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ABSTRACT
The calculation of the process of defrosting food in a microwave field is based on the
problem of determining the density of internal sources of heat arising in a dielectric material
when it interacts with an electromagnetic field. The article substantiates a simplified physical
model of the interaction of an electromagnetic field with a homogeneous dielectric material of
arbitrary shape, placed in the volume of a microwave resonator chamber. Equations are
analytically obtained that allow calculating the density of internal heat sources during
microwave defrosting of food products of arbitrary shape, which take into account the power
of the microwave generator, the volume, surface area of the material and the depth of
penetration of the electromagnetic field into the dielectric. An experimental check of the
obtained equations was carried out, which showed the accuracy of calculations of internal
sources of heat acceptable for practical purposes.
Keywords: microwave defrosting method, microwave, super-high-frequency waves,
strength of electromagnetic field.
INTRODUCTION
In recent years, the popularity of the microwave defrosting method has grown
significantly. It is used by both sausage manufacturers and semi-finished products
manufacturers. Raw materials warmed up to -4 ° ..- 2 ° С can be crushed on a grinder or cutter
without any problems, while the quality of minced meat with this method will be much better
than when using special grinders for frozen raw materials. In addition to the conveniences
associated with the rhythm of the supply of raw materials to the technological process, the
manufacturer also saves on space, on labor costs, and on the absence of losses of meat juice.
In addition, this temperature is ideal for cutting raw materials into cubes, strips, slices, etc.
The microwave defrosting method is based on the physical process of exposure to
microwaves (super-high-frequency waves - SHF) on water molecules in the product. Due to
this effect, a large amount of thermal energy is released inside the product, which makes it
possible to raise the temperature of the raw material from -18 ° C to temperatures in the
internal regions -2...-1 °C. In this case, heating occurs evenly throughout the volume of the
piece of material [1, 2].
The speed of food products heating largely depends on frequency and strength of
electromagnetic field according to the product’s volume, its geometrical dimensions and
dielectric permeability. To ensure effective work of SHF-generator in order to receive high
quality product it is necessary to fix rational power levels with the account of changes in the
electromagnetic field strength depending on the surface area of the product and its properties
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that specifies the depth of the electromagnetic field penetration, as well as the rate of heating
and moisture transfer.
Specific heat power released from the product during SHF-heating depends, on one side
from electric parameters of a field (current frequency and the square of voltage), on the other
– on dielectric parameters of the product (the angle of dielectric losses and relative dielectric
permeability), and is determined by the well-known formula [1]
ω = 2π f ε 0ε tgδ E 2 ,

(1)

where ε 0 is an electric constant (ε 0 = 8,85 ∙ 10-12 F/m); f is the frequency of electromagnetic
oscillations, Hz; ε is dielectric permeability of the environment; tgδ is tangent of the angle of
losses; E is electric field strength in the environment, V/m.
In practice, use of this formula collides with the necessity of solving electro-dynamic
task concerning the determination of electromagnetic field inside the product. In some
simplest cases such task can be solved, e.g., for the plate symmetrically placed in a singlemode resonating SHF-chamber [3]. But such decision is a rough approximation to real
conditions of treatment in the most wide-spread types of SHF-devices – multimode resonating
SHF-chambers, because the design of such chambers presupposes excitation of multimode
electromagnetic fluctuations for the equalization of the appearing maximums or minimums of
electromagnetic field strength according to the volume of a SHF-chamber. At the same time,
division of the resulting field strength depends on dielectric properties of the product, its
geometry and placement in a SHF-chamber. Therefore, taking the above-stated into account,
it is impossible to determine E in formula (1). There are some approximate methods of
calculating density of the internal heat sources, among which the simplest and the most
popular is the formula [4,5]
ω=

P,
V

(2)

where P is the power of SHF-generator, W; V is a product’s volume, m3.
During the calculation of ω in most cases this formula has a considerable error because
it doesn’t account dielectric properties of a product.
Different is the approach to the use of the equation (1) with the empiric dependence for
the square of electromagnetic field strength Е2 inside the product. Thus, in work [6,7] it is
suggested to use the method of steady regime for the determination of dielectric and thermalphysical characteristics according to the law of internal heat sources distribution. This method
suggests finding physical characteristics of a product by the kinetics of SHF-heating of a
product. In this case it is necessary to carry out the corresponding experiment in order to
determine coefficients of the corresponding empiric dependence for E2.
Somewhat simpler methods are proposed in the work [8]. Based on the experiments on
the study of SHF-heating speed for the bodies of different geometrical shape, the following
formula is proposed for an average density of the internal heat sources by the body’s volume
V
n

 V 
=
ω ω0 exp  −  ,
 V0 

6

Industrial Technology and Engineering. 2021,3 (40): 5-14

(3)

Potapov V., Shingisov A., Orazbaev Zh., Urazbayeva K. and Arapbayeva D. Calculation of Internal Heat
Sources When Simulating the Microwave Defrosting Process

where ω0 , V 0 , n are determined by the experimental dependence of the product’s heating
speed on its volume.
This formula quite correctly describes experimental data but contains unknown
coefficients, which should each time be determined during the experiment.
MATERIALS AND METHODS
According to the presented information, an important problem of using microwave
treatment is a correct engineering calculation of technological regimes of the processes of
heating, concentration, and drying. Kinetics of these processes is primarily determined by two
related factors – electromagnetic field strength and density of internal heat sources, which
appear due to the polarization in imperfect dielectrics, which most of food products are
referred to [3]. At the same time, there are no correct equations allowing conduct engineering
calculations helping to determine strength of electromagnetic field and density of internal heat
sources during the microwave treatment of food products of an arbitrary form.
The goal of the research is to substantiate physical model of electromagnetic field
interaction with the product of an arbitrary form placed in resonating SHF-chamber, and
development of physically correct equations for engineering calculations of electromagnetic
field strength and density of internal heat sources during the microwave defrosting of food
products of an arbitrary form. The main tasks are to improve methods of the determination of
electromagnetic field strength for the solution of practical tasks of SHF-defrosting of food
products, and formulation of mathematical model of internal heat sources.
At the first stage of the investigation that is connected with the improvement of the
methods of determination of electromagnetic field strength, which is generated in a resonator
SHF-chamber, and power of SHF-generator. We may use well-known electro-dynamic
equations presented in [9].
The density of electromagnetic field energy, saved in a unit of the volume of the
environment, is determined by the formula

ω = ε 0ε E 2 .

(4)

Power density П (W/m2) transferred by the electromagnetic wave in the environment is
determined by the formula
Π =νεε 0 E 2 ,

(5)

where ν - is the light velocity in the environment, m/sec.
In a working volume of SHF-chamber electromagnetic wave is transferred practically
with the light velocity in the vacuum because dielectric and magnetic permeability equals 1.
That is why power density (5) transferred from SHF-generator to the product equals
П = cε 0 E0 2 ,
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where Е 0 is an electrical field strength in a SHF-chamber, V/m; c is the light velocity in the
vacuum.
If load of resonator SHF-chamber is optimal, i.e. correlated by the volume of the
product and resonator (otherwise efficiency of the resonator is small and SHF-generator can
break down), power density of electromagnetic wave on the line product-free volume of SHFchamber can be determined as follows.
P
P= ,
S

(7)

where P is the power of SHF-generator, W; S is the surface area of the product, m2.
It is possible to determine electromagnetic field strength on the surface of the product
equalizing right parts of (5) and (6).
E0 =

P
.
ε 0 cS

(8)

The next step is to determine electromagnetic field strength, which appears in the very
product because it differs from the intensity on the line product-environment of SHF-chamber
due to dependence of the dissemination speed of electromagnetic wave on dielectric
characteristics of the environments.
Under conditions of optimal loading of SHF-resonator all energy of electromagnetic
wave is assimilated by the product, i.e. power density П of the electromagnetic wave doesn’t
change on the line product - SHF-chamber. On the grounds of (5) and (6) it is possible to
write down

νεε 0 Eі 0 2 = cε 0 E0 2 .

(9)

Hence, with the account of the expression for the light velocity in the environment, we
get
Eі 0 2 =

E0 2

ε

.

(10)

With the account of the expression (8) we get
Eі 0 =

P

ε 0 ε cS

.

(11)

So, formula (11) takes into consideration correlation between the power of SHFgenerator, internal electromagnetic field in a food product and the surface of its area.
For the calculation of changes in the electromagnetic field strength by the depth of the
product Е ∆ , a well-known formula can be used:
8
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E∆= E ⋅ e −α∆ ,

(12)

where α=1/δ is the coefficient of the wave attenuation); ∆ is the distance from the surface of
the product to the point where the electromagnetic field strength is determined, m;

δ=

c

(13)

π f ε ′tgδ

δ is the depth of electromagnetic field penetration into the product, m.
The coefficient of the wave attenuation α is an important factor in formula (12). Its
meaning depends on the depth of the electromagnetic field permeability δ, which, in its turn,
depends on the complex of dielectric properties of a semi-finished food product and their
changes in the process of heating and dehydration.
Therefore, power density, heating rate and moisture transfer are under the influence of
the electromagnetic field strength by the volume of a semi-finished food product together
with the complex of its dielectric, and heat- and mass-exchanging characteristics. It becomes
possible to determine electromagnetic field strength produced by the SHF-generator on the
surface and internal layers of a food product during the solution of practical problems
concerning SHF-heating of semi-finished food products with the predetermined thermal
physical and dielectric properties on the basis of the proposed methods
RESULTS AND DISCUSSION
The received experimental data concerning the changes of dielectric properties of the
mixture from crushed roots of spicy vegetables (parsley, parsnip, celery) and the depth of
electromagnetic field penetration were used for checking the possibility of adapting the
proposed methods for further solution of the problems of heat exchange in a working chamber
of SHF- apparatus. The calculations allowed receive data for the construction of
electromagnetic field strength dependencies on SHF-generator power and surface of the
product on both surface and internal layers of the mixture under research (Fig. 1).
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(a)

(b)

Fig. 1. Electromagnetic field strength depending on the layer thickness (Δ) and
microwave-power (P) for the mixture from
crushed roots of spicy vegetables: 1 – 500 W; 2 – 1000 W; 3 – 1500 W; 4 – 2000 W; 5
– 2500 W; 6 – 3000 W, for the area of the product surface: а – 50 cm2; b – 200 сm2.
Change of the electromagnetic field strength is proportional to the area of the product
surface. Thus, with the area 50 cm2 electromagnetic field strength is within the limits of
2450…5990 V/m, at the area 200 cm2 – within 1220…3000 V/m. permeability of
electromagnetic energy inside the product is followed by its reduction according to
exponential dependence. Under the mentioned ranges of intensity on the surface of the
product, at the depth of 0,06 m its value is within the limits 910…2220 V/m, 450…1100 V/m
respectively.
Hence, by the example of calculations made for the mixtures from crushed roots of
spicy vegetables it was determined that electromagnetic field strength can be regulated
through the change of SHF-generator capacity and surface area of the product, which
determine intensity of the interior heat sources, and, respectively, intensity of thermal and
mass-exchange processes in order to achieve the predetermined quality of a ready product.
The next step of the work is the formulation of mathematical model of the internal heat
sources intensity. Modeling of the internal heat sources intensity was carried out with the
account of the electromagnetic energy absorption effect in a product from the surface to its
center (Fig. 2).
П
drV
dV

П

SV
П
П

Fig. 2. Chart of calculation of power of internal heat sources.
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For this purpose let’s note power balance for any internal layer of a product with the
volume dV with the surface area S V .

ϖ dV = − SV dП .

