generally, the cutting fluid used in the machining industry is a conventional fluid, i.e., a mineral oil that contains
chemical components harming the environment and workers' health. It also might cause damage to the workpiece
surface due to chemical reactions. The quality of the fluid degrades rapidly and gets contaminated due to bacterial
growth [10,11]. Further, the disposal of conventional cutting fluid is a difficult task that severely impacts the
environment. Contamination of soil and water, environmental pollution, health issues for workers, and high-cost
disposal processes are the limitations of conventional cutting fluids [12]. In addition, the cost of the cutting fluid
during machining under a conventional environment account for approximately 8 to 16% of the total manufacturing
cost [13]. Approximately 1.2 million workers have been affected by cutting fluids that are too toxic and hazardous to
the environment [14].

The adverse effect of the conventional cutting fluid can be minimized by using it at a minimum level, and it
can be avoided by introducing alternate cutting fluids. The primary factor in sustainable manufacturing is the
process parameters, the tool's geometry and material, the workpiece's material and geometry, and the cooling
method [15]. Recently, many researchers and practitioners are showing keen interest in implementing alternatives to
conventional cutting fluid, which would reduce the quantity of the cutting fluid. Thereby, reduction in
environmental effects and machining costs can be reduced. Some alternatives, such as dry machining, minimum
quantity lubrication, cryogenic cooling, nanofluids, and vegetable oils, are better alternatives for conventional
cutting fluids [16,17].
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The gaseous cutting fluid is a substance that is used as a cooled-pressurized liquid, and it contains air,
nitrogen, argon, helium, and carbon dioxide. The commonly used gas-based cutting fluid is air [18]. Gas-based
cutting fluid has higher corrosion resistance and cooling ability, which can be performed and utilized even at
elevated temperatures. Sivaiah and Chakradhar investigated the machining performance of turning 17-4 PH stainless
steel under various machining environments such as flood, MQL, cryogenic, and dry. Compared to other machining
environments, reductions in temperature, surface roughness and tool wear were observed under cryogenic machining
[19]. However, it cannot be used as a lubricant at the tool-work interface because of its poor viscosity. Poor viscous
cutting fluid is not conducive to better lubrication, therein leading to poor surface roughness [20,21]. Moreover, the
utilization of cryogenic cooling systems is a threat to ecology, and their installation requires high capital and
operational cost [22].

Minimum Quantity Lubrication (MQL) is in demand in various industries due to its environment-friendly
nature. The essential functions of cutting fluid are obtained significantly through MQL machining. MQL system
also provides superior cooling and better lubrication. It produces tiny oil droplets with excellent flowability and
penetrability [23,24]. It is an efficient technique adopted for better performance, as it uses a small quantity of cutting
fluid. It also reduces the issues associated with excessive use of coolant [25]. MQL machining method utilises
cutting fluid in the form of mist in the machining zone. The generated mist can float in the air and would be inhaled
by the worker. Thus, it leads to lung disease, respiratory issues, and the oesophagus, stomach, pancreas, prostate,
colon, and rectal cancer [18].

Dry machining nullifies the cutting fluid usage, thus eliminating the polluted environment. Compared to
conventional machining, dry machining makes the environment green and pollution free. It appeals to more fabulous
eco-friendly, and cost-effective environments than wet and MQL machining [26]. Selvam and Sivaram (2018)
experimented to investigate the surface roughness during the turning of AISI 4340 steel under dry, near-dry, and
flood environments. It was noted that the highest surface quality of the machined workpiece was achieved by flood
machining. It was also found that flood and near-dry machining outperformed dry machining by improving the
surface roughness, with contributions of 13% and 4.11%, respectively [27].

Ali Khan (2019) studied the effect of machining parameters and cryogenic environment during the turning of
Titanium alloy, and machining responses were compared with dry and flood machining. Cryogenic machining
reduced the tool wear, surface roughness, and energy consumption by 4%, 9% and 10%, respectively than dry
machining [28]. Recently, Khan et al. (2020, 2022) studied the effect of flood, cryogenic and dry environments on
Titanium alloy. The machining responses were enhanced by cryogenic and flood machining compared to dry
machining. Despite this, they have used a dual nozzle to supply the LN with a flow rate of 4 L/min and 6 L/min for
flood machining. This leads to the disappearance of cost-effective machining [29, 30].

It has been observed from the literature that only some alternate machining environments have been
implemented, and only tenuous improvements in machining performance have been obtained compared to dry
machining. Further, an alternate machining method would deteriorate the environment by utilizing the cutting fluid.
In this view, machining parameter optimization would improve the dry machining performance. Very few
researchers have investigated the machining of AISI 630 steel so far. Furthermore, it has been observed that more
studies are needed in machining the chosen material. In the present study, multi-response optimization was
performed using Taguchi-based desirability function analysis to enhance machining performance.

1. Materials and Methods

All the experiments were conducted to measure the machining responses under a dry environment using Kirloskar
make Turnmaster-35 model centre lathe with variable speed and feed drive. The stainless-steel grade of AISI 630
was chosen as a workpiece material for the current study. It was used in the form of a cylindrical shape with
dimensions of 50 mm diameter and 150 mm length. A pictorial view of the workpiece with dimensions is shown in
Figure 1. The cutting tool insert and holder were chosen based on the workpiece hardness and machining conditions.
In addition, the cutting tool insert was chosen based on its utility in the machining industry and availability on the
market. Ceratizit makes coated carbide inserts used as a cutting tool and has an ISO designation CNMG 120408 EN-
M70 with a nose radius of 0.8 mm. A new cutting edge was used for each level of process parameters and it is
mounted on a tool holder with ISO designation PCLNR 2020 K12 WIDIA. The cutting tool insert and tool holder
are shown in Figure 2.

Fig. 1. - Workpiece material used during the experiment
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Fig. 2. - Pictorial view of tool insert and tool holder

2. Measuring devices for machining responses

The machining responses, such as tool-work interface temperature, surface roughness and material removal
rate, were measured with appropriate measuring equipment. The machining responses were measured online and
offline during and after turning under variable machining parameters. All the mechanical works are converted into
thermal energy during the machining process. A considerable amount of heat is generated in the machining zone. It
affects productivity, surface quality, workpiece dimensions, tool wear and other machining responses. Due to this,
investigations of measuring tool-work interface temperature are of utmost importance.
Temperature was measured using a K-type thermocouple, and it is positioned in the modified tool insert. A pictorial
view of the modified tool inserts and thermocouple is shown in Figure 3. An electric spark discharge machine made
a hole in the tool insert with a 1.5 mm diameter and 3.76 mm depth. The hole was positioned 1 mm from the cutting
edge and 1 mm below the rack surface. Thermocouple was inserted in the tool insert where the hole was made. The
criteria for selecting thermocouples were the measuring temperature range and accuracy; availability in the market
and cost were also considered.

NN //
il

Thermocouple Surface Roughness Tester

Fig.3. - Pictorial view of modified tool insert and thermocouple

Tool-work interface temperature was measured using an in-house developed temperature measuring system
(TMS). A thermocouple, amplifier, UNO Arduino, and personal computer are the components utilised to develop
TMS. The components are connected, as shown in Figure 4. The processor was programmed with code for
measuring the temperature, which assisted the TMS in simultaneously measuring the temperature and machining

time.
Thermocouple MAX 6675 Module UNO ARDUINO Data record

Fig. 4. - Temperature measuring system
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The quality of the product is identified with the value of surface roughness. The surface roughness of the
machined parts was measured offline using Mitutoyo make SJ-210 model after the turning process. Surface
roughness was measured around the machined workpiece at different locations, and the average value was taken into
account. The material removal rate identifies the productivity of the machining process. It was determined using the
conventional method. The measurement of the material removal rate is done offline. The weight of the workpiece
was measured using a weighing machine before and after the machining at each level of machining parameters. The
material removal rate is defined as the ratio of the difference between the weight of the workpiece before and after
the turning process to the time taken. Equation (1) represents the material removal rate at each level of machining
parameters:

Wi-w
MRR = f(g/mln) )

where Wi, Wr and t are represented as the weight of the workpiece before and after the machining and time of
cutting, respectively.

3. Taguchi's technique

Taguchi's technique is an excellent tool for optimizing the parameters of any machining process. Depending
on the type of procedure, the approach is typically conducted utilizing Lo, Lis, or L7 orthogonal array system.
Primarily, Lo orthogonal array was used to carry out the experimental design in most situations where the process
was built with three machining parameters. The design of the experiment under the general full factorial method sets
a total of twenty-seven experiments for three factors at three different levels. As the number of experimental runs
increases, so does the cost and effort require. The experiment design is more economical when setting it up using the
Taguchi technique because it reduces the experimental setup substantially compared to the conventional
experimental design approach.

This study performed the turning process on AISI 630 stainless steel in a dry environment. Taguchi Lo
orthogonal array design was selected for designing the experiments. The experiments were conducted by varying the
machining parameters such as cutting velocity, feed rate and depth of cut. Each machining parameter varied at three
levels. Nine experiments were employed to determine the optimum machining parameters for enhanced turning
performance in terms of lower temperature and surface roughness (Ra) and higher material removal rate (MRR).
The machining parameters at different levels are presented in Table 1.

Table 1. Machining parameters and their levels for the turning process

Symbol Machining parameters Level 1 Level 2 Level 3
v Cutting speed (rpm) 700 800 900
f Feed rate (mm/rev) 0.06 0.12 0.18
ap Depth of cut (mm) 0.35 0.70 1.05

The Signal to Noise (S/N) ratio is the mean and standard deviation ratio. The process is considered good in
any machining process when the temperature and surface roughness are smaller and the material removal rate is
larger. The mean S/N ratio for tool-work interface temperature and surface roughness was calculated using the
'lower the better' response, and 'larger the better' was used for the material removal rate:

S/N ratio smaller the better

1
~10 log;Z R? 2)

. 1 1
S/N ratio Larger the better —-10 108 Z 2 ﬁ (3)

where n - number of observed data;
R - observed data for each response
The value of the S/N ratio for the temperature and Ra was calculated using Equation (2). Equation (3)
calculates the S/N ratio for the MRR. Minitab 19.1 is the statistical analysis tool utilized for performing the Taguchi
technique.

4. Desirability Function Analysis

Desirability Function Analysis (DFA) is a multi-criteria decision-making statistical tool. It is used to
determine the optimum input parameters for the output responses. DFA is a well-known technique adopted in the
industry to simultaneously determine the optimum independent variable. The objective of the current study is to
estimate the best among the given set of experiments with optimal multi-responses. The responses have conflicting
criteria, such as smaller, nominal, or better. DFA is implemented to avoid such conflicting criteria.

Harrington was the one who first introduced DFA in 1967. Further, the modification has been extended by
Derringer and Suich. It is implemented to estimate the machining responses of many researchers in different
machining processes, namely EDM, end milling, and tuning. In this methodology, a set of experiments is
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undesirable if any of the output responses falls outside the desired boundary. The objective is to identify the
optimum machining parameters that produce the highest desirable index value for the responses. The desirability
value lies between zero to one. The value near 1 indicates that the response is within the desirable and ideal limits.
The value near zero represents the response being outside the desired limit and considered undesirable.

In the present study, tool-work interface temperature, Ra and MRR are considered performance
characteristics of the turning process. Machining performance is enhanced by reducing the temperature and Ra and
increasing the MRR. All the machining responses are normalized using the desirability function. Therefore, the
'smaller the better' desirability function is applied for temperature and Ra, whereas the 'larger the better' is used for
MRR. Individual desirability values for the machining response to be maximized are estimated using Equation (4).
Individual desirability values for minimizing machining response are estimated using Equation (5):

Yi = Ymin )r (4)
Ymax — Ymin
Ymax — Vi >r (5)

Ymax — Ymin

di (larger the better) — (

di (smaller the better) = <

1 6
Composite desirability (CD) = [d* x dj? X d3* X .|V ©

where d; - individual desirability value;

yi - current value of the machining response;

Vmin - minimum value of the machining response;

Vmax - maximum value of the machining response;

r - weightage to the individual machining response, w = number of machining responses

The composite desirability value for all sets of experiments is calculated using Equation (6). It is estimated as
the geometric mean of the individual desirability values of the machining responses. The maximum composite
desirability value indicates optimal machining parameters for multiple machining responses.