(14)

The symbol «-» points that intensity of internal electromagnetic field E i reduces due to
its transformation to heat in the equation (14).
On the basis of (1) and (5) with the account of light velocity in the environment we get
2π f ε 0ε tgd Ei 2 ⋅ dV =
−cε 0 ε SV ⋅ d ( Ei 2 ) .

(15)

With the account of the expression for the depth of SHF-energy penetration into
dielectric (δ, m) [1]

δ=

c
2π f ε 0 ε tgδ

,

(16)

and on the basis (15) we receive the following differential equation
d ( Ei 2 )
1 dV
1
=
−
=
− drV ,
2
dd
Ei
SV

(17)

where r V is current distance along the normal from the surface to the internal layer of a
product dV.
The solution (17) according to boundary condition Ei

rV = 0

= Ei 0 looks like (18) and

describes the division of electromagnetic field strength by the internal volume of the product
Ei = Ei 0 e
2

2

−

rV

δ

.

(18)

Substituting (18) into (1) with the account of (11) and (16) we receive a calculation
formula to determine density of heat sources by the internal volume of the product during its
SHF-treatment
r

P − δV
e .
ω (rV ) =
δS

(19)

The received formula coincides with the well-known formula (20) for the calculation of
the internal heat sources density that is usually presented like [1]
−

x

ω ( x ) = ω0 e ,
δ
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but unlike (20) formula (19) contains the power level for the internal heat sources on the
surface of the product ω0 = P /(δS ) , and this formula can be universally applied because it was
received for an arbitrary form of the product, characteristic dimension of which is volume-tosurface rate (0≤r V ≤V/S).
Reception of the calculation formula for an average intensity of the internal heat sources
by the volume product is a very important practical matter because it is most frequently used
in engineering calculations.
On the grounds of (19) for an average specific power of the internal heat sources we’ll
determine through integrating

=
ω

P 1
d S RV

RV

∫e

−

rV

drV
=

−
P
1 − e
V

RV

dd

0


,


(21)

where R V =V/S is volume-to-surface rate, m.
If the received formula (21) is compared with the well-known approximation for the
density of the internal heat sources (2), it coincides when R V /δ>>1, i.e. only when the product
volume is large. It is known that for the provision of SHF-heating evenness, dimensions of the
product mustn’t exceed SHF-energy penetration depth. That is why in these cases formula (2)
may give error in calculations.
Our experimental data were analyzed in order to check adequacy of the received
equation (21). The power of the internal heat sources was determined in the experiments by
the water ice heating rate in the containers of different geometrical shapes. They were placed
in a microwave cooker with 15 l volume and power 500 W (fig.3). Points on a curve denote
experimental data, solid graph marks calculation by the formula (21) for each type of the
container. Experimental checkout proved physical adequacy of the received equation.

Fig. 3. Comparison of experimental and calculated data of internal heat sources density
during SHF-heating of water ice in the containers of various forms:1 – cylinder D=57mm
Н=10…80mm; 2 – parallelepiped 170×75 mm Н=3…10 mm; 3 - cylinder D=90 mm
Н=15…90 mm; 4 – cylinder D=70 mm Н=20…120 mm; 6 – cylinder D=120 mm Н=5…28
mm; 7 - parallelepiped 97×45 mm Н=10…75mm; 8 – parallelepiped 120×70 mm Н=12…108
mm.
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Therefore, calculation formula for the determination of an average by the product’s
volume specific power of the internal heat sources during its SHF-treatment was received by
means of mathematical modeling of the internal heat sources power with the account of the
effect of electromagnetic energy absorption in the product from the surface to its center. The
formula has universal application for the arbitrary form of the product, characteristic
dimension of which is volume-to-surface rate.
CONCLUSION
1. It is proved that for the provision of effective work of SHF-generator it is necessary
to specify rational power level with the account of changes in electromagnetic field strength
depending on the surface of the product and its properties, which determine electromagnetic
field penetration depth, heating rate and moisture transfer.
2. The method of determining electromagnetic field strength on the surface and by the
depth of the product that takes into account interrelation between the SHF-generator power,
internal electromagnetic field in a food product and its surface is improved for the solution of
practical tasks on heat and mass-exchange, connected with SHF-heating and SHF-defrosting
of food products. The relationship of the subsidence ratio with the depth of its penetration, a
complex of dielectric properties and their changes in the process of heating and defrosting is
demonstrated.
3. Experimental verification of the process of heating the crushed roots of spicy
vegetables and thawing of water ice confirmed the physical adequacy of the obtained
equation.
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ABSTRACT
The waterand fat-retaining abilities of food nanoadditives based on the double oxide of
divalent and trivalent iron (Fe 3 O 4 ) known as magnetofood were studied. The ability of Fe 3 O 4
food additive nanoparticles is noted to form electrostatic complexes with macromolecular
compounds of food systems (proteins, carbohydrates, lipids) — quite stable structures such as
clusters, clathrates, cavitates, supramolecular associates. This property promotes binding and
retention of water and fat. Hydrophilic contacts of solvated Fe 3 O 4 nanoparticles with water
dipoles, molecules of proteins and polysaccharides (carbohydrates) increase the stability of
polyphasic systems. An offset of the IR spectra of the maximum absorption of the Fe–O bond
to the high-frequency region by (57±2) cm-1 in comparison with the experimental sample of
pure food additive Fe 3 O 4 indicates the chemical interaction of magnetofood iron cations with
molecules of macromolecular compounds (starch, egg white, fat). The ratio of bound and free
moisture in solvated magnetofood: 50.5…51.6% of water comprise bound moisture and
48.4…49.5% constitute free, osmotic (swelling water) and physico-mechanical water of the
total amount.
Keywords: food raw materials, food ingredients, mineral compounds, water-retaining
capacity, fat-retaining capacity.
INTRODUCTION
The most important functional and technological properties of food raw materials and
food ingredients, which determine the course of technological processes and the quality of
finished products, are water-retaining capacity (WRC) and fat-retaining capacity (FRC).
Mineral compounds [1]; special compositions of DSM enzymes [2]; biologically active
substances of vegetable, fruit and herbal supplements [3–6]; various polysaccharides (citrus
fibers; hydrocolloids of plant origin, cellulose esters) [7–10]; powders based on dairy and egg
products [11–14]; functional ingredients derived from industrial by-products (leather, hooves,
feathers, offal, seeds, bran, whey, etc.) [15, 16]; bioadditives based on wheat [17], soybeans,
chickpeas, enzymes, microalgae, etc. [18–21] are used to increase the WRC of raw materials
and food systems. The disadvantages of these additives are their narrow orientation and lack
of complex action.
Food additives of various origins are used to improve the FRC of lipid-containing
systems. They are nanopowders (silver, oxides of iron, magnetite, titanium and silicon
Industrial Technology and Engineering. 2021, 3 (40): 15-22
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dioxide, zinc oxide) [22–23]; modifications of magnetite nanoparticles with oleic acid;
modifications of nanoparticles of iron oxides and gyroxides with higher fatty acids and fats.
An adequate FRC of nanometer food additives isassociated with high dispersion – this allows
not only to bind free fats, but also to keep them on the surface of nanoparticles during
cooking, as well as with the good availability of numerous hydrophobic areas [22–23].
An analysis of the scientific papers revealed insufficiency of data on substantiating
water and fat retention capacities of food nanoadditives, in particular, nanoparticles of food
nanoadditives based on double oxide of divalent and trivalent iron magnetofood in food
systems. Food nanoadditives Fe 3 O 4 are marked with a wide range of functional and
technological properties (structural, stabilizing, sorption, etc.) and promising technological
applications [23].
Therefore, there is a need to study the water and fat retention capacities of the
magnetofood food nanoadditive (FAM). The aim of the research is to study the water and fat
retention of food additives based on double oxide of divalent and trivalent iron known as
FAM. To achieve this goal, the following tasks are set:
– analyse the mechanism of interaction between macromolecular compounds (starch,
egg white, higher fatty acid, fat) and FAM nanoparticles using FTIR spectroscopy;
– establish the chemical composition of the experimental samples of FAM – pure FAM,
samples covered with starch / egg white / higher fatty acid (linoleic) / sunflower oil applying
the method of energy-dispersive X-ray spectroscopy;
– determine the ratio of bound and free moisture in solvated FAM using the indicator
method and differential thermal analysis.
MATERIALS AND METHODS
Research object: water retention and fat retention capacities of powdered ingredients in
food raw materials, namely nanoparticles of food additives based on iron oxides known as
magnetofood – Fe 3 O 4 (FAM).
Research subject: magnetofood (FAM): highly dispersed nanopowder of brown or black
colour with a particle size of 70… 80 nm. According to its chemical composition,
magnetofood obtained by the method of chemical coprecipitation from aqueous solutions of
salts of divalent and trivalent iron in an alkaline medium. Model systems:
Starch+magnetofood, Egg White+magnetofood, Linoleic Acid+magnetofood, Sunflower
oil+magnetofood: a suspension of FAM in 3% starch solution was obtained by introducing a
portion of FAM into 3% polysaccharide solution at (55…60)оС while constant stirring
n=(2.0…2.2) s-1 for (5…7)∙60 s with subsequent cooling of the mixture to a temperature of
(18…20)оС and constant stirring n=(2.0…2.2) s-1. A suspension of FAM in a 3% solution of
egg white was obtained by introducing a calculated amount of FAM into a 3% solution of egg
white at a temperature of (18…20)оСwhile constant stirring n=(2.0…2.2) s-1 for (3…5)∙60 s
followed by seasoning for (5…7)∙60 s. Fatty suspensions of FAM were obtained by peptizing
the calculated amount of FAM in oil (linoleic acid) at a temperature of (45…50) оС (rational
ratio of components –FAM: fat=1:1, i. e. 2.5 g of suspension contains 1.25 g FAM) under
condition of thorough stirring (n=2.0…2.2 s-1) for (3…4)∙60 s, followed by cooling the
mixture to a temperature of (18… 20) оC and constant stirring n=(2.0…2.2) s-1.
Fourier-transform infrared spectroscopy (FTIR). The vibrational spectra of the test
samples were obtained using Fourier Transform Infrared Spectrometer (FTIR) Bruker Tensor
37 (Germany), controlled by the OPUS software package with standard calibration
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capabilities within the frequency range of (4000-400) cm-1 in the absorption format (Fourier
spectra of samples were taken in KBr tablets).
Energy dispersive X-ray spectroscopy (ЕDХ). To determine the chemical composition
of the test samples used a scanning electron microscope JSM-820 (JEOL) with the prefix
EDX. X-ray spectra were obtained by bombarding the test samples with electrons using an
acceleration voltage of 20 kV (according to the lines of the characteristic spectra of Iron,
Carbon and Oxygen). Establishment of the elemental composition of the experimental
samples was performed by analysis of the obtained spectra of characteristic X-rays.
The algorithm for determining the mass fraction of bound and free moisture by the
indicator method according to the methods of Knyaginichev and Ermakova and with the
differential thermal analysis (DTA).
The idea of therefractometric method is to determine the difference in dry matter (DM)
between the indicator-solution of sugar and FAM solvated in sugar solution.
Differential thermal analysis (DTA). Thermographic determinations were carried out
using derivatograph Q-1500 D by “МОМ”(Hungry) for a sample weight of 0.5 g in the
following modes of taking derivatograms: sensitivity of DTA galvanometer – 250, DTG
galvanometer – 500, TG galvanometer – 500, heating temperature change rate – 4°C/60s. The
dependences of the change rate for mass α on the temperature T were built based on the
change curve TGwhich corresponds to the process of dehydration and the temperature curveT.
To do this,every 5°C the researchers fixed a change in mass of the sample as well as the total
mass fraction of moisture, which was determined by the TG curve, at the end of the
crystallization process.
RESULTS AND DISCUSSION
Intense bands with maxima at (2360±4) cm-1 and (2342±3) cm-1, which are absent in the
spectrum of egg white, are also observed. These peaks can be attributed to symmetric valence
(ν s ) oscillations of the C–H bond. This is confirmed by the electrostatic hydrophobic
interactions of aliphatic side chains of amino acid residues in clathrates and cavities that
occur under the action of MNP.
During the adsorption of egg white on the surface of the MNP, there is an offset of the
absorption bands of the valence oscillations of amide I ν(C=O) and planar deformation
oscillations of amide II δ pl (N–H) to a lower frequency in the region: ν(C=O)=(1642±3) cm-1;
δ pl (N–H)=(1527±3) cm-1, respectively.
The absorption bands of planar and extraplanar deformation oscillations δ pl (C–H) and
δ epl (С–С)=(1027±2)cm-1 to a lower frequency in the region δ pl (С–H)=(1442±3)cm-1 and
δ epl (С–С)=(1027±2)cm-1 respectively. A new absorption band of planar deformation
oscillations δ pl (С–С) (1155±2) cm-1 is also observed. This confirms the electrostatic
hydrophobic interactions of aliphatic and cyclic amino acid residues in the complex
association.
In the spectrum of pure FAM , there is a line of absorption of the Fe–O bond with a
maximum at a value of ~ 532 cm-1, which agrees well with the data presented in the scientific
studies, that is ~530 cm-1. The offset of the maximum of the corresponding absorption band of
Fe–O valence oscillations in the Egg White+magnetofood Complex to the region of ~ 588 cm1
is associated with the influence of surface egg protein molecules, their interference in the
near-surface layer of Fe 3 O 4 nanoparticles and chemical interaction with iron cations. Thus,
the results of the studies confirm the formation of a complex between egg white and FAM.
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Comparison of IR spectra shows that the wave numbers of peaks differ in the spectra of
the starting materials (starch, FAM) and the Starch+magnetofood complex, indicating the
chemical interaction in the Carbohydrate-magnetofood model system. An offset of the IR
spectra of the maximum absorption of the Fe–O bond to the high-frequency region by (57±2)
cm-1 in comparison with the experimental sample of pure food additive magnetofood – Fe 3 O 4
(FAM) indicates the chemical interaction of FAM iron cations with molecules of
macromolecular compounds (starch, egg white, fat).
There is a shift of the intense band of free OH groups (3443±5) cm-1 to the lowfrequency region (3415±5)cm-1 in the spectrum of the Starch+magnetofood complex – this
indicates the participation of hydroxyl in the topic of hydrogen bonds and electrostatic
coordination interactions with Fe atoms of FAM.
Shift of the peak of valence ν(С–О–С) by (13±3) cm-1 and planar deformation
oscillations of δ pl (С–О–С) на (16±3) cm-1to the low-frequency region compared to the
experimental sample of starch indicates the presence of Coulomb and coordination
interactions between Fe atoms of FAM and oxygen (ether, pyranose and hydroxyl) residues of
D-glucopyranose.
The appearance of new absorption bands in the region (700–1200) cm-1, which
characterize the oscillations of the carbon skeleton, and an offsetto the region of lower
frequencies of some characteristic absorption bands (C–C) of bonds indicate the presence of
hydrophobic and dispersive London forces between residues of glucopyranose.
An offset of the maximum absorption of the Fe–O bond to the high-frequency region by
(57±2) cm-1 compared with the experimental sample of pure FAM indicates the chemical
interaction of iron cations ofFAM with starch molecules. All this confirms the presence of
chemical interaction in the Starch+magnetofood complex association.
The study of chemisorption of linoleic acid and 1-linoleyl-2-oleoyl-3-linolenoylglycerol
on the surface of FAM nanoparticles has been reported in previous studies. This indicates the
chemical interaction of higher fatty acid and fat with Fe 3 O 4 nanoparticles.
So intense broadband with a maximum absorption (3341±4) cm-1, which is shifted in
the complex associate to the low-frequency region of cm-1 compared with the frequency of
free OH groups and amide A (N–H) (3406±4) cm -1, indicates the participation of hydroxyl
oxygen and amide nitrogen in the formation of coordination bonds with Fe atoms of FAM.
The chemical composition of model systems of macromolecular compounds with FAM
was determined in energy dispersive X-ray studies. For pure FAM, particles of Fe comprised
75.5%; O –24.5%; for the additive particles coated with egg white – Fe 44.7%; О 26.9%; C
21.4%; N 5.9%; S 1.1%; for the additive particles coated with starch – Fe 41.7%; О 35.7%; C
22.6%; for the additive particles coated with linoleic acid – Fe 45.6%; O 34.7%; C 19.7%; for
the additive particles coated with sunflower oil – Fe 39.7%; О 36.7%; С 23.67%.
The mass fraction of bound and free moisture was determined using the indicator
method (IM) according to the methods of Knyaginichev and Ermakova and the method of
differential thermal analysis (DTA) in experimental samples of FAM after swelling at a
temperature of (20±1)°С for(25±5)∙60 s. (Fig. 1).
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Fig. 1. The distribution of water by types of bonds in FAM after swelling determined by the
methods: a – DTA (1 – free moisture; 2 – physically and mechanically bound; 3 – osmotically
bound (swelling water); 4 – adsorption bound (polymolecular); 5 – adsorption bound
(monomolecular); 6 – chemically bound); b – IM and the method of DTA ( – amount of free,
osmotic and physico-mechanical moisture; – amount of bound moisture).
The experimental data presented in fig. 2 show that 1/5 of the water in solvated FAM is
chemically bound moisture; 1/2 – bound moisture; 1/10 – free moisture and 1/2 –free, osmotic
(swelling water) and physico-mechanical of the total amount of water.
The studies indicate the high hydration capacity of food nanoadditives based on double
oxide of divalent and trivalent iron magnetofood (FAM), which can improve the functional
and technological properties of heterogeneous dispersed systems in food production
technologies.
RESULTS AND DISCUSSION
1. The ability of nanoparticles of food additive Fe 3 O 4 wasnoted to form supramolecular
associations with macromolecular compounds of food systems, which promote the binding
and retention of water and fat.
2. The interaction of macromolecular compounds (starch, egg white, higher fatty acid,
fat) and water with nanoparticles of FAM was studied:
– Fourier-transforminfraredspectroscopyproved chemosorption of macromolecular
compounds (starch, egg white, higher fatty acid, triglyceride) on the surface of NP food
additive Fe 3 O 4 : a shift of the maximum of Fe–O bond absorption to the high-frequency
region by (57±2) cm-1 in comparison with the experimental sample of pure FAM indicates the
chemical interaction of FAM iron cations with molecules of macromolecular compounds
(starch, egg white, fat, higher fatty acids); the spectrum of macromolecular
compound+magnetofood complexes demonstrates an offset of the intense band of free OH
groups (3443±5) cm-1 in the low-frequency region by (28±2) cm-1, which indicates the
participation of hydroxyl in the topic of hydrogen bonds and electrostatic coordination
interactions with Fe atoms of FAM. The appearance of new absorption bands in the region of
(700–1200) cm-1, which characterize the oscillations of the carbon skeleton, and an offset in
the region of lower frequencies of some characteristic bands that absorb (C–C) bonds indicate
the presence of hydrophobic and dispersion interactions between residues of glucopyranose,
aliphatic and cyclic amino acid residues and aliphatic triglyceride residues;
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– Energydispersion X-rayspectroscopy determined the chemical composition of model
systems of macromolecular compounds with food additiveFe 3 O 4 (FAM): sample a (FAM) –
Fe 75.5%; O 24.5%; sample b (MNP, coated with egg white) – Fe 44.7%; O 26.9%; C 21.4%;
N 5.9%; S 1.1%; sample c (MNP, coated with starch) – Fe 41.7%; O 35.7%; C 22.6%; sample
d (MNP, coated with linoleic acid) – Fe 45.6%; O 34.7%; C 19.7%; sample e (MNP, coated
with sunflower oil) – Fe 39.7%; O 36.7%; C 23.67%.That is, the compounds (samples b–e)
are chemisorbed on the particles of Fe 3 O 4 food additive. And the band absorbing the C atom,
which appeared in samples b–e, confirms the process of adsorption and chemical interaction
between the particles of Fe 3 O 4 food additive and macromolecular compounds;
–The ratio of bound and free moisture in solvated FAM was established using the
indicator method and differential thermal analysis: 1/5 of water falls on chemically bound
moisture; 1/2 – bound moisture; 1/10 – free moisture and 1/2 part – free, osmotic (swelling
water) and physico-mechanical water of the total amount.
CONCLUSION
1 An offset of the IR spectra of the maximum absorption of the Fe–O bond to the highfrequency region by (57±2) cm-1 in comparison with the experimental sample of pure food
additive Fe 3 O 4 indicates the chemical interaction of magnetofood iron cations with molecules
of macromolecular compounds (starch, egg white, fat).
2. The chemical composition of model systems of macromolecular compounds with
FAM was determined in energy dispersive X-ray studies. For pure FAM, particles of Fe
comprised 75.5%; O –24.5%; for the additive particles coated with egg white – Fe 44.7%; О
26.9%; C 21.4%; N 5.9%; S 1.1%; for the additive particles coated with starch – Fe 41.7%; О
35.7%; C 22.6%; for the additive particles coated with linoleic acid – Fe 45.6%; O 34.7%; C
19.7%; for the additive particles coated with sunflower oil – Fe 39.7%; О 36.7%; С 23.67%.
3. The ratio of bound and free moisture in solvated magnetofood: 50.5…51.6% of water
comprise bound moisture and 48.4…49.5% constitute free, osmotic (swelling water) and
physico-mechanical water of the total amount.
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ABSTRACT
For the safe operation of gas and oil pipelines in the territory of the Republic of
Kazakhstan, in view of the high percentage of paraffin in the extracted oil, the monitoring of
the condition of individual sections of the oil pipeline becomes urgent, as well as
continuously monitoring the parameters of the transported oil. Such technological objects are
of an extended nature, systems for monitoring their functioning must measure, store and
transmit over a radio network up to twenty-five important parameters, such as oil temperature,
amount of moisture, etc. Remote control systems are highly energy-intensive, and the
replacement of batteries in wireless sensor networks containing a large number of these offgrid monitoring systems is time-consuming. In order to increase the battery life of wireless
control systems, one option is to design a platform that can store energy from renewable
energy sources. When collecting energy from a solar panel, it is possible to carry out the
energy storage process in such a way that the maximum power from the panel is generated.
This is done by applying algorithms that find the maximum power point of the solar panel.
Methods for optimizing the collection of solar energy for powering wireless sensor systems
were considered in this work. The algorithm for finding the maximum power point is
performed by decrementing the discharge time of the inductive element and comparing the
output power of the solar panel before and after these changes. The time stops decreasing if
the solar panel's power output is at its maximum. Rebalancing the load current of the solar
panel is done periodically by time shifting.
Keywords: monitoring, oil pipeline, hydrate plugs, sensor networks, lighting, storage,
maximum power, solar panel.
INTRODUCTION
Kazakhstan possesses huge proven oil and gas reserves. About 10715 km of oil and gas
pipelines are used to transport hydrocarbons in the republic. Nevertheless, the Republic of
Kazakhstan is currently facing a number of unresolved problems related to the supply of oil to
the domestic and international markets. The problems concerning the domestic market are
that most of the reserves and the main volumes of oil production are concentrated in the west,
while its consumers (large cities and industrial centers) are located in the southeast and
industrial north.
Existing pipelines deliver oil to one of three Kazakhstani refineries (in Atyrau,
Shymkent and Pavlodar), to southern Russian or Ukrainian refineries, and to the world
market.
Analysis of the physicochemical composition of hydrocarbons produced at the field
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shows that oil and condensate have a fairly high paraffin content. The presence in oil from
3.1% to 12.4% of paraffin, and in condensate 1.9 - 5.6% of paraffin causes a problem
associated with the deposition of paraffin in underground and surface processing equipment.
To prevent wax deposition, it is necessary to carry out various kinds of measures aimed at
preventing and eliminating the consequences of the deposits formation. [1-3].
Another complicating factor in the field is the formation of hydrate plugs. During infield gathering, transportation of gas and condensate under certain thermodynamic conditions,
the effect of throttling of the transported hydrocarbon raw material is objectively created,
which leads to the formation of hydrate plugs in the system of transportation and preparation
of gas and condensate. The high acid gas content in formation fluids (H 2 S - 3.5 %, СО 2 - 5,6
%) also increases the process of hydrate formation. Hydrate plugs greatly complicate the
process of collecting and transporting hydrocarbons in the field [4-5].