Table 2. Experimental plan and machining responses under dry turning

S, No Machining Parameters Machining responses
v (rpm) f (mm/rev) ap (mm) T (°C) Ra (um) MRR (g/min)
1 700 0.06 0.35 140.50 0.454 16.056
2 700 0.12 0.7 196.25 0.936 72.000
3 700 0.18 1.05 244.25 2.114 132.300
4 800 0.06 0.7 210.25 0.963 49.524
5 800 0.12 1.05 274.25 1.634 100.800
6 800 0.18 0.35 192.00 1.268 77.143
7 900 0.06 1.05 293.50 1.726 56.786
8 900 0.12 0.35 215.25 1.099 49.286
9 900 0.18 0.7 236.75 2.076 113.400

Machining responses for enhanced machining performance during AISI 630 stainless steel turning are
investigated under a dry environment. The machining responses are measured online and offline. The tool-work
interface temperature is measured during the turning process (online). Surface roughness and material removal rate
are measured after turning (offline). The machining parameters for the process and its resultant machining responses
are presented in Table 2.

5. Results and discussion

Machining responses depend on several factors, such as cutting tool and workpiece material, machining
environment, and parameters. Among all of these, the machining parameter is the one that can be controlled during
the turning process. The effect of cutting speed, feed rate, and depth of cut on tool-work interface temperature is
shown in Figure 4. It is observed that the tool-work interface temperature increased with the increase in the levels of
all machining parameters. The rotary movement of the workpiece resists the cutting tool's linear movement, which
results in heat generation at the machining zone. Friction between the tool and workpiece is further increased when
the cutting speed, feed rate, and depth of cut is increased. Hence the temperature at the interface increased. In the
current study, tool-work interface temperature was increased when the cutting speed, feed rate and depth of cut
increased, respectively.
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Fig. 4. - Effect of machining parameters on tool-work interface temperature
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Fig. 5. - Effect of machining parameters on surface roughness

Surface roughness is the common term used in the manufacturing industry to measure the quality of the
machined surface. In this study, the surface roughness of the machined workpiece was measured by varying
machining parameters. Variations in surface roughness by cutting velocity, feed rate, and depth of cut are depicted
in Figure 5. It was noticed that the surface roughness of the workpiece increased with increasing cutting speed. An
increment in the cutting speed increases the friction between the tool and workpiece, thus resulting generation of
higher tool-work interface temperature. The surface of the workpiece becomes softer due to higher temperature at
the machining interface and, consequently, more adhesion of workpiece particles on the tool flank faces. This results
in more tool marks on the workpiece, leading to a poor surface finish. Therefore, higher surface roughness was
obtained.

It was also observed that the surface roughness value was found to increase in trend as the feed rate and depth
of cut are increased, respectively. Higher cutting force and generation of heat at the machining interface caused tool
marks on the machined workpiece when increasing the feed rate [31]. Surface roughness is also increased due to a
built-up edge (BUE) on the cutting tool. Movement of the cutting tool is resisted by the workpiece when the depth
of the cut is increased, resulting in a more BUE formation. Thus, the machined workpiece's surface roughness
increased as the cut depth increased. The trends obtained from this study for surface roughness at different turning
parameters concurred with the machining theory [19,32].

Cutting speed Feed rate Depth of cut
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Fig. 6. - Effect of machining parameters on material removal rate

The material removal rate is the key control parameter for machining time and productivity. Higher
productivity at lower machining time is achieved with higher material removal rate. The effect of cutting speed, feed
rate and depth of cut on the material removal rate is shown in Figure 6. The material removal rate was found to
increase when the levels of all the machining parameters increased. It is well-known that material removal rate is a
function of machining parameters (MRR = f (cutting speed, feed rate, depth of cut)). Thus, higher MRR was
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obtained by increasing the machining parameters. Higher material removal rate is possible when the chip reduction
coefficient is lower [31,33]. This can be achieved when increasing the machining parameters.

6. Identification of optimum machining parameters for individual machining responses

In any machining process, improved performance is obtained at optimum parameters. Prediction of optimum
machining parameters is necessary for any machining process. Minitab 19.1 was employed to examine the
machining responses, and the results of the mean S/N ratio at all levels of machining parameters were tabulated and
presented. A higher value of the S/N ratio denotes the minimum changes in the difference between the expected and
measured output of the process. A higher S/N ratio for the responses at each level of machining parameters is
highlighted. Also, the rank for the machining parameters was awarded based on the difference between the
maximum and minimum value of the S/N ratio. The rank preference was given for the machining parameters having
a higher difference in the S/N ratio value. A higher mean S/N ratio for the machining parameters represents a better
machining response. Based on that, the levels of machining parameters are chosen to obtain improved machining
performance.

Table 3. Mean S/N ratio for tool-work interface temperature

Symbol Machining parameters Mean $/N ratio Delta Rank
Level 1 Level 2 Level 3
v Cutting speed (rpm) -45.52 -46.96 -48.07 2.55 2
f Feed rate (mm/rev) -46.25 -47.09 -47.20 0.95
d Depth of cut (mm) -45.09 -46.83 -48.62 3.53 1

The results of the mean S/N ratio for the tool-work interface temperature at all levels of process parameters
are presented in Table 3. It is observed that the value of delta was decreased in the order of depth of cut, cutting
speed, and feed rate, respectively. The depth of cut is considered the predominant parameter for the temperature. A
graphical representation of the means of S/N ratio for the tool-work interface temperature at various levels of
machining parameters is shown in Figure 7. It is clearly seen that the maximum S/N ratio was found at the cutting
speed of 700 rpm, feed rate of 0.06 mm/rev, and depth of cut of 0.35 mm. Hence, the levels of machining
parameters vi — fi — d; were chosen as the predicted optimum machining parameter at which lower tool-work
interface temperature was obtained.
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Fig.7. - Mean of S/N ratio of tool-work interface temperature

The results of the mean S/N ratio for the surface roughness at all levels of machining parameters are
presented in Table 4. It was observed that the value of delta is decreased in the order of depth of cut, feed rate, and
cutting speed, respectively. The depth of cut was considered the most predominant machining parameter for surface
roughness. The means of the S/N ratio for surface roughness at various levels of machining parameters is shown
graphically in Figure 8. It is seen that a cutting speed of 700 rpm, feed rate of 0.06 mm/rev, and depth of cut of 0.35
mm is found as the level of machining parameters where the maximum S/N ratio was obtained. Hence, vi — f1 — di
was chosen as levels of machining parameters and considered as the predicted optimum machining parameter, which
provided lower surface roughness.

Table 4. Mean S/N ratio for surface roughness

Symbol Machining parameters Mean S/N ratio Delta Rank
Level 1 Level 2 Level 3
\ Cutting speed (rpm) 0.3104 -2.0000 -3.9684 4.2789
f Feed rate (mm/rev) 0.8152 -1.5035 -4.9697 5.7849 2
d Depth of cut (mm) 1.3255 -1.8142 -5.1693 6.4948 1
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Fig. 8. - Mean of S/N ratio of surface roughness

Table 5. Mean of S/N ratio for material removal rate

Symbol Machining parameters Mean S/N ratio Delta Rank
Level 1 Level 2 Level 3
v Cutting speed (rpm) 34.56 37.24 36.68 2.67 3
f Feed rate (mm/rev) 31.03 37.02 40.42 9.39 1
d Depth of cut (mm) 31.90 37.38 39.20 7.29 2
Cutiing specd Feedate Depth ofcur
%0
3
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Fig. 9. - Mean of S/N ratio of material removal rate

The response table of the means of the S/N ratio for the material removal rate at all levels of machining
parameters is presented in Table 5. It was found that the value of delta decreased in the order of feed rate, depth of
cut, and cutting speed, respectively. The feed rate was the most predominant machining parameter, which gives a
more significant delta value for the material removal rate. The means of the S/N ratio for the material removal rate
for machining parameters are represented graphically in Figure 9. It is seen that the maximum S/N ratio was found
at 800 rpm, 0.18 mm/rev, 1.05 mm, and it was considered as the level of machining parameters for MRR. Therefore,
the levels of machining parameter v, — f3 — d3 were chosen as the predicted optimum machining parameter to obtain
a higher material removal rate.

7. Analysis of Variance

Analysis of Variance (ANOVA) is one of the statistical tools. Sir Ronald A Fisher is a British biologist who
first introduced the ANOVA. It determines the most dominating independent variables on the dependent variable. It
comprises the sum of squares, means squares and percentage contribution-related calculations. Identification of the
dominant parameter is an essential task because it alters the machining performance of any machining process. The
most dominant machining parameters on the machining are evaluated with the help of the ANOVA technique. The
number of levels minus one (n-1) is the formula adopted to determine the degrees of freedom of all the machining
parameters. The sum of the square was obtained when adding the square value of the difference between the
machining response's mean value and the current response's value (3. (Ymean — Yeurrent)?). The mean sum of the square
was arrived at when taking the ratio between the sum of the square and the degrees of freedom.

The results obtained from the ANOVA for tool-work interface temperature, surface roughness and material
removal rate are shown in Table 6. Among all the machining parameters, depth of cut and feed rate was found to be
the most dominating parameter on the tool work interface temperature, surface roughness, and material removal rate,
respectively. Depth of cut was involved in the control of temperature and surface roughness, with the highest
contribution of 61.72% and 44.08%, respectively. Feed rate was involved in the control of MRR, with the highest
contribution of 56.73%. In addition, cutting speed and feed rate also considerably affect temperature and surface
roughness, with contributions of 32.24% and 35.42%, respectively. Hence, it is confirmed from the ANOVA results
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that the depth of cut and feed rate was considered as the machining parameters which highly influence the
machining responses during the turning of AISI 630 steel.

Table 6. ANOVA response table for the machining responses

Machining parameters DoF ssclllli:rzg Mean square p-value % contribution
Tool-work interface temperature
Cutting speed (rpm) 2 9.7706 4.8853 0.021 32.24
Feed rate (mm/rev) 2 1.6208 0.8104 0.113 5.35
Depth of cut (mm) 2 18.7045 9.3522 0.011 61.72
Residual Error 2 0.2072 0.1036 0.68
Total 8 30.3031 100.00
Surface roughness
Cutting speed (rpm) 2 27.521 13.761 0.065 19.17
Feed rate (mm/rev) 2 50.855 25.428 0.036 35.42
Depth of cut (mm) 2 63.297 31.649 0.029 44.08
Residual Error 2 1.917 0.9583 1.34
Total 8 143.591 100.00
Material removal rate
Cutting speed (rpm) 2 11.929 5.965 0.301 4.99
Feed rate (mm/rev) 2 135.67 67.835 0.036 56.73
Depth of cut (mm) 2 86.419 43.21 0.056 36.13
Residual Error 2 5.139 2.569 2.15
Total 8 239.158 100.00

8. Regression model

The dependent variable and independent variables form the structure of the mathematical model. In a
mathematical model, the independent variables evaluate the dependent variable. A mathematical model for the
response was developed with the help of linear regression analysis in Minitab 19.1. The predictive mathematical
model for the temperature, surface roughness and material removal rate developed by regression analysis is
represented as a series of Equation 7, 8, and 9 respectively:

T=-125.6 + 03075%v + 1354+ f + 125.83 *d (7)
R2=0.9912; R? (adj.) = 0.9859
Ra = —2.155 + 0.002328 v + 6.43 % f + 1.263 *d (8)
R2=0.9472; R? (adj.) = 0. 9155
MRR = —40.6 — 0.0015 v + 5569 f + 70.19 = d 9)

R?= 0. 9785; R? (adj.) = 0. 9656

The accuracy of the predictive mathematical model was verified by the coefficient of determination R2. The
range of R? values varies from 0 to 1. The independent and dependent variables are a good fit when the R2 value is
close to unity. Equation (7) represents the predicted mathematical model for tool-work interface temperature. The R?
and adjusted R? values were obtained as 0.9912 and 0.9859, respectively. Equation 8 represents the predicted
mathematical model for surface roughness. R? and adjusted R? values are found as 0.9472 and 0.9155, respectively.
Material removal rate at any level of machining parameters is determined using Equation 9. The R? and adjusted R?
values for the material removal were found as 0.9758 and 0.9656, respectively. The obtained R? value for all three
machining responses is close to the unit, and the variables fit well.
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Fig. 10. - Residual plot for all the machining responses

The implication of the coefficients in the predicted model was verified by using a residual plot. The straight-
line residual plot represents the residue errors in the predicted model following normal distribution, and the
coefficients are significant. The residual plots for tool-work interface temperature, surface roughness and material
removal rate are depicted in Figure 10. It is noticed from the plot that residuals are accumulated near the straight line
in the plot for surface roughness. Hence, the coefficients in the mathematical model are valid for corresponding
process parameters.

9. Confirmation test
A confirmation test has to be performed to examine the predicted model. The results of all the machining responses

obtained during the confirmation test are given in Table 7.