MATERIALS AND METHODS
Physical conditions, mainly pressure and temperature, change when oil moves through
the well bore. As a result of temperature reduction, the ability of oil and condensate to
dissolve solid paraffins is reduced. An excess of paraffin that cannot withstand dissolved
conditions falls out of solution as solid crystals. The bulk of solid paraffins precipitates in the
temperature range from 25 to 0 ° C, reaching a maximum at 15 - 25 ° C. The temperature at
which solid paraffin particles appear in oil and condensate, i.e. the temperature of the onset of
paraffin crystallization for the Karachaganak field is within 33 - 36 ° C. The composition of
paraffin deposits contained in oil and condensate of the Karachaganak field has not been fully
investigated, there are some data obtained by the KazNIGRI Institute, which correlate with
our experimental data.
RESULTS AND DISCUSSION
From the data (Table 1) it can be seen that the melting point of paraffins separated from
oil and condensate does not differ much from each other and are 55 and 53 ° C, respectively.
According to the results of research carried out by Adjip with partners, the following
data were obtained:
- oil pour point 15оС,
- cloud point of oil 44 °C.
The paraffin sediment contains a significant proportion of normal C30 - C40 paraffins.
Table 1. Physical and chemical composition and properties of the Karachaganak oilfield
№
Physical and chemical composition and properties of oil
Indicator
1.
Sulphur , %
0,65
2.
Silica-gel resin , %
6,53
3.
Paraffins , %
3,1 - 12,4
4.
Asphaltenes , %
0,1
5.
Methane-naphthene hydrocarbons, %
75,82
6.
Aromatic hydrocarbon , %
17,55
7.
Oil pour point , оС
6,0
о
8.
Paraffin melting temperature , С
55,0
9.
Oil density , g/sm3 at 20 оС
0,8529
10.
Molecular weight .
246
24
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Table 1 continuation
11.
Kinematic viscosity (at 20 оС), сСт.
24,34
Control methods associated with the formation and deposition of paraffin on
technological equipment and pipelines of the hydrocarbon raw materials' gathering and
transport system are divided into the following methods:
1. Mechanical removal of paraffin deposits from the inner surface of pipes and
equipment (mechanical scrapers);
2. Thermal control methods;
3.Chemical control methods
Mechanical removal of paraffin deposits is mainly carried out only in pipelines of the
infield collection and transportation of oil and condensate.
Heat treatment to remove paraffin deposits involves exposure to various heat transfer
fluids and dry steam. Heat treatment for paraffin removal process equipment whose design
features do not permit the use of mechanical scrapers. The existing method of operating the
process equipment at the field provides for alternate steaming of one of the three
technological lines to remove paraffin and non-stop operation of Karachaganak main
production complex.
The hydrate crystallization nuclei's formation rate is largely determined by the external
pressure and the degree of super cooling of the process.
To determine the hydrates' formation place, it is necessary to know the composition of
the gas, the salinity of the water, the equilibrium conditions of the dependence (p-t), i.e. the
actual change in pressure and temperature of the gas flow. When the temperature of the gas
stream saturated with water vapor falls below the equilibrium temperature, the formation and
accumulation of hydrate will occur. The main places of hydrate plugs are the system of field
treatment of gas, condensate, as well as the system of infield collection and transport. Having
determined the main places of formation and the intensity of hydrate accumulation in the gas
collection and treatment systems, it is possible to plot the graphical dependence of the
equilibrium temperature of hydrate formation and the actual temperature of the gas flow for
timely taking the necessary protective measures. The following methods are used to combat
hydrate formation in the field:
1. Drying the gas stream from moisture by sorption or low-temperature separation with
a decrease in the dew point.
2. Maintaining the flow pressure below the hydrate formation pressure at a given
temperature.
3. Injection of inhibitors against hydrate formation into the gas stream.
The rate of hydrate crystallization nuclei formation is largely determined by the external
pressure and the degree of supercooling of the process. With increasing pressure, the rate of
formation of crystallization nuclei increases. With an increase in the degree of supercooling,
the rate of formation of crystallization nuclei increases sharply, and having reached a certain
value at a given pressure, it gradually decreases.
For the trouble-free operation of gas and oil pipelines on the territory of the Republic of
Kazakhstan, given the increased percentage of paraffin content in the oil produced, it becomes
relevant to monitor the state of individual sections of the pipeline, as well as to continuously
monitor the parameters of the oil transported through it. Considering that such technological
objects are of an extended nature, the control systems for their functioning must measure,
store and transmit over a radio network up to twenty-five important parameters, such as oil
temperature, amount of moisture, etc. It is also necessary to provide the emergency lighting of
pipeline's each section at night. In the absence of power from the cable lines, the operating
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time of the wireless control system of the oil pipeline section is limited by the capacity of the
batteries [4]. Considering that such remote monitoring systems have a high power
consumption, the procedure for replacing batteries in wireless sensor networks containing a
large number of such autonomous monitoring systems is time-consuming. In this case, the
problem is even more complicated when the wireless sensor network is deployed in
unfavorable climatic conditions (desert area). In order to increase the battery life of wireless
control systems, one option is to design a platform that can store energy from renewable
energy sources. [3], [4], [8], [9], [10]. When collecting energy from a solar panel, it is
possible to carry out the energy storage process in such a way that the maximum power from
the panel is generated. This is done by applying algorithms that find the maximum power
point of the solar panel [11], [12], [16]. These methods increase the efficiency of the charging
process. The first method implements the method for finding the maximum power point
(MPPT) and the second method provides an effective mechanism for switching the charging
of super capacitors when one of them is fully charged and the other is not yet.
Looking at the current-voltage characteristic and the power curve of a typical solar
panel (Fig. 1), it can be seen that the solar panel generates maximum power at a certain
voltage and current value (Umpp and Impp). The methods currently used to harvest solar
energy seek to find the maximum power point tracking (MPPT) of a solar panel. Considering
the energy consumption of the autonomous control system, and the amount of energy
collected from the solar panel, it is necessary to minimize the power consumption of the
circuit performing the MPPT function

Fig. 1. Curves of power and CVC of the solar panel Kg and K 2 are constants and are used to
calculate the values of the optimal voltage and current (V mpr and I trr ), respectively.
The first method expresses a linear relationship between the voltage at which the
maximum power of the panel is reached (V mpr ) and the open circuit voltage of the solar panel
(V 0c ). This method is known as “Fractional open circuit voltage (FOCV)” and can be
represented as V mpr = K g \ 0 c . The second method is based on a similar principle, however, it
expresses a linear relationship between the current at which the maximum power is generated
and the panel short-circuit current I sc . This method is called “Fractional Short Circuit Current
(FSCC)” and is mathematically expressed as I tr p = K 2 Is s . The third method is called Perturb
& Observation (P&O).
The logic of this method is to periodically “perturb” the operating point of the solar
panel by changing its voltage in order to find the point of maximum power. With this method,
the power of the solar panel is compared before and after each voltage disturbance. As a result
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of the voltage disturbance process, if the power of the solar panel increases then it means that
the operating point of the panel has moved towards the point of maximum power and the
voltage disturbance should continue in this direction. A decrease in the power value of the
solar panel after carrying out the voltage disturbance process means that the operating point of
the panel has moved away from the point of maximum power..
An algorithm was developed for finding the maximum power point of the solar panel
for the tasks of wireless sensor networks in the work presented in [16].
This method is based on the principle of perturbation and observation (P&O). The
authors compared the performance of the system with a platform using a diode and as a result
of the analysis it was observed that the system that applied optimization algorithms generated
an output power up to 1 mW, however, the second platform could not provide power below
10 mW.
Papers [13], [14] and [15] use the FOCV method to find the maximum power point. In
work [16] it can be seen that an additional solar panel is designed to measure the open circuit
voltage, which allows you to continuously monitor the point of maximum power.
The authors in [10] set themselves the choice of two methods: FOCV and FSCC. To do
this, they measured the values of K 1 and K 2 . Based on the comparison result, it was observed
that the range of changes in K1 is in the range from 0.68 to 0.8 and for K2 it is from 0.25 to
0.68. This work applies the FOCV method based on a narrower range of variation compared
to FSCC. To implement the method, a circuit was developed that periodically (at certain
specific time intervals) measured the open circuit voltage of the solar panel and stored its
value in order to adjust the voltage to the optimal point.
The methods of automatic search for optimum solar panel operation to provide power
supply to autonomous station, to control parameters of separate segment of oil pipeline allow
to increase the autonomous operation time of accumulator batteries, allow to increase the
battery life and reduce the maintenance time with a large number of such control stations.
As a State without maritime borders, Kazakhstan needs a well-developed oil and gas
pipeline system. However, the existing pipeline infrastructure cannot meet the growing needs
of the republic in the transportation of hydrocarbons to both domestic and international
markets in the long term.
Analysis of materials on paraffin and hydrate formation control at the Karachaganak
fields shows the following:
1. The starting point of the paraffins crystallization from Karachaganak gas condensate
is within 33-36 ºC
2. The bulk of solid paraffins precipitates in the temperature range from 25 ° C to 0 °
C and reaches a maximum at 15 - 25 ° C.
3. On the surface of equipment and pipelines of the Karachaganak field, not only
purely paraffinic deposits are formed, but also deposits with the inclusion of hydrates, i.e.
hydrate-paraffin deposits.
For effective hydrate control, it is necessary to know the following indicators: a) the
amount of moisture contained in the liquid state and condensed in the gas pipeline; b) the
actual temperature in the gas pipeline; c) the water content of the gas at the entry and exit
points of the inhibitor;
CONCLUSION
Three methods have been considered in this work to optimize the collection of solar
energy to power wireless sensor systems. In the first method (FOCV), the voltage at which
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the maximum power is generated has a linear relationship with the open circuit voltage of the
solar panel. In the second method (FSCC), the current at which the maximum power is
generated has a linear relationship with the short solar panel current. The third method (P&O)
is based on “perturbing” the voltage of the solar panel and observing its power output before
and after each change. If the power of the panel increases after each operation, it means that
the operating point of the solar panel has moved towards the point of maximum power. When
power decreases after each voltage perturbation, this means that the solar panel’s working
point has moved away from the maximum power point.
The algorithm for finding the maximum power point is performed by decrementing the
discharge time of the inductive element and comparing the output power of the solar panel
before and after these changes. The time stops decreasing if the solar panel's power output is
at its maximum. Rebalancing the load current of the solar panel is performed periodically by
shifting the discharge time of the inductive element by several steps and finding a new
optimal point.
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ABSTRACT
Atmospheric electric charges' formation processes in the nearsurface air layer are
considered in this work. Electrical energy extraction from atmospheric charges for industrial
use, as well as the management of the meteorological situation in a locally taken area,
partially solves the problem of a water resources' shortage in the Turkestan region. The
appearance of a negative space charge near the clouds should be accompanied by diffusion
currents bringing a negative charge to the Earth. The nature of the decrease in the field
strength with distance from the cloud to the ground shows that this field is formed not directly
by the charges of the cloud, but by those charges that create and redistribute these clouds.
Clouds do not act as field generators, but as space charge generators in the atmosphere.
Depending on the cloud activity it can give discharges following each other with an interval
from several seconds to several tens of seconds. Two fields of electric charge generation are
considered in detail: the field in the region of the zero isotherm associated with the melting of
ice aggregates, and the field in the upper part of the thunderstorm cloud associated with
collisional mechanisms of charge separation. Results of numerical modelling of electric field
parameters show that with weak turbulent mixing near the Earth's surface, there is a
maximum of the positive space charge, and a layer with a negative volumetric charge appears
above the maximum vertical distribution of the turbulence coefficient.
Key words: atmospheric charges, ionization, electrification, corona. turbulence,
diffusion, convection, aerosols, clouds, field strength, generation, two-aggregate state.
INTRODUCTION
The study of atmospheric electricity processes is the first step to harnessing the vast
amount of energy contained in the Earth’s atmosphere. These studies are very relevant for the
Republic of Kazakhstan because will allow extracting electrical energy from atmospheric
charges for industrial use, as well as to control the meteorological situation in a locally taken
area, partially solving the problem of water shortage in the Turkestan region.
Atmospheric electric charges' formation processes in the nearsurface air layer are
considered in this work.
In weather-disturbed areas, sources of ionization other than those listed may be [1]:
1.
Coronation of any kind (sharp) of sharp pointed objects near the Earth's surface (tree
branches, grass, antennas, etc.), starting in electric fields with an intensity exceeding ~ 10 V /
cm.
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Electrification during the destruction and rupture of the particles contact, which
usually occurs in shower and thunderclouds, dust storms and blizzards, volcanic eruptions,
etc. phenomena; in thunderclouds, for example, this electrification can increase the
conductivity by almost two orders of magnitude. The existence of a field in a conductive
mediume causes the appearance of current. In zones of good weather, where the horizontal
dimensions of the zone are much greater than the vertical, the electric field is vertical.
Since the space charges in the atmosphere are unevenly distributed, and the coefficient
of turbulent diffusion in the atmosphere is very large, in some cases, in addition to the
conduction current, the diffusion current as well as the convection current created by the
transfer of space charge by convective flows can flow in the atmosphere [2]. Earth’s electric
charge, on average unchanged over time. This means that simultaneously with the positive
“current of good weather”, the Earth receives a current of negative charges, also equal to
1500A. Disturbed weather zones are a possible source of this current. In these zones, in
addition to the considered currents, the exchange of charges between the earth and the
atmosphere can occur with the help of lightning currents, currents arising from corona in
strong fields of pointed objects near the Earth's surface, and electric currents of precipitation.
The charge carried by lightning averages about 20-30 coulombs per lightning, the
corona current can reach several microamperes per tip: according to a rough estimate by
Wormel [3], this can lead (in England) to a transfer from an area of 1 km2 for a year about 100 pendants. The precipitation current mainly carries a positive charge to the ground.
Thunderstorms and heavy showers can have a current density of up to 1012 A / cm2 and even
exceeding this value. The electric field, diffusion and convection currents provide the vertical
transfer of these space charges.
Thus, the field in the atmosphere is determined by the field of the Earth's charge and the
field of local charges of the atmosphere. Since the latter is very large, there is no similarity
both in magnitudes and in the course of the potential of the atmosphere over various
observation points. Changes in the Earth's own charge are manifested in field changes noted
at different points of the earth's surface at the same time.
2.

MATERIALS AND METHODS

Five processes can create space charges in "good" weather zones [1].
1. Separation of light ions of different signs due to the electric field.
2. Transfer of space charges from zones of "disturbed" weather.
3. Adsorption of light ions from the atmosphere on aerosol particles with subsequent
separation in space due to the gravitational forces of ions of different signs associated with
particles of different types.
4. The appearance in the atmosphere of particles charged upon separation from the
Earth.
5. Charging of particles in the atmosphere due to their interaction with each other or due
to the transfer of charge from particles to the atmosphere, followed by the separation in space
of particles of different sizes charged with electricity of opposite signs.
The first process is basic only in a clean atmosphere; profiles of the first type are
associated with its action. The second process undoubtedly manifests itself, for example, with
field profiles of the second type, but it cannot explain the diurnal variations in the profile of
space charges, the relationship of the diurnal variation of the magnitude of the measured space
charges with such local characteristics of the atmosphere as the concentration of aerosols,
radioactivity of the atmosphere, etc. The mechanism of the third process was discussed
Industrial Technology and Engineering. 2021, 3 (40): 30-39

31

Berdaliyeva A. A., Gorbachyov D., Ilyasov T. Atmospheric Electric Charges' Formation Processes in the
Nearsurface Air Layer

earlier; without raising the question of what elementary processes lead to the deposition of
ions on heavy particles, it is possible to determine the value of the accumulated space charge
from the data on the distribution of aerosols with height. The distribution of space charges,
characteristic of the field profiles of the third type, can also arise under the influence of the
fourth and fifth processes. The process of charging particles when separated from the Earth
cannot manifest itself in a weak wind, over surfaces with dense vegetation.
The diurnal variation of the distribution of space charges with height also indicates that
this charging process cannot be considered as the main one.
Stratus clouds extending over territories hundreds of times larger occupied by
thunderclouds can be over the same point for weeks. Almost half of the Earth's surface is
covered with stratus clouds. Electric charges and currents in them, albeit much less than in
thunderstorm clouds, can therefore play an essential role in the general exchange of charges
between the Earth and the atmosphere. However, the electrical properties of these clouds
remained virtually unknown until recently. Consider the electrical characteristics of stratus
clouds certain types.
а)
The thicknesses of the studied clouds were in the range of 100-1000 m. The
field strength varies mainly within the range of 3 V/cm
In terms of their electrical structure, the studied clouds can be reduced to four types.
Positively polarized clouds were observed in 50% of cases. In addition, the presence of an
excess positive charge is noted in the clouds. Negative cloud polarization was observed in
10% of cases. A number of the studied clouds were unipolarly charged. In 30% of all cases,
the clouds were positively charged. The remaining 10% of the clouds were negatively
charged. The variation of the electric field with height on days when only stratus clouds were
noted. These clouds are associated with the appearance at the Earth's surface of a significant
negative charge and a rapid decrease in the field with height. Above 3000 m, the field strength
is close to zero.
b)
Stratocumulus clouds. The thicknesses of this clouds' type lie in the range of 100-1800
m. Basically, the field strength in these clouds varies within the range of -2 - +3 V/cm (80% of cases).
These clouds, as well as layered, are reduced to four types of electrical structures: positively polarized
(45%), negatively polarized (13%), positively charged (23%) and negatively charged (7%).
In 12% of cases, the clouds either had small charges lying beyond the limits of measurement
accuracy, or had a more complex electrical structure (in the clouds there were three charges arranged
in height according to the scheme +, -, +, or -, +, -).
Variation of the electric field with height on days when only stratocumulus was observed. Just
as in the previous case, a negative space charge is created under the clouds, but above them the field
strength remains significant up to 6000 m.
c) Altostratus clouds. These clouds are created at a considerable height (over 2000 m), where
the field of "good" weather is significantly weakened.
They also have four types of distribution. Positive polarization is noted in 30% of cases,
negative - in 25% of cases, positively charged clouds - in 12% of cases, and negatively charged clouds
- in 13% of all cases. In addition, weakly charged clouds were observed in 10% of cases and clouds
with a complex structure of charges of the +, -, +, or -, +, - type were observed in 10% of cases.
In these clouds, negative polarization is observed more often, and the clouds themselves have an
excess negative charge
d)
Cirrostratus clouds (Cirrostratus). These clouds are located high above the Earth's
surface at a level of 5000m and higher. However, they noticeably reduce the field strength at the
Earth's surface. The field in them is usually negative.
In addition to the previously noted types of polarized clouds, two more types are often found,
when positive charges are located in the upper and lower parts of the clouds, and negative charges in
the middle (distribution of the type +, -, +) and when a distribution of the type - > +> -.
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Stratus non-rain clouds have a significant effect on the electrical characteristics of the
atmosphere. First of all, attention should be paid to the significant values of volumetric electric
charges arising from these clouds - from 3 eV/m2 to tens of eV/m2. The density of the Earth's surface
charge is about 3 eV/m2, and its change in the course of a unitary variation is only about 20% of this
value.
The variations in cloud charges are much larger than the observed unitary variations in the
earth's charge. It should also be taken into account that layered clouds cover almost 50% of the Earth's
territory. Therefore, the total contribution that they make to the exchange of charges between the Earth
and the atmosphere can be very large. The appearance of a negative space charge near these clouds
should be accompanied by diffusion currents bringing a negative charge to the Earth. The nature of the
decrease in the field strength with distance from the cloud to the ground shows that this field is formed
not directly by the charges of the cloud, but by those charges that create and redistribute these clouds
[4]. Clouds do not act as field generators, but as space charge generators in the atmosphere. Only high
clouds of the cirrostratus type do not create significant volumetric negative charges at the Earth's
surface. Stratus clouds significantly affect the potential of the atmosphere at an altitude of 6000 m.
They create relative changes in this potential, much greater than its changes associated with unitary
variation. Thus, stratus clouds, apparently, play an essential role not only in the formation of the
disturbed weather field, but also in the field of "good" weather.
The mechanism for creating space charges in this case is completely unclear. The charges on the
droplets of these clouds are small and the spectrum of positively charged droplets is approximately
similar to the spectrum of negatively charged droplets. In this case, it is impossible to assume that the
gravitational coagulation of small drops ensures the accumulation of charges on large drops, since the
merging of drops under such conditions will lead to a relative decrease in charges on the drops. It can
be assumed that in these clouds, under certain conditions, an intensive exchange of charges occurs
between drops of different sizes or drops and air.
One of the possible mechanisms of this kind was considered by V. Ya. Nikandrov [5], who
suggested that, due to the different mobility of anions and cations in a liquid, evaporation can lead to
its charging. In addition, precipitation particles falling out of them can play a significant role in the
electrification of high stratus clouds and stratus-cirrus clouds.
e)
Nimbostratus clouds (Nimbostratus). The appearance of precipitation from the cloud
contributes to the accumulation of electricity in it. The electrical structures of Ns clouds are very
diverse and complex. Along with the four noted species, there are clouds with three or even four
charge layers.
RESULTS AND DISCUSSION
The measured variation of the field strength with the height for these clouds coincides, in
general terms, with the field profile proposed by Chalmers [6] for stratus clouds.
The measured field profiles coincide with those obtained under the assumption that the space
charge carried by the rain is positive, and the melting of the snowflakes from which the droplets are
formed occurs in the upper part of the cloud.
Nimbostratus clouds exhibit higher field strengths than other types of stratus clouds. These
clouds change the sign of the field strength near the Earth's surface and create a positive space charge
near the Earth. The charge of these clouds is predominantly negative. The average charge of a drop of
precipitation near the Earth's surface varies within the range of 10-4-10 eV> 10V, and the negative
charge is slightly greater than the positive one. On the whole, however, the charge carried by
precipitation from these clouds is positive. For example, 1 g of positively charged droplets transferred
0.21 eV, and on negatively charged droplets 0.08 eV. These numbers in individual rains can change
tens of times.
When dropped on the ground, positively and negatively charged droplets meet simultaneously.
However, under the clouds, basically all droplets are charged in the same way. Thus, when dropped,
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some of the drops are recharged. The current carried by precipitation from clouds is about 5-1016 and
5x10-15 A/cm2
That is, the values of the average and maximum charges of both positively and negatively
charged droplets increase and decrease simultaneously, that is, there is no significant removal of
charges by precipitation even in separate areas of clouds.
Cumulus and powerful cumulus clouds are of particular interest, as they develop into showers
and thunderstorms, which give the strongest electrification in the atmosphere. Many characteristics of
powerful cumulus clouds (turbulence, water content) are similar to those observed in thunderclouds.
Powerful cumulus clouds are assumed to be some kind of thundercloud model. Studies of cumulus
clouds have shown that their field is very heterogeneous; during one flight through a cloud, a number
of field extrema can be encountered - both positive and negative. The average field strength in
cumulus clouds is generally positive. Negative values were observed in about 25% of cases; usually
they were associated with the appearance of large drops in the clouds and the beginning of
precipitation. Research results show that powerful cumulus clouds, just like cumulus clouds, are
bipolar. Typically, there is a positive charge at the top and a negative charge at the bottom.
Research results show that powerful cumulus clouds, just like cumulus clouds, are bipolar.
Typically, there is a positive charge at the top and a negative charge at the bottom. Against the
background of these relatively small charges, which have a volume density of the order of several
tenths or even hundredths of eV/m3, regions with negative and positive space charges with a high
density are randomly located in the cloud, averaging several tenths or even units of eV/ m3. The length
of these areas varies from several tens to several hundred meters and is closely related to convective
processes. The rate of accumulation of charges in cumulus and powerful cumulus clouds can be
calculated from the data obtained in the study of intramass clouds. Since a noticeable increase in the
density of space charges with the development of clouds is not observed, we can assume that the total
amount of free charges accumulated by a cloud is proportional to its volume. For all stages of the
development of powerful cumulus clouds, the rate of increase of the main space charges is in the range
of 105 - 108 eV/m2sec.
A powerful cumulus cloud accumulates such a small fraction of those charges that then appear
during a thunderstorm that we can confidently assume that the charges in it do not play a role in the
preparation of thunderstorm processes. The variation of the electric field with height in cumulus
clouds is in many ways similar to that observed in stratocumulus clouds. A maximum of the field and
the appearance of a negative space charge at the Earth's surface are noted under the lower boundary of
the clouds. Above the clouds, the electric field is positive.
The charges of droplets in convective clouds can reach hundreds of elementary charges. In some
parts of the cumulus cloud, the fields can reach values at which the efficiency of coagulation of drops
is noticeably increased
A powerful cumulus cloud (if it does not dissipate) turns into a storm cloud or a thunderstorm.
In the development of the thunderstorm part of the cloud, three stages are distinguished: the growth
stage, the main stage, and the decay stage. The growth stage includes a period of rapid growth of a
powerful cumulus cloud and the process of transition from a cumulus cloud to a torrential or
thunderstorm. At this stage, updrafts prevail in the cloud. The main stage is characterized by the
greatest electrification and is associated with the appearance of strong downgrades in the cloud along
with the ascending air currents. Finally, at the stage of decay, the electrification processes greatly
weaken (although the field in the cloud can be very large due to unscattered space charges), and the
entire cloud as a whole is covered by a single powerful descending stream. In some parts of the
thundercloud, the so-called "cells", thunderstorm processes can occur at different times, therefore,
although the entire life cycle of one cell takes about 1 hour, a thundercloud can generate lightning for
hours. The horizontal linear dimensions of the cells are between 1.5 and 10 km. The transformation of
a cumulus cloud begins with the fact that an area with enlarging particles appears in it; the horizontal
dimensions of this area are about 500 m.
In strong air currents, the speed of which can reach 15 m/s, the enlargement process is very fast.
Positive charges in the upper part of the cloud prevail at altitudes of more than 7 km at negative
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temperatures, less than 20°C, but not higher than -10°C. Negative charges are located at altitudes
between 2 and 7 km, their center usually lies slightly above the region zero isotherm. The lower
positive charge is associated with the zone of intense precipitation and is usually located in the zone of
positive temperatures, so that the center of the upper positive charge is displaced relative to the center
of the lower one in the direction of the wind, and the centers themselves are located on average at
heights of 2.5 and 4 km. According to Barnard's data [7], obtained in studies of field changes at three
ground stations, the distance between the centers of the main positive and negative charges averages
5.2 km and varies from 2.5 to 8.7 km. According to Gann's data obtained from direct measurements of
the field in the clouds, this distance is about 3 km. At the same time, Malan and Shoiland, based on
ground field measurements, came to the conclusion that in thunderstorms in South Africa, a negative
charge is located in a vertical column bounded by isotherms of 0-40°C, and this column is discharged
by successive lightning strikes starting from the base. The magnitude of the charges in the clouds,
according to the data of different authors, is very different. So Workman and Golzer [8] give the
values of charges carried by lightning from 10 to 190 Cl, and the most often noted values from 20 to
50 Cl. The work gives a range of charge variations from 4 to 40 Cl (the average change in the electric
moment of the cloud was 182.5 Cl/km). In work, the charges of the cloud are estimated at 20 Cl. In
addition to the polarity of the clouds, the opposite polarity is also possible in shower and
thunderclouds. It is especially often observed in storm clouds. When measuring the electric fields
above the tops of about a hundred shower and thunderstorm clouds, it was found that in about 40% of
cases the clouds are negatively polarized, and usually shower clouds are negatively polarized.