Table 7. Confirmation test results

Run TWIT (°C) Ra (um) MRR (g/s) Error (%)
Exp. Reg. Exp. Reg. Exp. Reg. TWIT Ra MRR
3 244.25 246.144 2.114 | 1.958 1323 132.292 -0.775 7.372 0.006
5 274.25 268.770 1.634 | 1.805 100.8 98.728 1.998 -10.474 2.056
6 192.00 188.813 1.268 | 1.307 77.143 83.009 1.660 -3.064 -7.603
8 215.25 211.439 1.099 | 1.154 | 49.286 49.445 1.771 -4.991 -0.322

The test was conducted by choosing the response randomly from the design of the experiments. It is seen
from Table 10 that variation in the percentage of residual error among the experimental and predicted model was
observed within 10%. Hence, machining responses obtained from experiments had good agreement with the results
determined by the predicted model.

10. Determination of optimum machining parameter

Each level of machining parameter and its response sets up the desired objective for the machining process.
The desired objective (enhanced machining performance) of the process is achieved through optimization. The
objective is obtained in a specific range by setting the machining parameters from low to high. Lower tool-work
interface temperature, surface roughness, and higher material removal rate are the quality characteristics that
enhance machining performance. It is necessary to combine all three machining responses for better performance.
Taguchi-desirability function analysis (DFA) determines the optimum machining parameters for multiple responses.
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Table 8. Composite desirability values for experimental run

Machining responses Individual desirability .
Run Corpp O.SI.t N Rank
T Ra MRR T Ra MRR Desirability
1 140.50 0.454 16.056 1.0000 1.0000 0.0000 0.0000 7
2 196.25 0.936 72.000 0.8599 0.8921 0.7839 0.8440 1
3 244.25 2.114 132.300 0.6856 0.0000 1.0000 0.0000 7
4 210.25 0.963 49.524 0.8166 0.8852 0.6606 0.7816 3
5 274.25 1.634 100.800 0.5014 0.6615 0.9001 0.6684 5
6 192.00 1.268 77.143 0.8723 0.7989 0.8071 0.8255 2
7 293.50 1.726 56.786 0.0000 0.6163 0.7052 0.0000 7
8 215.25 1.099 49.286 0.7999 0.8489 0.6590 0.7649 4
9 256.75 2.076 113.400 0.6219 0.2843 0.9426 0.5503 6

Minimum tool-work interface temperature and surface roughness were obtained at v — fi — di, whereas the
maximum material removal rate was at v» — f3 — d3. The levels of machining parameters satisfy the requirement for
temperature and surface roughness but do not meet for material removal rate. Hence, Taguchi-DFA was
implemented to optimize the machining parameter, improving the machining performance. Machining responses for
all experimental design and their corresponding desirability values, followed by composite desirability values, is
presented in Table 8.

Table 9. Response values for mean composite desirability

Symbol Machining parameters Mean composite Desirability Delta Rank
Level 1 Level 2 Level 3
v Cutting speed (rpm) 0.2813 0.7585 0.4384 0.4771
f Feed rate (mm/rev) 0.2605 0.7591 0.4586 0.4986 2
d Depth of cut (mm) 0.5301 0.7253 0.2228 0.5025 1
Main Effects Plot for Mean Composite Desivability
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Fig. 11. - Mean composite desirability values for optimum machining parameters

The highest composite desirability was found in experiment 2, with a value of 0.844. The corresponding
individual desirability values for temperature, surface roughness and material removal rate were obtained as 0.8599,
0.8921 and 0.7839, respectively. Experiment 2 was considered the optimum machining parameter, enhancing the
machining performance. Further, it was verified by employing the Taguchi technique. Means of composite
desirability values were determined for all the experimental runs and presented in Table 9. The effect of the
machining parameter on mean composite desirability is illustrated in Figure 11. It is clearly seen that the highest
mean desirability value for cutting speed, feed rate and depth of cut was observed at parameter levels 2, 2 and 2,
respectively. Hence, the optimum machining parameter for simultaneous optimization of multiple machining
responses in the current study was obtained as v, — f» — da, i.e., 800 rpm, 0.12 mm/rev and 0.7 mm.
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Conclusions

The study experimentally investigated temperature, surface roughness, and material removal rate by varying
the machining parameters in turning AISI 630 steel in a dry environment. The optimum machining parameter was
determined using Taguchi-based desirability function analysis to enhance the machining performance. The
following conclusions are drawn based on the statistical analysis carried out for experimental results:

e Depth of cut was found as the most influencing parameter on the tool-work interface temperature and
surface roughness. Depth of cut influenced the temperature and surface roughness with contributions of 61.72% and
44.08%, respectively.

e Feed rate was observed as the most influencing parameter on the material removal rate, contributing to
56.73%.

e Individual optimum machining parameter for tool-work interface temperature and surface roughness was
identified as vi — f1 — di, whereas v, — f3 — d3 was noted for material removal rate.

e Mathematical models were developed for tool-work interface temperature, surface roughness, and material
removal rate. All models were found to be significant, with the value of R? as 0.9912, 0.9472, and 0.9758,
respectively.

e Taguchi-Desirability Function Analysis confirmed the optimum machining parameter as 800 rpm, 0.12
mm/rev, and 0.7 mm (v; — f — d>) at a desirability value of 0.844.
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Abstract. An improved design and technological scheme of a jet thermal module for efficient water heating for use
in autonomous heat supply and technological processes at agricultural facilities with a brief description of its device
and technological process is presented. Positive results of experimental studies and laboratory tests of the jet thermal
module are given, the main parameters of which were: productivity - 1120-2145 kCal/h, water heating temperature —
34-61.5 °C (maximum - 72.7 °C), duration of water heating to operating mode — 1 - 1.5 h, water supply — 18 — 25
m’/h, the pressure of the supplied water is 25-37 m, the power consumed is 2.1 kW, the efficiency of the heat
generator and the heat generating device is 0.85 — 0.95, the efficiency of the jet thermal module is 0.6 - 0.7.

Keywords: improved design, technological scheme, jet thermal module, experimental study, laboratory test, heat
supply, positive result.

Introduction

The article is aimed at improving the efficiency of alternative, energy-saving and environmentally friendly
water heating technology for autonomous heat supply and technological processes at agricultural facilities using a
jet thermal module, which, compared with analogues - electrode water heaters (boilers), reduces energy
consumption by 30-50% and improves ambient air quality [1-3, 10].

In modern heat engineering systems it is important to increase the efficiency of heat exchange, reduce energy
costs and increase the reliability of equipment operation. Jet heat modules represent a promising direction in the
field of heat and mass transfer, as they provide high intensity of heat transfer due to the directional effect of gas or
liquid jets. Their application is possible in aviation and space technology, power engineering, metallurgy,
mechanical engineering and other industries where precise control of thermal processes is required [1, 2].

Despite significant progress in the development of jet thermal systems, the issues of optimisation of module
design, regulation of jet flow parameters and increase of heat transfer coefficient remain relevant. Experimental
studies provide accurate data on the characteristics of such modules, which contributes to the improvement of heat
transfer technologies and the development of energy-efficient solutions [2].

The issues of heat transfer using jet technologies are widely studied in domestic and foreign scientific
literature. Classical studies of heat transfer under the influence of gas and liquid jets are presented in the works [2,
3]. These studies consider the mechanisms of turbulent transport and heat transfer peculiarities at different modes of
jet flow.

The works [2, 5] analyse the influence of flow parameters (velocity, pressure, temperature) on heat transfer
efficiency. The authors note that the use of jet systems allows to significantly increase the heat transfer coefficient
compared to traditional cooling and heating methods.

Current research [3, 7] focuses on numerical modelling and experimental methods for the study of jet thermal
modules. They show that the choice of nozzle geometry and characteristics of the supplied flow plays a decisive role
in the heat transfer efficiency. However, despite the considerable amount of theoretical and experimental work, there
is still a need for a detailed study of the performance of jet heat modules under varying external conditions and
different operating modes.

The present work is aimed at expanding the existing knowledge on the operation of jet thermal modules by
conducting comprehensive experimental studies. In contrast to earlier works, the study considers [4]:

The influence of geometrical parameters of the nozzle system on the uniformity of heat flux distribution.

Optimal operating modes of the jet thermal module depending on the pressure and temperature of the
working body.

Stability analysis of thermal characteristics under different operating conditions.

The obtained experimental data allow more accurately assess the efficiency of the jet thermal module and
form recommendations for its application in various technical systems. The results of the study can be useful in the
development of new energy-efficient heat exchange technologies.

The object of research is the technology of hydroheating water using a jet thermal module, technological and
hydrodynamic processes occurring in a jet thermal module.

The research method. The work uses analytical and experimental studies and laboratory tests of a prototype
development.

78



Material and Mechanical Engineering Technology, Nel, 2025

1. Materials and methods

A jet termal module is a device in which a directed flow acts on a heated surface, providing intensive heat
exchange. This study investigated the operation of the module using compressed air as a working body [5, 8].

The module design included the following elements[6]:

Nozzle system, providing the formation of gas flow with certain characteristics (velocity, directionality,
turbulence). Nozzles of different geometry (cylindrical, conical, Laval nozzles) were used during the experiment.

A gas supply chamber stabilising the pressure and ensuring uniformity of the flow.

Fixing and guiding elements allowing to change the position of the module relative to the examined surface.

The material of the module construction is stainless steel with high temperature and corrosion resistance.

Experimental studies of the jet thermal module were carried out in several stages, including preparation of
the setup, measurements, data processing and analyses of the results. This section details the methods applied in
each stage of the experiment [6, 9].

Before starting the tests, the equipment was set up and calibrated [10]:

- air supply system leak check.

- calibration of the thermocouples and thermal imaging camera.

- adjustment of air supply parameters (pressure, flow rate, temperature).

- setting the heated plate in a fixed position.

- determination of reference points for temperature measurement.

Experimental studies included variation of the main parameters of the module operation and registration of
thermal and aerodynamic characteristics.

The applied methods allowed to obtain accurate data on heat transfer in the jet heat module, to reveal
dependences between flow parameters and heat transfer efficiency. The data can be used to optimise the design and
operating modes of such systems.

Verification and refinement of the calculated parameters of the thermal module was carried out in accordance with
the program, the purpose of which is to clarify the calculated limit and accept their rational values.

The inner diameter of the active ejector nozzle. The maximum vacuum created and the maximum flow rate of
the sucked air by the ejector are accepted as the criterion of verification and refinement.

According to the calculation, the diameter of the active nozzle was assumed to be 8.5-21 mm, a value of 19
mm was experimentally obtained, at which a maximum vacuum of 8.4 m is created and the intake air flow rate
(supply) is 210 m*/h, which is accepted as a refined parameter [4, 13].

The required flow of the centrifugal pump. According to the calculation, the pump supply is 0.00102-0.0044
m3/s, experimentally 0.003-0.0039 m?/s (11-14 m*/h), which corresponds to the calculated values and satisfies the
performance of the technological process of heating water with a thermal module [8, 11].

The useful, expended power and efficiency of the jet thermal module. According to calculations, the useful
power is 403.4 - 868.8 kW, the consumed power is 718.2 - 541.6 Watts and the efficiency is 0.56. Experimentally,
573 - 1479 watts, 2100 W efficiency of 0.60-0.70, which in terms of useful and expended power satisfy the
calculated values, in terms of efficiency, higher values can be obtained experimentally with specified useful power
for heating the room.

The tests of the prototype of the jet thermal module were carried out in laboratory conditions with the
following initial parameters: the room is not heated with a volume of 170 m?; the volume of heated water is 70 dm?;
the capacity of heated water is not insulated; the initial temperature of heated water is 18 -19.6 °C and indoor air is
15 °C; ejector parameters: the inner diameter of the active nozzle is 25mm and the mixing chamber — 34 mm; the
diameter of the L-shaped passive nozzle of the heat generating device is 15 mm; the diameter of the heat generator
twist chamber is 86 mm; parameters of the centrifugal pump: supply 18...25 m*/h, nominal head Hp = 25 -35 m,
power consumption — 1.8 —2.1 kW [10, 12].

A general view of the prototype of the jet thermal module is shown in Figure 1.

Laboratory tests of the jet thermal module to determine its main parameters were carried out in the following
sequence:

1. the thermal module assembly was installed in an unheated room, the electrical part of the
centrifugal pump was connected to a single-phase electric meter, the heated water tank was filled with tap water to
the level of the lower mark of the diffuser of the mixing chamber of the ejector and using a control valve on the
discharge nozzle of the centrifugal pump, the pressure was set and fixed by a pressure gauge, starting with the valve
fully open, and then changing upward pressure with an interval of 1-2 m [13].

after stabilization of the technological process of the thermal module at the set pressure parameter, with a
time interval of 0.5 - 1 hour, the following measurements were carried out in 3-fold repetition: the temperature of
the heated water in the tank according to the readings of the thermometer, the readings of the three-phase energy
meter, the volume of heated water in the tank and the pump rotation speed in rpm according to the tachometer
readings. The
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1- tank for heated water; 2 — centrifugal electric pump; 3 - control panel; 4 — pressure gauge; 5 — heat generator; 6 —
heat generating device.

Fig. 4. - General view of the prototype of the jet thermal module

2. processing of test results based on the obtained measurements was determined using the following

formulas.
The supply of the centrifugal pump was determined by the formula [14]:

N

©
I

(1)

The amount of heat obtained by heating water is determined from experimental data according to the formula
(9), the useful power according to (12), the consumed power according to (14) and the efficiency of the thermal

module according to (16).
The power consumption of the centrifugal pump was determined by the formula [14]:

Np ==k %%, (Ua + Ub + Uc), W )

The efficiency of a centrifugal pump is determined by the formula [14]:
M =pg& OpHp/Np. (3)
The efficiency of the thermal module: was determined by the formula [14]:

Py _ Wy
= =W 4

The tests carried out on the prototype of the jet thermal module according to the developed methodology
showed positive results — the thermal module is operational and meets the requirements of the technical specification
for the prototype according to the main indicators obtained [15].

Laboratory tests were carried out with positive results, the main parameters of which were: productivity -
1120 - 2145 kCal/h, water heating temperature — 34 — 61.5 °C (maximum -72.7 °C), duration of water heating to
operating mode — 1 - 1.5 hours, water supply — 18 — 25 m3/h, pressure of supplied water — 25-37 m, power
consumption — 2.1 kW, efficiency of the heat generator and heat generating device — 0.85 — 0.95, efficiency of the

jet thermal module — 0.6 - 0.7.
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Table 1. Test results of a prototype jet thermal module

Name of indicators | Designation | Unit of measurement | The value of the indicators

Initial parameters for water heating

The initial temperature of the o oC 14-15
heated water
Initial indoor air temperature O, °C 15-16
The volume of heated water \Y dm? 70

The main indicators of the jet thermal module
The final temperature of the o
heated water o c 4727
The heat generated by heating the Qs KCal 602-2527
water
Useful thermal power Py kW 1.47-1.276
Useful thermal energy W, kWh 0.7-2.95
Spent thermal power P kW 2.1
Spent thermal energy W kWh 1.05-4.2
The vacuum created by the Huwe m 2884
ejector
Intakg air flow rate (supply) by Qu m/h 100 —210
the ejector
Water pressure in the ejector H. m 7-17.5
Efficiency of the thermal module Nim 0.7-0.6

2. Results and discussion

The main research of the jet thermal module was aimed at studying the technological process of the proposed
jet—vacuum method of water heating, determining the essential factors affecting water heating: ejector parameters —
the internal diameters of the active and passive nozzles, the amount of vacuum created in the chambers of the active
and passive nozzles, air flow (gas-air mixture); parameters of the pump used — feed, pressure and efficiency;
changes in technological parameters: water heating temperature, heat received, useful and expended power and
useful and expended energy from the duration of water heating (operation of the thermal module) [3, 6].

We present the results obtained from experimental studies of the jet-vacuum heating method: the dependence
of the temperature of the heated water, the heat received, useful and expended power, useful and expended energy
on the duration of water heating, that is 8, Qn, P., Ps, W, W.=f{t), which are represented by graphs (Figures 2 and
3) with an optimal value of the diameter of the active nozzle of the ejector =25 mm.

The graph (Figure 1) shows the dependences of the temperature of the heated water and the heat received on
the duration of heating the water at a volume of heated water of 70 dm? (1), 50 dm® (2) and 30 (3) dm*[7].

0,°C 80 ; I I I I I I I I ]
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a) 1,2 and 3 are curves of dependence of the water heating temperature at the diameter of the active ejector
nozzle of 25 mm on the heating time at the volume of heated water of 70 dm? (1), 50 dm? (2) and 30 (3) dm?;
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b) 4, 5 and 6 are curves of dependence of the heat obtained when heating water at an ejector of 25 mm on the
heating time at a volume of heated water of 70 dm? (4), 50 dm? (5) and 30 (6) dm?

Fig. 2. - Dependences of the temperature of the heated water and the heat received on the duration of water heating (operation of the thermal
module) with a volume of heated water of 70 dm3 , 50 dm? and 30 dm?.

During the experiments, the initial water temperature was — 18 - 19.6 °C and the final at V=70 dm?® (1) —
54.1 °C, at V=50 dm® (2) — 61.5 °C and at V=30 dm?® (3) — 72.7 °C, with a decrease in the volume of heated water,
the temperature of its heating The operating time of the laboratory unit increased from 5 hours to 1.5 hours at lower
costs. The total duration of the thermal module is 0.5...6 hours, depending on the installed technological and
technical parameters and external influences. The thermal module was tested in an unheated room with a volume of
170 m?, the capacity of the heated water was not insulated, and therefore, simultaneously with the heating of the
water, the air in the room was heated from 18 ... 19.5 °C to 23 °C [4, 8].

Curves 1, 2 and 3 (Figure 2 a) in the graph are based on experimental data, and 4, 5 and 6 (Figure 2 b) were
determined using a formula using experimental data [9]:

Q,=C-m-00=C-V-p-Ab, kCal 5)

where C — specific heat capacity, kCal/kg-deg (for water C=1 kCal/kg-deg);
m — mass of heated water, kg:

m=v-pg (©)
where V — volume of heated water, m>;
» =1000 kg/m® — the density of the heated water;
46 — increasing the water heating temperature, °C:
A40=6-06; , (7

where 6;, 6y — the temperature of the heated water is initial and final, °C.

The nature of the curve changes can be clearly seen on the graphs.

It follows from the graph (Figure 1) that with increasing heating time, the temperature of the heated water
and the heat received increase, the intensity of the increase is higher for the variant of the thermal module with a
smaller volume of heated water, for example, during the first 0.5 hours of heating, the temperature of the heated
water increases for the first variant at V=70 dm? - by 8.6 °C, for the second at V = 50 dm? - at 27.2 °C and for the
third option at V = 30 dm® - at 33.9°C, and in 1.5 hours of operation, the water of the corresponding volume is
heated by 40.0°C , 61.5 °C and 72.7 °C, reaching its maximum value, except for the option at V = 70 dm3, which is
achieved with 5 hours of operation of the thermal module [5, 7].

At the same time, the heat obtained from the water heating is: at the volume of heated water V=70 dm? Qj,
=2527 kCal (at a capacity of 1120 kCal/h), at V=50 dm> Qn, =2145 kCal (at a capacity of 2145 kCal/h) and at V=30
dm? Q, = 1587 kCal (at capacity 11512 kCal/h), i.e. the efficiency of the technological process of water heating by
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the jet-vacuum method depends on the optimization of the technological and technical parameters of the jet thermal
module.
Numerical parameter data for constructing dependency curves P, and W,=f{t) were determined by the

formula (4) and (5) using experimental data on Or or from the graph (Figure 3) [10]:

o= 25w @®)
where A — the mechanical equivalent of heat (A=4.2 j/kCal);
t — duration of water heating (operation of the thermal module), s.

Qn— the amount of heat obtained by heating water, kCal,

Wy=P, T ,kW-h ©)
where P, — useful power, kW;
T — operating time of the thermal module, h.
The numerical values of the consumed power and energy are determined from experimental data using the
formulas [10]:

P, = M’W (10)
Np

where 2= 1000 kg/m? is the density of the heated water;
g =9.81 m/s? — acceleration of free fall;
Q, — heat module pump supply at operating pressure Hp, m?/s;
Hp, — working pressure of the pump, m;
np — the efficiency of the pump used in the thermal module;

W.=P,- T, kWh (11)

where P«— power consumption, kW;

T — operating time of the thermal module, h

Curves P, and P. (Figure 2) P = f(#) and curves Wy, W, W = f{¢) the graph is based on experimental data
using formulas (6), (7) or obtained from the readings of a three-phase active energy meter, the heat module installed
on the electric drive of the centrifugal pump, in terms of full capacity, taking into account cosg = 0.8 according to
the formula [10]:

W, =W,/ cos® (12)

where W, — useful active energy according to the readings of a three-phase active energy meter, kW-h.

It can be seen from the graph (Figure 3) that the curves of useful thermal power and energy P,, W, = f{t)
they have a curvilinear dependence with a maximum in the first hour of heating, and the remaining curves P and W
= f(t) they have straightforward dependencies.

On the graph (Figure 3) dependencies Ps = f{#) and W, = f{t) they show the total energy costs of the entire
jet thermal module, which amount to 2100 W of power or 1.05- 12.6 kW-h of energy, and dependencies P, = f{t)
and W, = f{t) they show the useful thermal power - 0.49 — 1.4 kW and useful thermal energy — 0.70 — 2.95 kW-h
only for heating water without taking into account the useful costs of heating a room in the volume of 170 m?, which
was heated due to an unheated water heating tank [1, 6].

It follows from the graph (Figure 4) that the indoor air heating temperature increases in a straight—line
relationship with an increase interval of 1 °C per hour of operation of the heating module with a small useful power
in the range of 61 - 82 Watts, and the total useful power when heating water and indoor air varies according to
curvilinear dependence with a maximum in the first 1 - 1.5 hours of operation of the thermal module with an
efficiency of 0.7 — 0.6.

The pressure losses in the discharge pipeline were experimentally determined: for the variant of the thermal
module with an internal diameter of the active nozzle of 25 m, the losses were 2.3-3.1 m; at 15 mm, 4.7-5.1 mm,
which correspond to the calculated data.
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a) ===_ curves of the dependence of the useful thermal power and the expended one with a diameter of the
active nozzle of the ejector of 25 mm on the heating time with a volume of heated water of 70 dm?
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b) —_ — curves of the dependence of the useful thermal energy and the spent at the ejector of 25 mm on the
heating time at a volume of heated water of 70 dm?.

Fig. 3. - Dependences of useful thermal power and spent and useful and spent energy on the duration of water heating (operation of
the thermal module)

The graph (Figure 4) shows the dependences of the temperature of the heated indoor air, the useful thermal
power when heating the air and the total useful power when heating water and indoor air on the duration of heating
the indoor air (operation of the thermal module) with a volume of heated water of 70 dm® and a volume of 170 m?
[11].

As a result of studies of the technological process of heating water with a jet thermal module, it was found
that the heating process is carried out in all modes of operation of the centrifugal pump with a supply from 18 m*/h
at a nominal head of 35 m of a water column to 21.5 m3/h at Hp = 25 m, as well as at a head of 6-8 m and the main
parameters of the ejector: internal the diameter of the active nozzle is 8-25mm and the vacuum created in the
chamber of the active nozzle is 0.8—2.8 m, the passive nozzle is 2.0-8.5 m and the mixing chamber is 0.2-1.2 m.

However, the heating intensity of an equal volume of water is higher with a larger pump supply and a larger
amount of vacuum created, as well as the use of heat extraction from the heated air in the upper part of the tank.

Investigation of the ejector vacuuming process [10, 11] in accordance with the accepted program of
experimental studies, the purpose of which is to determine the vacuum pressure created by the ejector in an
additional passive nozzle, a passive nozzle of the ejector housing and mixing chamber depending on the inner
diameter of the active ejector nozzle and the water pressure in the ejector; determination of the flow rate (supply) of
the sucked air by the ejector through the air inlet pipes of the additional passive nozzle and the passive nozzle of the
housing, depending on the water pressure in the ejector and the vacuum created by the ejector.
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O - the curve of dependence of the temperature of the heated air in the room on the duration of heating (operation
of the thermal module), °C; Pha — the curve of the dependence of the useful thermal power when heating indoor
air on the heating time, W;

Fig. 4. - Dependences of the temperature of the heated indoor air, the useful thermal power when heating the air and the total useful
power when heating water and indoor air on the duration of heating the indoor air (operation of the thermal module) with a volume of heated
water of 70 dm3 and a volume of 170 m?

The need for these studies is to determine the possibility of using water heating by heat extraction from air
sucked in by the ejector or gas—air mixtures, as well as cleaning polluted indoor air from dust, solid particles and
odors.

The research results showed that with an increase in the supplied water pressure into the ejector, the vacuum
pressure created in the ejector increases for all values of the diameter of the active nozzles of the ejector, however,
the greatest vacuum pressure is created with a nozzle with a diameter of 19 mm, its value reaches 8.4 m at a pressure
of 14.5 m. At the same time, the maximum consumption of the sucked air by the ejector is 210 m3/h through the air
inlet of the additional passive nozzle and 160 m*h through the air inlet of the passive nozzle of the ejector body
[12].

Thus, the obtained results of studies of the thermal module for the created vacuum and the received supply
confirm the need for its use both to increase the efficiency of water heating from the use of heat extraction of sucked
air or gas-air mixtures, and to expand the scope of its use for cleaning indoor air from dust, solid particles and odors.

Conclusions

In the course of experimental studies of the jet heat module, important results have been obtained, allowing
to evaluate its efficiency and prospects of application in various heat engineering systems. The tests have shown that
this module provides uniform distribution of heat flow, high degree of heat transfer and stability of operation in a
wide range of parameters.