Depending on the activity of the cloud, it can give discharges following each other with
an interval of several seconds to several tens of seconds. There are clouds that give only 1-2
thunderstorm discharges, and they can occur inside the cloud. Clouds of alternating polarity
often stretch along the thunderstorm front, such an arrangement of clouds can lead to the
appearance of lightning with a length exceeding 50 km and even 150 km. The life span of a
thunderstorm cell in the main stage lasts up to 20-25 minutes. During this stage, the cells
enlarge to the sizes indicated above and heavy precipitation comes from the cloud. Studies
carried out in thunderclouds have shown that near the zero isotherm, solid precipitation was
observed in 93% of cases, mainly in the form of snow grains and soft hail. In the main stage, a
powerful ascending air flow at a speed of ~ 10 m/s passes through the cell as a whole, along
with the appearance of descending movements in the upper part of the cloud. In severe
thunderstorms, the flow rate can be much higher. With the termination of the discharges, the
stage of decay sets in, while the field strength and the intensity of precipitation rapidly
decrease. The field often changes sign to the opposite, which is apparently associated with the
removal of negative charges by precipitation particles from the cloud. 15-30 minutes after the
end of the thunderstorm, the cloud is "washed away", leaving only the "anvil" - an elongated
strip of ice crystals in the upper part of the cloud. In "anvils" electric charges and,
accordingly, electric fields are small. The development of one cell can, apparently, facilitate
the development of new cells. The domes of powerful cumulus clouds can receive ice crystals
from the icy top of the cell in the main or last stages. These crystals accelerate the glaciation
of the dome and the onset of the second stage. The electric fields of the developed cells can
play a certain role in accelerating the development of new cells, if the coagulation of drops or
the processes of electrification in clouds are associated with the action of electric fields.
The strength of the electric fields above the clouds is on average about 100 V/cm. The
field often rises and falls smoothly. Three conditions must be met for appearing lightning.
1. A sufficient number of charges must be created in a thundercloud,
2. The oppositely charged particles must be separated by sufficiently large distances.
3. The fulfillment of both conditions should be accomplished in a sufficiently short
period of time, so that before reaching the critical values of the charge and field strength for
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the occurrence of lightning, the processes of generation and separation of charges in the cloud
proceed faster than the processes of recombination and association of charges.
After a sharp change in the field, during a lightning, a relatively slow recovery of the
field follows, lasting a second, and it is assumed that this process of recovery of the field
reflects the recovery of the electric moment M of the cloud. For a time of about 10 seconds,
an electrical moment is restored in the cloud after a lightning strike. The electric moment of
the cloud, neutralized by lightning, is on average about 100 Cl/km. The charge neutralized by
lightning is on average 20 Cl. Changes in the cloud dipole moment after a lightning strike
should occur either due to an increase in the number of separated charges, or due to an
increase in the dipole arm. If we assume that the separation of charges of different signs
occurs under the influence of gravity, then the separation speed W, even for large particles, is
unlikely to exceed 10 m/s. Thus, in a time T = 10 sec, the charges that create the dipole can be
displaced by about 0.1 km. Thus, in the main, the field is restored due to the fact that charges
of about 20 Cl appear from above and below in layers not exceeding a thickness of about 100
m. In order for these charges to appear, it is necessary that undivided charges with the same
density exist throughout the entire volume of the cloud. If the cross-section of a thunderstorm
cell has an area of about 10 km2, and the distance between the centers of the main charges is 5
km, then in the cloud, to restore the electric moment, about 1000 coulombs of electricity must
exist on the particles, which is 20 Cl/km3. A natural question arises whether these charges
were brought into the cloud in advance, or whether they should be created in a time
comparable to the relaxation time of the electric moment.
It is usually assumed that all these charges are acquired by the cloud at the previous
stage. But there were cases that at the previous stage the charges of the cloud were several
orders of magnitude less than required. In addition, it can be assumed that under conditions of
high concentrations of particles of opposite signs with their intense mixing, the recombination
of particles of different signs would quickly neutralize the "introduced" charges. Charges of
different signs, therefore, can exist in the cloud only if they are continuously intensively
generated. This explains the large values of the rate of generation of charges and the space
charges themselves in thunderclouds.
In those cases, when the field after a lightning strike drops to zero and when one can be
sure that this field was created only by the charges of the investigated cloud, by measuring the
rate of field recovery at the moments immediately following the lightning strike, one can
determine the cloud charging current. According to Mason [9], this current is approximately
3A.
It can be assumed that the separation of charges in a cloud occurs not under the
influence of gravity, but under the action of air currents that ascend and raise the positive
charge upward, and descend, lowering the negative charge downward. Since air velocities can
reach 30-40 m/s, this immediately reduces the requirement for the amount of charges
accumulated in the cloud. However, until now, it has not been recorded that charges of
different signs are located in oppositely directed flows. In addition, in clouds where the air
flow velocity is -10 m/s, the above estimates of the required charge density would not change
Even with showers, the precipitation and the surrounding air contain charges that are
close in magnitude to those that should exist under the action of the separation mechanism
based on the force of gravity. For the correct choice of dozens of possible mechanisms of
elementary electrification of those that create thunderstorm processes, it is necessary to know
not only the intensity of electrification, but also the conditions in which they occur. In
particular, it is very important to answer the question at what moment in the life of a cloud the
intense charging characteristic of thunderclouds begins. Usually, the increased charging of the
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cloud is noticed at the moment that coincides with the time of the beginning of the
enlargement of particles in the cloud, when their sizes become of the order of 100 microns or
more. Such an enlargement immediately follows the glaciation of the tops of the clouds, while
it remains unclear: what plays the main role in the electrification of the cloud - the rapid
coagulation and the fallout of small, like-charged droplets or the electrification associated
with the two-aggregate state of the cloud. At the beginning of the growth stage, space charges
are small, therefore, the coagulation mechanism cannot lead to a rapid increase in charges
when particles grow larger, since coagulation, in the presence of oppositely charged particles,
leads to a relative decrease in the charge of large particles. Therefore, an attempt was made
precisely at this stage to introduce solid carbon dioxide into the cloud, creating conditions for
the rapid appearance of a two-aggregate state and revealing its role in electrification. As you
can see, the electrical state of the clouds lends itself to external influence. The change in the
potential difference at the boundaries of the cloud upon exposure can be estimated at about 25
million volts. The possibility of managing thunderstorm activity was noted by Langmuir [4].
There are several dozen elementary mechanisms for electrifying particles of a
thundercloud. Each of them inevitably became the basis for the creation of another theory of
thunderstorm electricity. We will not dwell on these mechanisms in detail here. Let's just try
to compare the possible rate of charge generation in thunderclouds using some of these
mechanisms with the observed rate of charge generation in thunderclouds. A number of
elementary charging processes are associated with the capture of ion clouds by particles from
the surrounding air. This capture can occur due to the difference in the attachment energies of
positive and negative ions, as suggested by Ya. I. Frenkel [5], due to the difference in the
rates of diffusion of ions to the droplet surface, due to the difference in fluxes of positive and
negative ions moving in the electric field directed along the direction of motion of the falling
drop (Wilson's mechanism [9]), etc. the most effective mechanisms are mainly associated
with electrification that occurs in a two-aggregate cloud at the water-ice interface. This
circumstance coincides with the known facts that the greatest electrification begins at the
moment the ice phase appears in the cloud and the main electric charges are located in the
cloud zones where water and ice particles exist simultaneously. A lot of electrification
processes, noted at the water-ice boundary, are actually reduced to 2-3 physical processes.
Researchers of this type of electrification usually describe and base the classification on the
conditions in which electrification is manifested, and not on the physical process that causes
it. Electrifying drops when they are destroyed in an electric field can be very effective.
A detailed study of macro- and microprocesses in thunderclouds should clarify the
question of what are the mechanisms of electrification and how they work in thunderclouds.
Among the most obscure areas of the physics of thunderstorms is the question of how
lightning arises and how it is maintained. The electric field strength in thunderclouds does not
exceed 2000 V/cm, while the development of a spark at an altitude of the order of several
kilometers requires intensities of ~ 10 000 V/cm. On the other hand, the discharge conditions
in the cloud should be difficult compared to the discharge from metal electrodes connected to
a relatively powerful power source, for which the indicated value of the breakdown voltage
was obtained. To elucidate the role of droplet singularities, a study of the droplet behavior in
strong electric fields was carried out. It turned out that the drops in the field are strongly
elongated and the corona of Mecca can begin from them [3], a dependence was obtained for
the critical field strength by EQF, at which the drops begin to elongate. During the existence
of lightning, that is, for a time of the order of milliseconds, the field of the cloud can drop to
zero. Thus, all charges collected in an area of 1 km3 on droplets located at an average distance
of -10 cm and therefore well isolated from each other are collected by this lightning.
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How this sudden transformation of a collection of isolated drops into a single
association occurs is not very clear. Lightning even in the main channel has a diameter of
about 1 m, and even smaller in the branches. According to Loeb's assumption, at the moment
of discharge, positive streamers appear in the cloud, discharging the cloud. However, the
existence of such streamers has not yet been observed, although radar measurements should
have shown that at some point in time the entire volume of the cloud is ionized.
CONCLUSION