The analysis of thermal characteristics has shown that optimisation of nozzle element geometry and modes of
working substance supply allows to significantly increase the heat transfer coefficient. Experiments have confirmed
that the use of a jet thermal module contributes to the reduction of temperature gradients on the heated surface,
which is especially important for precision thermal processes.

Experimental studies were carried out, experimental and experimental samples of the jet thermal module
were developed and manufactured, and laboratory tests were carried out with positive results, the parameters of
which were: productivity - 1120 - 2145 kCal/h, water heating temperature — 34 — 61.5 °C (maximum -72.7 °C), the
duration of water heating to operating mode — 1 - 1.5 hours, water supply — 18-25 m3/h, pressure of the supplied
water — 25-37 m, power consumption — 2.1 kW, efficiency of the heat generator and heat—generating device — 0.85 -
0.95, efficiency of the jet thermal module — 0.6 — 0.7.

The results obtained can be used to improve heat exchange technologies in power systems, industry and
transport. Further research will be aimed at developing new design solutions, improving energy efficiency and
expanding the application areas of jet heat modules.

85



Material and Mechanical Engineering Technology, Nel, 2025

References

[1] Robert D. Plant, Jacob Friedman, M. Ziad Saghir, A review of jet impingement cooling, International Journal of
Thermofluids, Vol. 17,2023, 100312, https://doi.org/10.1016/;.1jft.2023.100312.

[2] Zhao X., Zhang B., Yang Z., Zhao Y. Surface orientation effects on heat transfer performance of spray cooling.
Int. J. Heat Mass Transf., 147 (2020), Article 118960, https://doi.org/10.1016/j.ijheatmasstransfer.2019.118960.

[3] Abdullayeva, A., Kalabayeva, A., Ivanov, A., Abdullayev, S., Bakyt, G. Methods for identification of complex
industrial control objects on their accelerating characteristics. Communications - Scientific Letters of the
University of Zilina, 2022, 24(3), pp. B239-B246. https://doi.org/10.26552/com.C.2022.3.B239-B246.

[4] Mishra A., Yadav H., Djenidi, L., Agrawa, A. Experimental study of ow characteristics of an oblique impinging
jet. Experiments in Fluids (2020) 61:90 https://doi.org/10.1007/s00348-020-2923-y.

[5] Chen, J. Wang, X., Shi, H., Si, J. Experimental investigation on flow characteristics of vertical and oblique
circular impinging jet. Physics of Fluids, 2023, 35(5), https://doi.org/10.1063/5.0152514.

[6] Azilkiyasheva M.M., Shayakhmetov, S.B., Bakyt G.B., Kopenov B.T., Baubekov Ye.Ye., Zhauyt A.
Development of a method for calculating the degree of use of the plasticity resource (Dupr) when rolling on a new
continuous mill. Metalurgija, 2021, 60(3-4), pp. 362-364.

[7] Abdelaziz A. and Khayat R. E. On the non-circular hydraulic jump for an impinging inclined jet,” Phys. Fluids
34(2), 023603 (2022).https://doi.org/10.1063/5.0079563.

[8] Pak I., Experimental study of the ultrasonic muffler efficiency for improving the exhaust gas cleaning system of
internal combustion engines of automobiles. Material and Mechanical Engineering Technology, Ne2, 2024, 53-63.
https://doi.org/10.52209/2706-977X 2024 2 5.

[9] Cafiero G. Obligado M., Vassilicos, J. C. Length scales in turbulent free shear flows, J. Turbul. 21(4), 243-257
(2020). https://doi.org/10.1080/14685248.2020.1752376.

[10] Abdullayev S., Tokmurzina-Kobernyak N., Ashirbayev G., Bakyt G., Izbairova A. (2024). Simulation of
spring-friction set of freight car truck, taking into account track profile. International Journal of Innovative Research
and Scientific Studies, 7(2), 755—763. https://doi.org/10.53894/ijirss.v7i2.2883

[11] Chee M. , Chauhan P. , Georgiou J., Wilson D. Flow distribution in the liquid film created by a coherent
circular water jet impinging obliquely on a plane wall, Exp. Therm. Fluid Sci. 140, 110748 (2023).
https://doi.org/10.1016/j.expthermflusci.2022.110748.

[12] Mishra A. , Djenidi L., Agrawal, A. Flow characterization in the uphill region of pulsed oblique round jet,
Phys. Fluids 34(3), 035113 (2022). https://doi.org/10.1063/5.0084329.

[13] Shalbayev K., Abdullayev S., Mazhitov S., Bakyt G. Hydrogen Generator for internal Combustion Engine.
Journal of Applied Research and Technology, 21(4), 535-541.
https://doi.org/10.22201/icat.24486736¢.2023.21.4.1963.

[14] Raizner M., Rinsky V., Grossman G., Van Hout R. The effect of jet pulsation on the flow field of a round
impinging jet and the radially expanding wall jet,” Int. J. Heat Mass Transfer 140, 606-619 (2019).
https://doi.org/10.1016/j.ijjheatmasstransfer.2019.06.024.

[15] Abdullayev S., Bakyt G., Abdullayeva A., Duisembayeva B., Askenov Y., Ashirbayev G., Besekenov R.
Testing of railway equipment for the impact on the track and turnouts. Communications - Scientific Letters of the
University of Zilina [online]. 2024, 26(2), p. B99-B107. ISSN 1335-4205, eISSN 2585-7878.
https://doi.org/10.26552/com.C.2024.020.

Information of the authors

Abdreshov Shamil, PhD, assistant professor, Mukhametzhan Tynyshbayev ALT University
e-mail: a_shamil-80@mail.ru

Bakyt Gabit, PhD, associate professor, Mukhametzhan Tynyshbayev ALT University
e-mail: gaba_b@bk.ru

Sarkynov Erbol, candidate of technical sciences, associate Professor, Mukhametzhan Tynyshbayev ALT
University
e-mail: yerbol.sarkynov@kaznaru.edu.kz

Zhakupova Zhanar, PhD, assistant professor, Mukhametzhan Tynyshbayev ALT University
e-mail: zhakupova.zhanar@kaznaru.edu.kz

Imangaliyeva Aizhan, candidate of technical sciences, associate professor, Mukhametzhan Tynyshbayev ALT
University

e-mail: kiraiya@mail.ru

Makhimova Almira, PhD, teaching assistant, Mukhametzhan Tynyshbayev ALT University
e-mail: almira_88s@mail.ru

86


https://doi.org/10.1016/j.ijft.2023.100312
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118960
https://doi.org/10.26552/com.C.2022.3.B239-B246
https://doi.org/10.1007/s00348-020-2923-y
https://doi.org/10.1063/5.0152514
https://doi.org/10.52209/2706-977X_2024_2_5
https://doi.org/10.1080/14685248.2020.1752376
https://doi.org/10.53894/ijirss.v7i2.2883
https://doi.org/10.1016/j.expthermflusci.2022.110748
https://doi.org/10.1063/5.0084329
https://doi.org/10.22201/icat.24486736e.2023.21.4.1963
https://doi.org/10.1016/j.ijheatmasstransfer.2019.06.024
https://doi.org/10.26552/com.C.2024.020

Material and Mechanical Engineering Technology, Nel, 2025

DOI 10.52209/2706-977X_2025_1_87 IRSTI 55.43.13 UDC 681.883

Theoretical and Experimental Analysis of Ultrasonic Cleaning of Internal Combustion
Engine Radiators with the Development of Practical Recommendations
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Abstract. The article presents the results of studies on ultrasonic cleaning of radiators in internal combustion engine
cooling systems. The aim of the research is to identify the dependencies affecting the efficiency of ultrasonic
cleaning of internal combustion engine radiators, as well as to develop recommendations for further research. Using
the theory of similarity and dimensional analysis, critical dependencies were established, allowing for the
determination of the energy efficiency of the cavitation process and the assessment of the cleaning effectiveness of
the radiator using ultrasound. The obtained theoretical dependencies were experimentally validated, and their
numerical values were determined. Based on these recommendations, a flowchart was developed that outlines the
sequence of the radiator tube cleaning process using ultrasound, taking into account improvements in design and
changes in the testing methodology.

Keywords: car, internal combustion engine, cooling system, radiator, cavitation, similarity theory and dimensional
analysis.

Introduction

Cleaning the cooling systems of internal combustion engines remains a relevant task, especially when
vehicles are operated in conditions that promote the formation of scale and contamination. It is known that
traditional cleaning methods, such as mechanical and chemical approaches, have a number of drawbacks.
Mechanical methods can lead to damage to the tubes and other radiator components. Chemical compounds do not
always provide complete cleaning and also damage the radiators due to their corrosive effects.

Ultrasonic treatment, based on the phenomenon of cavitation, generates microscopic bubbles in the liquid
that release high energy in the form of shockwaves and microjets when they collapse. This process effectively
removes scale and other contaminants from the internal surfaces of radiator tubes without damaging their structure.
Unlike mechanical methods, ultrasound penetrates difficult-to-reach areas, such as tube bends and small channels,
ensuring a more uniform and thorough cleaning.

Ultrasonic cleaning is also environmentally friendly, as it does not require the use of aggressive chemical
reagents, and the process can be adjusted to minimize the impact on radiator materials. By regulating the parameters
of ultrasonic treatment, the method can be adapted to different types of radiators and contamination levels, ensuring
high cleaning efficiency without the risk of damage.

The hypothesis of the study is the probability of radiator cleaning through ultrasonic treatment.

The aim of the study is to establish the dependencies that determine the effectiveness of the ultrasonic
cleaning process for internal combustion engine radiators and to develop recommendations for further research.

To achieve the research goal, the following tasks were addressed: the physical essence of the cavitation
process was considered; critical dependencies were derived to evaluate the energy efficiency of the cavitation
process when cleaning radiators with ultrasound; an analysis of existing results was conducted, and
recommendations were made for improving the experimental setup for radiator cleaning.

The scientific novelty lies in obtaining dependencies that allow evaluating the efficiency of radiator cleaning
with ultrasound.

The practical significance of the research lies in the development of recommendations and standard protocols
that will improve the conduct of experimental studies and ensure reliable results. The implementation of this method
in auto repair and service enterprises will increase the availability and effectiveness of innovative radiator cleaning
methods, contributing to an increase in their durability and reliability.

1. Materials and methods

Cavitation is the process of formation, growth, and collapse of gas or vapor bubbles in a liquid, occurring due
to significant pressure fluctuations, such as those induced by ultrasound waves or the movement of objects like
propellers and turbines.

The main stages of cavitation include bubble formation under conditions of low pressure, their growth by
capturing surrounding gas and accumulating energy, and then rapid collapse due to compression. During the
cavitation process, chemically active radicals, such as hydroxyl (*OH) and hydrogen (*H) radicals, are also formed,
which interact with contaminants, breaking down their structure. This effect is particularly useful for cleaning
wastewater and exhaust gases, where the radicals initiate the decomposition of organic substances, enhancing the
efficiency of the cleaning process [1-4].
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Acoustic cavitation in liquids also triggers various physicochemical phenomena, such as sonoluminescence
(the emission of light by liquids), sono-chemical reactions (the chemical effects of cavitation), dispersion (the
grinding of solid particles in a liquid), emulsification (mixing and homogenization of immiscible liquids), and
mechanical erosion (surface destruction), as shown in Figure 1 [5-8].
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Fig. 1. - Physical and chemical phenomena of the cavitation process

Sonoreactions (chemical effects of cavitation) are chemical processes initiated by the collapse of cavitation
bubbles in a liquid with releasing significant energy. This process leads to the formation of free radicals and active
ions, which promotes oxidation, reduction and decomposition reactions of molecules. Dispergating (grinding of
solid particles) is the process of mechanical destruction of solid particles in a liquid under the impact of cavitation.
Collapsing bubbles provide intense forces that crush particles and agglomerates. Dispergating is used in the
production of paints, pharmaceuticals and in the other industries where the homogeneity of particles is important [9-
12]. Emulsionizing (homogenization of immiscible liquids) is the process of forming stable emulsions, where
ultrasound allows mixing liquids (for example, oil and water), forming small drops and ensuring uniform
distribution of phases. It is used in the food, cosmetic and pharmaceutical industries.

Mechanical erosion (surface destruction) is the process of destruction of solid material surfaces as a result of
ultrasonic cavitation. When cavitation bubbles collapse on the surface of a solid material, they generate powerful
shock waves and microjets that destroy the surface of the material. This process can be used to clean surfaces from
dirt and scale, as well as in metalworking processes [13-16].