A system of quasi-hydrodynamic equations for the electric field, charges and
concentrations of cloud particles and light aerons of air as applied to mesoscale convective
systems was proposed in this work, which, under reasonable assumptions about the nature of
electrification during collisions and melting of cloud particles, has fairly simple solutions
describing the structure and dynamics of spatially separated regions electric charge in the
cloud.
The electric field significantly affects the speed of movement of light air ions in the air
flow, and at large fields it almost completely determines it. With the induction mechanism of
electrification, the electric field also determines the magnitude of the charge shared during the
melting of hydrometeors. Therefore, taking into account nonlinear effects leads to the
formation of a complex structure of electrical layers.
Two regions of electric charge generation are considered in detail: the region in the
region of the zero isotherms associated with the melting of ice aggregates, and the region in
the upper part of the thunderstorm cloud associated with collisional mechanisms of charge
separation. The possibility of the formation of shielding layers from light air ions at certain air
flow velocities is shown. In times of the order of 30 minutes, electric fields with a strength of
up to 100 kV/m are achieved
The results of numerical modeling of the electric field parameters show that with weak
turbulent mixing near the Earth's surface, there is a maximum of the positive space charge,
and above the level of the maximum of the vertical distribution of the turbulence coefficient, a
layer with a negative space charge appears. In the daytime, with an increase in turbulent
exchange, the maximum of the positive space charge shifts upward, and the layer of negative
space charge disappears, and an exponential decrease in the space charge with height is
observed.
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ABSTRACT
The development and application of biometric technologies is a worldwide trend. The
introduction of the first biometric passports made it possible to deploy dozens of national and
international programs for automatic identification of a person. The Biometric Recognition
Platform allows for expedited check-in, search and boarding without passports and tickets.
The platform will reduce queues at the airport, make travel more enjoyable and safer.
Biometric Recognition Platform integrates with airport security systems, ticket booking
services and airline loyalty programs. Along the way, the platform can recognize the
passenger’s face, recognize him at the front desk, recognize him at the check-in counter, open
passages to the “clean” zone, to the high-comfort waiting room, and provide passage through
the turnstiles at the boarding gate. In addition, the system will tell the airline whether a
passenger who has checked in on-line has arrived but is late for boarding, and, if necessary,
will help to find him at the airport. The platform is based on its own biometric identification
algorithms based on neural networks. Some elements of the smart system are already in
operation at various airports where identification at the airport entrance is implemented during
the initial screening.
Keywords: biometrics, identification, method, neuron, operator, sign, transformation,
function, data, error..
INTRODUCTION
International airports in many countries have begun to use new biometrics technologies to
facilitate faster and smoother passenger interaction at the airport. The busiest airports in the world are
implementing the latest technologies to ensure the convenience and comfort of passengers. With a
single identification token, a passenger only needs to present a travel document once, after which his
face becomes a passport. Today, powerful intellectual technologies, in particular biometric
technologies, are used to compare the physical characteristics of passengers with the information
contained in the passport chip. Airports are on the way to creating a so-called single identity token - an
identity card created by comparing biometric data and passenger passport. The traveler only needs to
scan the fingerprints, the iris of the eye. A face scan is used to pass through the various checkpoints.
Therefore, travelers save time, and the airport reduces the length of queues and improves the quality of
service. Various electronic innovations are being actively tested to optimize processes at airports in
order to track baggage through a mobile application, which will contribute to the introduction of new
boarding systems at airports

MATERIALS AND METHODS
Theoretical analysis
Biometric identification is a way of identifying a person by individual specific biometric
features (identifiers) inherent in a particular person [1].
Biometric identification methods are divided into static and dynamic.
1. Static methods determine the physiological characteristics of a person throughout his life:
fingerprint identification, s1 ;
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contour and facial expression identification, s2 ;
eye iris identification, s3 ;
hand geometry identification, s4 ;
face thermogram identification, s5 ;
DNA identification, s6 ;
ear acoustic characteristics identification, s7 ;
vein pattern identification, s8 ;
identification by other specific static characteristics, s9 .
2. Dynamic methods that determine the characteristics of people associated with the behavior of
the subconscious mechanism during repetitive actions:
voice identification, d1 ;
handwritten handwriting identification, d 2 ;
keyboard handwriting identification, d3 ;
gait identification, d 4 ;
identification by other specific dynamic features, d5 .
For this purpose, if we confine ourselves to the above-mentioned criteria, the features can be
expressed as the following functions:

=
S f=
( s1 , s2 ,..., si ) f ( s )

(1)

where S – generalized characteristic of static features;
s1 , s2 ,..., si – coefficients characterizing static signs;
i – number of static features.

=
D f=
( d1 , d2 ,..., d j ) f ( d )

(2)

where D – generalized characteristics of dynamic features;
d1 , d 2 ,..., d j – coefficients characterizing dynamic features;
j – number of dynamic features.
Assuming that they obey the principle of the organization and functioning of biological neural
networks, enter a third function:

=
N f=
( n1 , n2 ,..., nk ) f ( n )

(3)

where N – generalized characteristics of neural responses to signs;
n1 , n2 ,..., nk – coefficients characterizing neural responses;
k – number of neural responses to signs.
Human physiology and psychology are constructed in such a way that static and dynamic
features and neural responses are interrelated, each being a prerequisite and a consequence of the other
The task is to find a functional relationship between human traits and corresponding neuronal
responses.
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The following solution is proposed using a vector differential operator whose components are
partial derivatives of the coordinates of a three-dimensional space, which is expressed by the
following equation:

∂D ∂N
+
∂t
∂t

∇S=

(4)

where ∇ – Hamilton vector differential operator;
S – generalized characteristic of static features;

∂D
– rate of change of dynamic characteristics;
∂t
∂N
– rate of change of neural responses to signs.
∂t

The Hamilton vector differential operator of three-dimensional space in a rectangular Cartesian
system is defined [2]:

=
∇

∂ ∂  ∂ 
i+
j+ k
∂x ∂y
∂z

(5)

  

where i , j , k – unit vectors along the axes x, y, z relatively.
Also uses Hamilton operator recording via components:

∂ ∂ ∂
∇ = , , 
 ∂x ∂y ∂z 

(6)

Equation (4) can be formulated as follows: that changes in dynamic features and neural
responses over time lead to clear manifestations of static human features.
For example, if a person has some kind of malicious intent, physiologically, neural reactions
occur in the brain, which undoubtedly leads to some changes in dynamic signs in behavior and
psychology, which ultimately causes "bright" manifestations of static signs. The manifestations of
static signs in this case include, for example, sweating of the palms and fingers (except for those who
suffer from clinical hyperhidrosis) caused by a change in pH, which in turn causes changes in face's
expression and thermogram, iris' size.

RESULTS AND DISCUSSION
The term «wavelet» in English means a «small wave» and means a generalized name of
mathematical functions of a certain form that are local in time and frequency and in which all
functions are obtained from one base, changing it (shifting, stretching) [3].
Wavelet transform is an integral transform, which is a convolution of a wavelet function with a
signal. The wavelet transform converts the signal from the temporal to the time-frequency
representation.
Wavelet transform is a decomposition of the original function into the basis of a wavelet
function and is expressed by an integral form's transform [4]:
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W ( a, b ) =