A number of mathematical dependencies are used to describe and quantify these processes, each of which
reflects certain aspects of cavitation dynamics

The Rayleigh-Plesset equation is used to describe cavitation, which models the change in the bubble radius
R(t) over time under the influence of such factors as density, surface tension and viscosity of the liquid. When the
bubble collapses, the pressure inside it increases adiabatically, and its maximum value Pma can be expressed
through the initial radius Ry and the minimum radius Rpin:

P = Po (22 ()

Rinin
where P,,,, is maximal pressure innnnnsude the bubble at the momment of collapse;
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P, is the initial (static) pressure of the liquid;
R, is the initial radius of the bubble;
R, 1s the minimum radius of the bubble at the moment of collapse.

Energy E released at the moment of the bubble collapse is calculated as work done on a volume from R to
Rmin:

E = f:;inP(r) - 4mr?dr, )

where P(r) is pressure inside the bubble as the function of the radius;

r is the current radius of the bubble [17-18].

The cavitation number o determines the tendency of a liquid to cavitation and reflects the relationship
between the external pressure and the saturated vapor pressure of the liquid:

_ Po—Py
-1 92 "
2P

3)

The ultrasound frequency also affects the bubble dynamics: at the resonant frequency, the oscillation
amplitude is maximum, which leads to stronger cavitation effects and erosive action. The radius of the resonant
bubble Ry at a given ultrasound frequency is expressed as:

Po—Py
g = 4
%pﬁz ’ ( )

where o is the cavitation number, a dimensionless parameter indicating the liquid tendency to cavitation;
P, is pressure in the liquid far from the bubble;
P, is the saturated vapor pressure of the liquid (depends on the liquid temperature;
p is the liquid density;
9 is the rate flow of the liquid.

=Em
S_Ey, (5)

where E,, is the energy released in the form of shock waves at the moment if the bubble collapse;

E, is the ultrasonic impact energy [19-22].

Thus, regulating the ultrasound frequency and pressure parameters allows enhancing cavitation effects and
increasing erosive activity, which contributes to effective cleaning.

Currently, there is no universal model that can accurately describe the process of ultrasonic cavitation in
radiator tubes. This is due to the high complexity of the phenomenon, which is influenced by many factors.
Cavitation is a complex nonlinear process that depends on parameters such as the intensity and frequency of
ultrasound waves, the shape and size of the tubes, the characteristics of the working liquid, and the duration of
exposure. Taking all these variables into account within a single model proves to be extremely difficult.

Due to these challenges, the method of similarity theory and dimensional analysis was applied. This method
allows reducing the number of variables affecting the process and identifying dimensionless criteria that describe the
main patterns. The similarity theory approach is particularly effective when analyzing complex processes for which
constructing a mathematical model is challenging. The application of this approach enables the identification of key
parameters affecting the cleaning process and allows for an assessment of their impact on cleaning efficiency. The
physical meaning and significance of the obtained similarity criteria are presented in Table 1.

Based on the physical meaning and values of the criteria, the following conclusions can be drawn:

e criterion k1 helps determine the optimal tube radius or assess the allowable thickness of the contaminant
layer for effective cleaning.

e criterion k, evaluates the efficiency of energy transfer into the liquid and enables adjustments to the power
of the ultrasonic emitter.

e criterion k3 determines the efficiency of utilizing the liquid volume and system energy for contaminant
removal, as well as the relationship between the liquid's characteristics, system geometry, and the mass of
contaminants removed.
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Table 1. The physical meaning and significance of the obtained similarity criteria

25

Criterion Physical Meaning Value
k. = T | Characterizes the influence | Indicates that the tube radius significantly exceeds the thickness of
L7 A |of tube geometry and |the contaminant layer, promoting effective ultrasonic wave
contaminant layer thickness | penetration. The cleaning process becomes more localized and
on the penetration of | intensive.
ultrasonic waves to | Indicates that the contaminant layer thickness is large relative to the
contaminants. tube radius, making ultrasonic wave penetration more challenging
and reducing cleaning efficiency. Additional measures, such as
increasing power or duration of ultrasonic exposure, are required.
E, | Evaluates the efficiency of | A significant portion of ultrasonic energy is efficiently converted into
ky = E. | converting ultrasonic energy | shock waves. This indicates high energy efficiency of the system and
¥ linto  cavitation  effects | an intense cavitation process, leading to active contaminant removal.
through the energy . - -
transferred to shock waves. Only a small fraction of ultrasonic energy is used to generate shock
waves, indicating energy losses or insufficient power. The system
requires improvements to enhance efficiency.
ks Indicates the relative | The volume of liquid involved in the process is significantly larger
m efficiency of contaminant | than the mass of contaminants removed. This may indicate low
= r2pl removal from the tube. cleaning efficiency, as only a small amount of contamination was
removed relative to the liquid volume.
Low values of the criterion indicate high cleaning efficiency: a
significant amount of contamination is removed even with a small
liquid volume.

The combined analysis of all criteria allows for a detailed evaluation of the balance between energy

consumption, tube geometry, and the mass of contaminants removed. The dimensionless criteria derived using the
similarity theory provide essential relationships for assessing the efficiency of cavitation processes, which is crucial
for understanding the mechanical impact of ultrasonic vibrations on contaminants.

Thus, the application of the similarity theory was justified for such complex processes as cavitation, as a
complete mathematical analysis of cavitation bubble behavior is challenging due to the numerous factors influencing
the process. The derived criteria not only describe the cleaning process but also define the conditions for effective
contaminant removal.

2. Analysis and Discussion

An analysis of the results from experimental studies presented in the works of K.A. Sinelnikov has been
conducted, where a method for cleaning car radiator tubes using cavitation generated by ultrasound waves is
proposed [23-26]. As part of the dissertation work, an experimental setup for radiator tube cleaning was developed,
and the process of conducting experiments aimed at evaluating the effectiveness of ultrasonic cleaning was
described (Figure 2).

| =

Fig. 2. - Experimental Setup for Ultrasonic Cleaning of Automotive Radiators
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The experiment followed these steps:

1. Preparation Stage: The experimental setup was assembled and connected. The test bench was then filled
with clean water, and its initial parameters were measured.

2. Heating Stage: The water was heated to 50°C;

3. Ultrasonic Treatment: Ultrasonic exposure was applied to the radiator for three different time intervals:
600, 1200, and 1800 seconds;

4. Parameter Measurement: After each treatment, key parameters of the liquid were measured, including
volume, mass, and outflow time;

5. Final Stage: The water was aerated (saturated with air) before ultrasonic exposure, and the experimental
results were analyzed [25,26].

The results of the study demonstrate that ultrasonic treatment effectively removes scale and contaminants from
the walls of radiator tubes, positively impacting the performance of the cooling system and extending its service life
(Table 2).

Table 2. Results of Experimental Studies

Exposure time (s) Liquid mass (g) Density (g/cm?) Drain time (s) Drain speed (ml/s)
0 44,57 0,9904 9,93 100,7
600 44,60 0,9911 9,73 102,7
1200 44,63 0,9917 9,22 108,45
1800 44,69 0,9931 9,20 108,69
120
e 100.7 102.7 108.45 108.69
<~ 100
L
g g0
EE
92 00 457
== 44.6
:i = 44.63
é 40
2 20
<
=
0
0
600

1200
1800

Flow time of the liquid (t), s

Fig. 3. - Changing the mass and the flow rate of liquid (3)
Depending on the time of exposure to ultrasound (t)

In Figure 3, it can be observed that as the duration of ultrasonic exposure increases, both the mass and outflow
rate of the liquid with removed scale increase compared to the initial parameters of untreated liquid. This
phenomenon is explained by the significant amount of energy transferred to the liquid through ultrasonic waves,
which induces cavitation.

As a result, microbubbles form, and their collapse generates powerful microjets. These microjets effectively
clean the inner walls of radiator tubes from scale, contributing to the increase in both mass and outflow rate of the
liquid. Ultrasonic exposure thus not only enhances the cleaning of the radiator but also improves the fluid's flow
properties by removing deposits, as evidenced by the increase in measurable parameters.

Based on the experimental results, an assessment of the efficiency of the ultrasonic cavitation process was
conducted using the derived criteria listed in Table 3.
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Table 3. Results of Criteria Calculations

Exposure time (s) Exin Eu Em ks ks
(W) (kJ) (kJ)
0 225,98 0 -225,98 - -
600 2352 30 29 0,96 0,3
1200 262,45 60 59 0,98 0,295
1800 263,97 90 89 0,99 0,286

The numerical values of the criteria indicate high cleaning efficiency: even with a minimal liquid volume, a
significant amount of contaminants was removed, confirming the effectiveness of ultrasonic waves on contaminated
radiator tube surfaces.

Although K.A. Sinelnikov's dissertation involved substantial research on ultrasonic cleaning of radiator tubes,
certain limitations in the experimental methodology may have affected the accuracy of the results.

We conducted an analysis of K.A. Sinelnikov's dissertation, addressing unexplored aspects and developing
recommendations and suggestions for further research. The results of this analysis are presented in Table 4.

Table 4. Analysis Results, Recommendations, and Suggestions
Unexplored Aspects of the Recommendations and Suggestions
Dissertation

Lack of analysis of the influence of | Conduct studies with different emitter positions to evaluate the
the ultrasonic emitter's position on | uniformity of cavitation and its impact on cleaning efficiency.
the uniformity of cavitation along the
entire length of the radiator tubes.
Insufficient detail in controlling the | Implement a system for controlling the saturation of the liquid with air
saturation of the liquid with air, | to ensure the stability of cavitation along the entire length of the tubes.
which could have affected the
intensity of cavitation.
Lack of description regarding the
accuracy of maintaining the liquid
temperature during the experiments.
Insufficient attention to the types of | Investigate the impact of different types of contaminants on cleaning
contaminants (scale, organic | efficiency and determine the optimal cavitation parameters for each
deposits), which require different | type.
cavitation intensities.
Lack of cavitation level control to
ensure stable experimental
conditions.
Insufficient analysis of the impact of | Study the influence of ultrasonic exposure time and vibration
ultrasonic ~ exposure time and | amplitude on the dynamics of cavitation and the mechanism of
vibration amplitude on the cleaning | contaminant removal, as well as determine their optimal values for
process and the mass of removed | various conditions.
contaminants.

Utilize precise liquid temperature control systems and record
temperature variations to analyze their impact on the process.

Develop a methodology for real-time cavitation level monitoring to
ensure the reproducibility of experiments.

According to the analysis of the research results presented in Table 4, it was determined that one of the key
factors influencing the effectiveness of ultrasonic cleaning is the optimal placement of the emitter and the method of
water supply [31]. It is hypothesized that using an ultrasonic emitter with directed action from bottom to top,
combined with water supplied by a pump, can significantly enhance the efficiency of the process.

The proposed placement and method of liquid supply offer several important advantages. Firstly, this
configuration allows cavitation bubbles to rise upward, effectively interacting with contaminants along the entire
length of the radiator tubes. The bubbles accumulate at contaminated areas and, upon collapsing, destroy scale and
other deposits, ensuring thorough and uniform cleaning. The pumped water supply further enhances this process by
creating a turbulent flow that evenly distributes the liquid and saturates it with air, promoting the formation of
cavitation bubbles. A continuous water flow also maintains a stable liquid temperature, enabling more intense
cavitation, especially at elevated temperatures. All these factors together ensure effective breakdown and removal of
contaminants, making the cleaning process more environmentally friendly and cost-effective by reducing the need
for chemical agents and mechanical cleaning. Based on the above, the gas cleaning process on the experimental
setup is presented, which will be carried out according to the flowchart in Figure 4.

92



Material and Mechanical Engineering Technology, Nel, 2025

CBeginning of the process)

Filling the radiator with the
liquid and adjusting
the ultrasound equipment

Generating cavitation bubbles

Bubble oscillation

Bubble collapse

Erosion
and destruction
of contaminants

Removing
contaminants to the liquid

Filtration and drainage
of the liquid with contaminants.
Washing with clean water

C End of the process )

Fig. 4. — Stages of cleaning the radiator tubes with ultrasound

The proposed flowchart visually represents the ultrasonic cleaning process for radiators, highlighting key
stages and the sequence of actions to achieve maximum efficiency. The diagram simplifies the understanding of the
process, making it more accessible for analysis and practical implementation. It clearly outlines the critical
parameters that need to be considered for effective radiator cleaning.
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Conclusion

The conducted analysis confirms that ultrasonic cavitation has significant potential for effective and safe
cleaning of car radiator tubes. The main advantage of ultrasonic cleaning lies in its ability to break down
contaminants at the molecular level through microjets and shockwaves generated by the collapse of cavitation
bubbles. This process allows the removal of even the most stubborn deposits deeply embedded in the tube walls,
without causing significant mechanical impact on the radiator material. As a result, the risk of tube damage is
reduced, which is especially important for car radiators, where the strength and durability of the structure are crucial
for the stable operation of the engine cooling system.

Unlike existing studies, future work will focus on detailed control of parameters such as the position of the
ultrasonic emitter and the stability of air saturation in the liquid, to achieve uniform cleaning along the entire length
of the tubes. It is expected that these improvements will enhance the repeatability of results, allow for more precise
control of the cavitation process, and increase the overall reliability of the method.
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Annotation. Gear hydraulic machines are a type of volumetric hydraulic machines that are widely used in various
industries. Their main purpose is to convert mechanical rotational energy into hydraulic energy (pumps) or vice
versa (hydraulic motors). The performance of gear hydraulic machines depends on tribological properties such as
hardness, wear resistance, strength, viscosity, surface roughness, lubricity. This article discusses the problems of
gear pumps, namely their tribological properties associated with designs and materials of manufacture. There are
several basic designs of gear pumps, each of which has its own characteristics, advantages and disadvantages. They
ensure stable operation of systems that require fluid transfer with constant flow and pressure. However, their
performance characteristics largely depend on the tribological properties of working elements such as gears,
bearings and sealing devices. Wear and damage to these elements can significantly reduce the efficiency of the
pump, lead to its breakdown or increased energy consumption. Various designs of gear pumps are considered, their
characteristics, operating principles, liquid flows, advantages and disadvantages of various pump designs are
studied.

Key words: gear pumps, design, characteristics, fluid flow, tribological properties

Introduction

Tribological properties of gear pumps refer to the characteristics associated with friction, wear and
lubrication in mechanisms that ensure their durability, operating efficiency and reliability. These properties are
especially important for gear pumps, as they operate at high pressures and are often subject to intense friction
between working parts.

Table 1. Factors influencing tribological properties and methods of their improvement

. Fac_tors Affectl.ng Description Reasons Methods of increasing
Tribological Properties

Friction Resistance to Reduced friction Use of lubricants,
movement between surfaces. improves efficiency, reduces improvement of surface
In gears, it occurs when they overheating and wear. treatment, coatings.
interact.

Wear Resistance of materials Minimizing wear Use of wear-resistant
to damage during prolonged increases service life and materials, improvement of
contact. stabilizes pump operation. surface quality.

Lubrication Friction protection Proper lubrication Use of synthetic oils,
using liquid or solid reduces friction and wear, additives, nanomaterials for
lubricants. improving operating efficiency. coating.

Service life The time during which Improving tribological Improving the quality

the pump operates efficiently
without significant
breakdowns.

properties extends service life
and reduces repair costs.

of lubrication and coating,
optimizing operating
conditions.

Efficiency
(Coefficient of
Performance)

Pump efficiency, the
ratio of useful work to energy
expenditure.

Reducing friction and
wear improves efficiency,
reducing energy loss and

increasing productivity.

Reduced friction and
increased precision in
machining of working parts.

Resistance to loads

The ability of the pump
to operate under high
pressure and loads.

Improved tribological
properties help the pump
operate under extreme
conditions.

Use of stronger
materials, improved
lubrication and coating.

Leaks

Fluid loss through gaps
between teeth and other parts

Reducing leaks improves
operating stability and

Elimination of design
defects, improvement of

of the pump. productivity. tightness and accuracy.
Performance stability Maintaining stable Improving  tribological Use of improved

pump operation without | properties contributes to stable | lubricants, improved surface

significant fluctuations in | and efficient operation. treatment of teeth.

efficiency.

The factors influencing tribological properties in this study are friction, leakage and performance stability.
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Gear pumps are widely used in many industries due to their reliability, simplicity of design, compactness and
efficiency [1, 2]. Gear pumps are positive displacement pumps. Gear pumps are typically used to pump high
viscosity liquids: fuel oils, petroleum, lubricating oils, paints, acids and alkalis, alcohols and solvents, the rotation is
transmitted by the driving gear [3 — 6]. The rotation of the driven gear is produced by contact with the driving gear,
the liquid is transported from the suction side to the discharge side of the pump (from the inlet channel to the outlet
channel) [7]. A gear pump moves liquid by repeatedly enclosing a fixed volume in interconnected gears,
transmitting it mechanically to ensure a smooth, pulse-free flow proportional to the rotation speed of its gears [8]. In
this case, tight contact is formed between the teeth, as a result of which the reverse transfer of liquid from the
discharge cavity to the suction cavity is impossible.

The choice of the object of study is determined by the following factors:

— these units have a set of basic parts and components that is very common in mechanical engineering
practice, namely: shafts, gears, bearing supports, friction units (Figure 1);

— gear pumps are characterized by a wide range of operating modes, which means a large variety of different
combinations of loads on the machine parts of the unit, up to the maximum possible;

— the practice of operating gear pumps in the CIS countries and abroad, as well as the analysis of foreign and
domestic literary publications, shows that they experience premature failures.

1 - housing; 2 - bearing supports; 3 - seals; 4 - thrust bearings; 5 - driving pinion shaft; 6 - driven pinion shaft; 7 -
housing cover.

Fig. 1. - Typical design components of gear pump

Reliability and durability of units are primarily determined by the loaded state of their constituent structural
elements, parts, and assemblies. At present, methods for calculating the loaded state of parts and assemblies for
various purposes have been developed quite deeply and are supported by a wide range of normative and technical
documentation, including: GOSTs, industry standards, methods, etc., allowing you to set the required service life for

most units and mechanisms containing typical machine parts: shafts, gears, bearing supports, friction units, etc..

1. Methodology

Gear pumps are mechanisms consisting of two gears in engagement, placed in a tightly enclosing housing. The
pump operates on the principle of transferring liquid by working chambers from the suction cavity to the opposite
discharge cavity and then squeezing the liquid out of the working chambers of the displacer.

ear pum
“With ‘With With With
pxfernal gear nfernal gearl  pne drive Keparafe drive
engagement engagement gear gears

|

With seral With seral
ronnection o connection off
gear pars gear pars

Fig. 2. - Classification of gear pumps
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In gear pumps, the working chamber is the cavity between adjacent gear teeth, and the displacer is the gear
tooth. Depending on the need, the following designs of gear pumps are used, each of which has its own
characteristics, advantages and disadvantages (Figure 2, Table 2).

Table 2. Types of gear pump designs, their advantages and disadvantages.

Pump type Scheme Advantages Flaws

External Gear Simple design, high Not suitable for use
Pumps: These reliability, wide range of liquids with liquids containing
pumps use two solid particles as they may

counter-rotating
gears to pump fluid,
which is trapped
between the gear
teeth and transferred
through the pump
body.

cause wear on gears.
Require  precision
manufacturing to ensure
stable operation.
Limited in pressure
range (usually no more
than 20-30 bar).

Internal Gear
Pumps: One of the

gear elements
(internal gear) is
placed inside the

outer gear, and the
fluid is captured
between the teeth
and transferred
through the pump.
This is a type of
design where the
gears are not driven
in one axis, which
helps reduce flow
pulsations.

— High stability of outlet
pressure and low flow pulsations.

— Higher working pressure
than external gears.

— Higher flow density and
greater productivity.

- More complex and
expensive design.

— High demands on
the precision of gear
manufacturing.

- Reduced
durability when working
with contaminated
liquids.

Hexagonal
Tooth Pumps:
These pumps have
gears with teeth that

are angled
(hexagonal teeth).
This reduces flow
pulsations and
improves power
transmission.

Reduced flow pulsations.

Higher efficiency and less
friction than conventional gear
pumps.

Suitable for working with
viscous liquids.

Complex design and
high demands on
manufacturing precision.

May require more
expensive materials for
durability.

There may be
problems with tightness.

There are several designs of gear pumps. External gear pumps come in various configurations, distinguished by
the number and arrangement of gears. Some designs feature two (Figure 3), three, or four gears in a line, while
others have three or four gears surrounding a central drive gear [14]. This simplifies production, maintenance and
repair. Such designs provide a high efficiency due to minimal friction losses. They can work with various types of
liquids, including viscous and abrasive ones [15].

1 - driving gear; 2 - housing; 3 - driven gear (displacer)

A

Fig. 3 - Design of a gear pump with two external gears [14]
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There are also diagrams of gear pumps with three gears located on one axis (Figure 4).
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Fig. 4. - Three-gear pump with external gearing [14]

Gear pumps with external engagement and three gears are advisable to use in hydraulic drives where it is
necessary to have two hydraulic lines with independent pressure, since this pump has two inlet and outlet openings,
that is, one pump can provide the necessary fluid flow in two circuits at once [15].

There are designs with 4 gears located on one axis (Figure 5). Such a design increases the amount of energy
that the pump consumes to pump a certain volume of liquid.

1 — drive gear; 2 — housing; 3 — plane; 4, 5 — suction channels; 6, 7 — discharge channels
Fig. 5. - Four-gear pump with external engagement with gears on one axis [9]

There are also known designs with six gear wheels, three on each driven and drive shaft (Figure 6). In such a
pump, several gears are located on one drive shaft, each of which rotates the driven gear on the drive shaft. The
suction and discharge lines of such pumps are usually separated, but can also be combined in a special design.
Multistage pumps are used to increase the pressure or feed the unit.

Fig. 6. - Driven and driven shaft of the pump under consideration of multistage gear pumps with external engagement [10]
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To increase pressure, gear pairs are installed in series, to increase productivity (feed) - in parallel. By installing
the second stage in series, we can almost double the pressure at the pump outlet. However, this will lead to a
decrease in the efficiency of the machine, since the feed of each previous stage must be greater than the required
feed of the subsequent stage to ensure a reliable supply of power. To get rid of excess liquid at the outlet of each
stage, an overflow valve is used.

To increase productivity, multi-gear pumps with three or more gears placed around a central axis are used.

Fig. 7. - Multi-gear pump located around a central axis [11]
Another common type of pump is centrifugal pumps due to their simple design, high performance and ability
to pump large volumes of liquid. However, like any mechanism, they have their drawbacks: sensitivity to cavitation,

low efficiency, etc. Table 3 shows comparative characteristics of the use of a gear pump.

Table 3. Comparative characteristics of a gear pump and a centrifugal pump.

Characteristic Centrifugal pump Gear pump
Operating principle Transfer of energy to a liquid by centrifugal forces [Movement of liquid by engagement of gears|
Performance High at high costs High at low cost
Pressure Low and medium High
Pulsations Tall Low
Efficiency Depends on the operating mode High
Self-priming No Limited
Viscosity of the pumped liquid Low and medium Tall
Dimensions Big ones Compact

In order to improve tribological properties, a new design of a multi-gear pump with 3 or more driven gears
placed around the central axis is proposed.

Pressure pulsation during fluid delivery is an integral characteristic of a gear pump with external engagement
[12]. Flow pulsation, i.e. delivery occurs in portions equal to the volume of the chambers. The trapped volume,
which they try to get rid of using the unloading grooves of the follower drive and other things, leads to sharp
pressure drops in the tooth engagement zone. Pressure surges generate increased noise and vibration [13]. Flow
pulsation can be represented graphically (Figure 8).
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Fig. 8. - Flow pulsation graph [15, 16]

The study will examine the kinematic systems of multi-gear pumps, which is the main axis of this proposal, as
well as its idea. The basis for the final optimization of the prototype and the creation of a useful mathematical
apparatus from the industrial point of view, capable of accurately selecting pumps for given output parameters, will
be the shape of the tooth and the dimensions of the pump parts.

2. Results and Discussions

During the research work, the parameters selected will be such parameters as the shape of the tooth and the
dimensions of the pump parts, which will form the basis for the final optimization of the prototype and the creation
of a useful mathematical apparatus from the industrial point of view, capable of accurately selecting pumps for the
specified output parameters. The distribution of the same stresses that are used in the classic gear pump will allow
the use of less critical materials or the application of greater forces, which will further popularize these designs.

J
I

|fﬁ\ll 1{ | \[

0 12 24 36 48 60 72

1 — supply of fluid for engagement 1; 2 — supply of fluid for engagement 1

Fig. 9. - Fluid flow pulsation graph

As can be seen from the graph (Figure 9), the feedgear pump is uneven, since simultaneously volumes (equal
to the volume of the depressions) are forced into the system, limited by the parameters of the teeth and the housing.

It is known that the reduction of pressure unevenness depends on the number of gear teeth and the angle of
engagement of the teeth. The greater the number of teeth, the less the unevenness of the feed, but the less the feed
itself, which is undesirable.

The number of teeth of the drive gear was taken to be z1 = 30. Then ¢ = 360/30 = 12° is the angle of rotation of
the tooth at which the displacement of the moved volume of liquid by the cavity of the tooth occurs.

- for three driven gears the offset of the axes is equal to:

a = ¢/3 =12°/3 = 4°. Consequently, the axes of the driven gears are shifted by angles of 4° and 8°, respectively
(Figures 10, 11).
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Advantages of the three-gear pump design:

- in such a design, the load on each of the gears is distributed more evenly. In a classic two-gear pump, the
entire load falls on two gears (driven and leading), which can lead to their rapid wear. When adding a third gear, the
load is distributed between three teeth, which reduces the mechanical stress on each of them;

- the presence of three driven gears increases the number of working cycles per unit of time. This can increase
the pump's productivity, as the number of captured and pumped portions of liquid per one shaft revolution increases.
For pumps designed for high volumes of pumped liquids, this significantly increases the efficiency of operation;

- pumps with three driven gears distribute the fluid flow more evenly, which reduces pressure pulsations.
Pulsations can cause additional vibrations and noise, as well as unpredictable system behavior, which is important
for precise or sensitive installations;

- the load is distributed evenly and the teeth contact is more even, the pump will wear out more slowly than a
pump with fewer driven gears. This extends the life of the unit, which is important in heavy-duty applications such
as oil or chemical fluid pumps;

- three-gear driven pumps are less likely to experience sudden pressure surges and, as a result, have reduced
vibration and noise, especially at high speeds. This makes them more suitable for applications where low noise
levels are required.

By using multiple driven gears, fluid flow parameters can be controlled more precisely, which is especially
important for precision systems such as hydraulic and lubrication systems where it is important to maintain stable
pressure and fluid flow.

Another important issue when designing a gear pump is the correct choice of material, which significantly
affects the durability, efficiency and cost of the equipment. The optimal material must have a set of properties that
ensure reliable operation of the pump under specific operating conditions.

Basic requirements for materials for pump housings:

— the material must be resistant to the effects of the pumped liquid (water, acids, alkalis, etc.);
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- the housing must withstand internal pressure and mechanical loads.

— the material must be resistant to abrasive wear, especially when pumping solids;

—  good thermal conductivity facilitates heat removal from the working parts of the pump;
— the material should be easy to process using traditional methods (casting, machining).
Table 4 presents standard materials of construction for gear pumps.

Table 4. Standard materials for gear pump construction.

Material Example of construction Advantages and disadvantages

Cast iron — Widely used due to its low cost and good
casting properties.

— Has sufficient strength and corrosion
resistance in fresh water and neutral
environments.

— Not recommended for aggressive
environments.

[17]

Steel — Used for the production of pump bodies
operating in more aggressive environments
or at high pressures.

— Alloy steels have increased strength,

corrosion resistance and wear resistance.

[18]

Bronze Used for pump bodies handling sea water or
other aggressive media.

— Has high corrosion resistance and good
antifriction properties.

[19]

Brass It is used for the production of small pumps

and parts requiring high corrosion resistance.

[20]

Polymer
materials

Used for the production of chemical pump
bodies and pumps for the food industry.
They have high corrosion resistance, are
lightweight and low cost.

(21]

An analysis of standard materials for gear pump designs and previously conducted studies [21] showed that the
use of aluminum will reduce the weight of a multi-gear pump without reducing the strength properties of the
structure.

On the chart Figure 12 It is clear that the greatest weight reduction (16%) is observed in polycarbonate,
followed by aluminum with 14% and cast iron with 12%. Although polycarbonate shows the greatest weight
savings, the choice of material should take into account not only this parameter, but also other factors such as
strength, manufacturability and cost. Aluminum, as the optimal material for the manufacture of pump parts, is
proposed based on the best balance between weight and strength, as well as taking into account the technological
aspects of production.
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polycarbonate;

16% aluminum; 14%

Fig. 12. - Histogram of the dependence of weight change depending on the selected material

This graph highlights the importance of material selection and design optimization to achieve lighter, more
efficient pumps [11, 22 - 24].

Conclusions

An analysis of gear pump designs and possible materials for their manufacture showed that the design of a gear
pump with three driven gears around a central axis is a structurally improved version of a classic gear pump. This
solution allows for increased productivity, reduced pulsation, reduced wear and extended service life of the device,
and also ensures more stable and uniform operation of the system. Such pumps are especially effective in cases
where high productivity and durability are required, as well as reduced vibration and noise. This makes them
suitable for use in more complex and demanding operating conditions. Further, a study and modeling aimed at the
tooth profile and fluid flow in the pump will also be carried out. The use of aluminum for the design of a multi-gear
pump will reduce the weight of the structure, material consumption and, as a result, economic costs.
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Abstract. A building's carbon footprint could be reduced by using wheat straw, a sustainable agricultural material,
as insulation in cement hollow blocks. To evaluate its thermal performance, four test walls were constructed: one
without insulation and three with varying levels of compacted wheat straw. Measurements revealed that walls
insulated with wheat straw experienced significant reductions in heat flow (82.80% - 38.95%) compared to non-
insulated walls. This indicates that wheat straw is an effective insulation material. The insulated walls also
demonstrated improved thermal performance, with lower Uvalues and higher R-values. Notably, the highest
compaction density of wheat straw achieved the greatest energy savings (82.80%). These findings suggest that
wheat straw is a promising, eco-friendly solution for enhancing the thermal insulation of cement hollow blocks,
leading to significant energy savings and environmental benefits in the construction sector.

Keywords: wheat straw, thermal resistance, hollow brick, construction material

Introduction

The growing energy demands of buildings are a pressing global challenge. Passive thermal management
strategies, such as improved building insulation, are essential for reducing energy consumption and mitigating the
associated environmental impacts. The construction industry is responsible for 30-40% of worldwide energy use and
contributes significantly to greenhouse gas emissions.

Renovation and construction projects often consume significant amounts of energy and materials,
contributing to environmental degradation. India, facing severe pollution problems, is particularly affected by the
energy-intensive nature of its building sector. Improving building insulation is a key strategy for reducing energy
consumption for heating, cooling, and air conditioning. High-performance thermal materials are essential for energy
savings. Building materials are important in global efforts to conserve energy and protect the environment. Eco-
friendly buildings utilize natural and renewable resources, such as locally available agricultural residues, offering
numerous benefits.

Despite the prevalence of inappropriate agricultural waste disposal, a readily available solution exists in
fiber-rich agricultural residues, which are widely used in global construction. These residues are often burned,
representing a missed opportunity for sustainable utilization. According to the Food and Agriculture Organization
(FAO, 2019), the burning of wheat and rice paddy residues alone amounted to 92 Mt and 87.5 Mt in 2017. India, for
example, generated an average of 521 Mt of agricultural residue annually, including Mt from rice and 114 Mt from
wheat. The use of straw in construction dates back to the pre-Harappan era of the Indus Valley civilization, where
straw fibers were used as a reinforcement material for mud and clay structures.

Building materials play a crucial role in energy conservation and environmental protection. Ecofriendly
buildings often use natural, renewable resources like agricultural waste. Thermal conductivity of agricultural
residues, such as maize husk and wheat straw, is comparable to that of artificial insulations like mineral wool and
polystyrene. This suggests that agricultural waste can be a sustainable and effective insulation material.

Wheat straw, a common agricultural waste, is often burned, contributing to air pollution. Due to its low
density, porous structure, and excellent insulation properties, straw has a long history of use in construction. Its high
silica content prevents decomposition, and it is widely available in many regions.

Previous research has demonstrated the superior performance of natural and renewable materials for building
insulation compared to traditional materials. Present research explores the wheat straw as a sustainable insulation
option by filling concrete hollow bricks with varying densities. The thermal conductivity and resistance of the filled
bricks will be evaluated to assess their effectiveness. The potential environmental benefits, such as fuel savings,
reduced energy costs, and pollution mitigation, associated with building insulation will also be determined. This
research contributes to the development of sustainable construction practices by promoting the use of natural,
renewable materials for improved building energy efficiency.

1. Methodology
To evaluate the impact of compacted wheat straw density on thermal conductivity, a test rig with four
identical external side walls was constructed, as shown in Figure 1. These walls were made from cement hollow
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bricks, the specifications of which are provided in Table 1. The table details four walls (W1, W2, W3) filled with
compacted wheat straw at varying densities, and one control wall (W4) containing empty hollow bricks. Each brick
measured 390 mm x 140 mm x 140 mm and had two internal chambers measuring 88 mm x 78 mm x 110 mm.
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Fig. 1. - a - Test chamber walls b-Straw bell and Brick c- Hollow brick details

1.1 Wheat Straw Compaction

To establish different compaction levels, wheat straw was first loaded; un compacted, in chambers of two
clay hollow bricks. Subsequently, the straw was loaded again with maximum pressure. The mass of extracted straw
from each chamber was measured individually, resulting in average masses of 37.7 g (un compacted) and 94.37 g
(maximum compaction). An intermediate compaction level of 65.5 g was established by averaging the previous
measurements.

1.2 Brick Preparation

To create different compaction levels, wheat straw was initially loaded in chambers of two clay bricks
without compression. The straw was then loaded again with maximum pressure. The mass of extracted straw from
each chamber was measured individually, resulting in average masses of 37.7 g (uncompressed) and 94.37 g
(maximum compaction). An intermediate compaction level of 65.5 g was established by calculating the average of
these two measurements.

Table 1. Specifications of four walls of test rig.

Sr. No Cement brick Cement brick wall | Cement brick wall |Cement brick wall
wall with high  |with moderate |with low |with no straw wall
compaction compaction  straw | compaction straw (W4)
straw (W1) wall wall (W2) wall (W3)
Straw Density 125 90 50 -
(Kg/m’)
Size of Wall (mm) 780X560 780X560 780X560 780X560

2. Test Rig Construction

The test rig consisted of 32 bricks bonded together with sand-cement mortar. To prevent heat transfer, the
corner cavities were filled with polystyrene, and the top and bottom were insulated with 15 cm thick polystyrene
sheets. The final dimensions of the model were 780 mm x 560 mm x 560 mm (length, width, height), and it was
maintained in a controlled temperature environment.

2.1Temperature Measurement Techniques

A data logger thermometer measured the internal and external surface temperatures of the walls every 5
minutes for 3 hours during each test. Another thermometer was used to collect data for calculating the U- value,
with measurements taken over 3 replications of 3 hours each.

2.2Thermal Transmission Coefficient (U-value)
The U-value, measured in W/m?-K, indicates how well a wall resists heat transfer. This study used a U-value meter
to measure heat loss over three-hour periods. A wall with a lower U-value is considered to be better insulated.

2.3 Thermal Resistance (R-value)
Thermal resistance (R-value), the reciprocal of U-value and expressed in m*> © C/W, was calculated using
Equation (1), whereas R and U are thermal resistance and thermal transmittance (W/m? °C) respectively:

R=1/U (1)
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2.4 Heat Flux (q)
The amount of heat flowing through the walls was measured using sensors and a thermometer.
Equation (2) was used to calculate the total heat flow based on the internal and external temperatures..

q=(Ti—Te) ()

2.5 Testing in open Environment without heaters

"The test rig was located on the rooftop of a four-story building at the Abhinav campus in Wadwadi, India.
The experiments were conducted during the hot months of April and May. The testing chamber was oriented
according to the geographical axes. Data was collected over ten days within the fully enclosed experimental
chamber."

3. Environmental Considerations and Energy savings

This study evaluated the potential reduction in pollutants, energy savings, and cost savings associated with the
investigated model. Equations (3) and (4) were used to calculate the energy savings (S) and energy savings ratio
(SR) based on the measured heat flow (q) through the insulated and non-insulated walls (W/m?). Additionally,
equation (5) was employed to estimate the total annual energy savings for a hypothetical building with a specified
surface area (A):

S=ql—qi 3
S(%) = [(q1 — qi)/q1)] X 100 )
S1=AS Q)]

This analysis examines the potential cost savings associated with wheat straw insulation in cement hollow
bricks, considering the entire energy chain from power generation to household consumption. Thermal power plants,
which are the primary source of electricity generation, have an inherent efficiency of only 30- 40%. The remaining
energy is lost as heat, emphasizing the importance of efficiency. Electricity transmission and distribution lines also
experience energy losses due to resistance and other factors, typically ranging from 8-15%. To account for both
power plant inefficiencies and transmission/distribution losses, we use a conservative estimate of 27.6% overall
efficiency. A typical 1500 sqft house with 1600 sqft of wall surface area was considered for estimating cost savings.

4. Results and Discussion
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Fig. 2. Wall surface temperatures during test 1

4.1 Performance of straw for Heat Transfer

Figure 2 to 5 show the temperature variations for different walls. The external temperature difference between
the walls ranged from 4°C to 6°C. The heat transfer values were highest for W4 and lowest for W1, indicating that
W1 had the greatest resistance to heat flow. Wall W4 experienced large heat loss, while W1 had the lowest heat
loss. The slopes of the temperature curves for the insulated walls were shallower than for the non-insulated wall,
indicating the effectiveness of wheat straw insulation. Wall W4 has highest heat loss and poorest thermal behavior,
while wall W1 has lowest heat loss and superior thermal behavior. This shows a positive correlation between straw
compaction and thermal insulation efficiency.
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