1

(7)

 t −b 
a ∫ x ( t )ψ ⋅ 
 dt
−∞
 a 
∞

where x(t) – initial function;
ψ∗(t) – parent wavelet function;
b – the shift parameter defining wavelet function's position;
a > 0 – a stretch parameter which specifies the «width» of the wavelet function and defines the
scale of the transformation.
Consider the Wavelet transform's applied aspects for biometric identification.
1. Wavelet transformation in experimental data processing:
display the most visual and informative picture of the experiment results;
allows to clean source data from noise and random distortions;
to notice "by eye" some features of the data and the direction of their further processing and
analysis;
well suited for non-stationary signals’ analyzing.
2. Wavelet transformations in image processing. The structure of human vision is designed to
focus on the essential details of the image, while eliminating the unnecessary.
Using the Wavelet transform allows:
smoothing or highlighting some details of the image;
increase or decrease in image details;
highlighting important details;
improving the quality of image processing.
3. Wavelet transformations for data compression. Wavelet transforms when compressing data.
The feature of orthogonal multiscale analysis is that for sufficiently smooth data, the resulting parts are
mostly close to zero. This means that conventional statistical techniques can be used to compress data
efficiently. The advantage of wavelet transform is that no additional redundancy is introduced into the
original data, and the signal can be fully reconstructed using the same filters. This means that it is
possible to apply a very simple implementation of lossy compression, where in order to separate the
details from the main signal as a result of the transformation, it is enough to simply discard the details
at the scales where they are irrelevant. This allows image compression by 3 ÷ 10 times without
significant information loss, and with lossy compression - up to 300 times.
4. Wavelet transformations in neural networks and other data analysis mechanisms. Training
neural networks and setting up other data analysis mechanisms are associated with great difficulties,
which are manifested by strong noisy data, as well as the presence of so-called "special cases" i.e.
random emissions, gaps, nonlinear distortions, etc. The presence of such interferences hides the
characteristic features of the data, sometimes posing as them, which ultimately degrades the training
results, so the task is to clean the data before proceeding with its analysis. Wavelet transformations
have a fast and efficient implementation algorithm, due to which they are one of the most convenient
and promising mechanisms for cleaning and preprocessing data for use in artificial intelligence
systems, biometric identification, etc.
5. Wavelet-transformations in data transmission systems and digital signal processing. The high
efficiency of algorithms and resistance to interference allow wavelet transformation to become a
powerful tool in areas where various traditional methods of data analysis are applied, such as the
Fourier transformation. The possibility of using it along with the existing methods of processing the
conversion results and the presence of characteristic features of the behavior of the wavelet conversion
in the time-frequency domain lead to the expansion and appearance of additional capabilities of such
systems.
The theory of wavelet transformation has been known for a long time, the mathematical
apparatus of wavelet analysis is widely used, and today an important task is to develop applications
that use wavelet analysis in biometric identification.
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The basis of biometrics is 95% mathematical statistics. The main characteristics of the biometric
system:
• FAR (False Acceptance Rate) - false pass rate;
• FRR (False Rejection Rate) - false rejection rate.
FAR characterizes the probability of a false coincidence of biometric data of two people, i.e. the
system mistakenly allows access to a user who is not registered in the system [5].
FRR characterizes the denial of access to a valid authorized user of the system. The system is
reliable when the FRR value tends to a minimum at the same FAR values.
Figure 1 shows the change's characteristics of FAR and FRR coefficients.

Fig 1. The change's characteristics of FAR and FRR coefficients
The estimation of the FAR and FRR coefficients are probabilistic. If the probability of a false
match is denoted as P FAR (t), and the number of fingerprints available in the database is N, then the
probability of a false match obtained by a fingerprint scanner can be determined [6]:

PFAR=
( t ) FAR ⋅ N

(8)

If we assume that in a certain period of time N - number of people pass through the checkpoints,
then the probability of error

PFAR ( t =
) FAR ⋅ N ⋅ N= FAR ⋅ N 2

(9)

If, conditionally, one error is admissible within a certain period of time P FAR (t) ≈ 1 than:

FAR ⋅ N 2 ≈ 1 ⇒ N ≈

1
FAR

(10)

The EER (Equal Error Rates) (Fig. 1) is the ratio at which the receive error and rejection error
are equivalent. The lower the EER, the higher the accuracy of the biometric system, i.e. is an objective
parameter [7].
The FAR and FRR parameters must be considered in a complex, only then can we talk about the
reliability of biometric identification.
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CONCLUSION
The advantages that the application of biometrics provides are obvious: ensuring the
safety of passengers and the functioning of airport structures; free movement between the
departure area and other departments of the airport; the automation of screening eradicates
queues; simplification of service by eliminating passports and boarding passes. Passengers
need to scan their documents at special self-check-in kiosks located after the pre-flight
security check-in area. Passengers do not need practically anything at all: the personal data
entered when issuing a ticket is enough. Then proceed to the boarding gate and, when it is
announced, go through special turnstiles with cameras that send data for comparison with the
original passport. The information solution for direct comparison of reality with documentary
samples in the database is assigned to special structures at the airports.
Wavelet transform allows you to convert a signal from a time representation to a timefrequency representation by means of a mathematical transformation. The method is based on
functions that determine what form the analyzed signal will have after conversion. In fact,
"wavelet" is a wave function that is superimposed on the existing signal graph, thereby
allowing you to determine its properties on a specific part of the signal. The proposed
mathematical apparatus of wavelet transformation poses an important task of developing
applications using wavelet analysis in biometric identification.
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ABSTRACT
The article presents the results of research of obtaining bismuth vanadate films for
processes of water photolysis by simple and reliable method of aerosol spraying of water
solutions. Films of bismuth vanadate doped with molybdenum were obtained on the surface
of conducting glasses. For hydrogen production systems, this is a compact, inexpensive and
fast method/ At that photocurrents at a level of 1.5 mA to silver chloride reference electrode
were obtained in the phosphate electrolyte with an external bias of 1.5 V, and up to 3.5 mA
with addition of sulfite electrolyte. It is shown that molybdenum addition leads to an
insignificant expansion and enhancement of the band in the region of 350-550 nm, and in
general the system spectral characteristics are insignificant, while the system current
characteristics increase significantly, 6-7 times. This is explained by increase in the mobility
of electrons and holes, or by increased concentration of charge carriers caused by electrondonor elements, in particular, molybdenum. On the other hand, we associate this with the
hypothesis that Mo (VI) replaces V (V) in the monoclinic main lattice of BiVO 4 of scheelite
type [23]; i.e. inclusion of Mo into BiVO 4 leads to the stabilization of the tetragonal scheelite
type in solid solutions in rather narrow range of compositions, which leads to a significant
decrease in the current load in the system.
Keywords: photocurrent, molybdenum, bismuth vanadate, alloying, sacrificial
electrolyte, flat zone potential.
INTRODUCTION
Bismuth vanadate (BiVO 4 ) is considered as one of the most promising photocatalysts
for water photolysis and is of increasing interest as a model photoanode for oxygen evolution
[1–10], which has an inherent (indirect) band gap of 2.4–2.5 eV (496–517 nm), optical
absorption coefficient equal to 104-105 cm–1 for hν = 2.5–3.5 and the potential of flat bands
200 mV to the left of hydrogen evolution reaction (HER). This characterizes such parameters
of an electrochemical cell as maximum theoretical photocurrent equal to 6.2-7.5 mA/cm2 and
the efficiency of converting solar energy into hydrogen, equal to 7.6–9.2% paired with an
ideal photocathode [11] in a tandem water separating device [11-14]. But disadvantages are
also inherent for it, such as suboptimal band gap and poor charge transfer through a sample
array due to the high rate of carrier recombination. Bismuth vanadate is characterized by short
diffusion of charge carriers, which characterizes diffusion lengths of only 70 nm, which is the
main reason for low photocurrent density, namely less than 1 mA/cm2 at potentials close to
1.23 V to reversible hydrogen electrode ratio [15-18]. Other disadvantages of bismuth
vanadate include its weak activity in relation to the hydrogen evolution in catalyst absence
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[19], as well as low corrosion stability, especially in aggressive acidic environments (pH
below 3) or alkaline ones (pH above 11) [20]. This is naturally undesirable to avoid ionic
gradients and mass transfer limitations in practical solar fuel generators [21-23]. The aim of
this work is to study the doping effect of molybdenum ions on bismuth vanadate and
characteristics of bismuth vanadate-molybdenum system, such as spectral, current, and
morphological ones when using the aerosol method of coating on various substrates.
MATERIALS AND METHODS
For the research, reagents of "pure" or "chemically pure" qualifications were used,
namely bismuth nitrate Bi(NO 3 ) 3 ·5H 2 O, corresponding to GOST 4110-75, and ammonium
vanadate NH 4 VO 3 , corresponding to GOST 9336-75, as well as concentrated nitric acid,
acetone and alcohol. To obtain coatings on conducting glass, LATECH FTO glasses
(conductivity less than 15 ohm/cm2) with a size of 1x2.5 cm2 were used, which were
degreased in soda ash solution and ultrasound, sequentially washed in isopropanol, acetone,
and dried.
To obtain films of bismuth vanadate, the following procedure was used: 2 ml of 0.2%
ammonium vanadate water solution (No.1solution) was acidified with nitric acid. Then 3 ml
of 1.2% bismuth nitrate solution (No.2 solution) was added to it. The resulting mixture was
applied with a spray gun onto prepared glass, preheated to a temperature of 100-120°C. A
conventional (household) spray bottle for aerosol water mixtures was used as a spray bottle.
10, 20 and 30 cycles of applying such a mixture to glass and metallic platinum was used, after
which the samples were dried at 60°C for 1 hour, then annealed in a muffle furnace at 500°C
for 1 hour. For alloying, 10, 20, 30 and 40 mg of a weighed portion of ammonium molybdate
was added to 2 ml of No.2 solution, and then 3 ml of No.1 solution was added. Obtained
solutions contained 0.2, 0.4, 0.6 and 0.8% (NH 4 ) 2 MoO 4 , respectively. Subsequently, the
deposition of coatings was carried out in the same way like for initial bismuth vanadate.
Anodic photocurrents of titanium oxide electrodes were recorded according to a threeelectrode scheme; a platinum wire was used as a counter electrode; silver chloride reference
electrode was used. A xenon lamp without light filters was used to illuminate iron oxide
films. Illumination of the samples was measured with a lux meter and was (160-180)·103 lux
for a xenon lamp and 12·103 lux for a UV lamp. The illumination level in the sun at the
latitude of Shymkent in June, measured at noon, was 130·103 lux.
For photoelectrochemical studies, two types of electrolytes were used: a neutral one as
0.1M KH 2 PO 4 solution, as well as a complex electrolyte as 0.1M KH 2 PO 4 solution with
0.5M Na 2 SO 3 solution addition in the form of a so-called "sacrificial" solution. It is called
that in the literature, “as a sacrificial reagent”.
Microphotographs of the film were taken with the use of JSM-6490LV scanning
electron microscope (JEOL, Japan). Absorption spectra on glass were obtained using a Cary50 UV-visible spectrophotometer.
RESULTS AND DISCUSSION
Fig. 1 shows the absorption spectra of bismuth vanadate obtained on glass after
calcination at a temperature of 500°C (line 2) and bismuth vanadate doped with molybdenum
(line 1).
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Fig 1. Absorption spectra of bismuth vanadate (2), and bismuth vanadate doped with
molybdenum (1)
If to estimate the band gap of the sample (2) according to the equation [25], as
Eg(eV)=1240/ λ, where λ is the wavelength, then you can see two half-waves: a small one in
the region of 400 nm, which corresponds to 3.1 eV and the second wave at 500 nm, which
corresponds to 2.48 eV. The absorption spectra in the ultraviolet-visible region, obtained for
films deposited on a glass slide support, are in the range of 400-500 nm, i.e. it is a part of the
visible spectral range, which is in good agreement with the data of [26].
The band gap of thin films of bismuth vanadate was calculated using the Kubelka –
Munk formula [26]. The obtained value of Eg is 2.55 eV and agrees with theoretical
predictions (2.60 eV) made for a partially reconstructed cluster (BiVO 4 ) with a size of 1.2
nm. One can see the expansion of the absorption band (350-500 nm), which is associated with
the appearance of molybdenum in the film composition (line 1). At the same time, the
publication [27] did not reveal changes in the spectra of samples with a content of 3%
molybdenum, while in publication [28] on samples with a content of 1-1.8% molybdenum,
there is a slight absorption in the region of 350-500 nm. Absorption was similarly found in the
authors' reference [29]. In our case, we see that doping with molybdenum leads to the
broadening and strengthening of the band in the 350-550 nm region.
As for chemical composition of the film, it can be seen on the spectrogram (Figure 2)
that molybdenum is present in the film composition up to 6%, and this is reflected in the
spectral part of the films in Figure 1. It should be assumed that true elemental chemical
composition of the film on molybdenum differs from that shown in Figure 2, because it shows
the local change in the molybdenum content in the film composition. We did not analyze the
true value of molybdenum on the glass surface. This requires a more accurate measurement of
molybdenum content in the film composition in the glass.
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Fig 2. Spectrogram and micrograph of bismuth vanadate film
Fig. 3 shows micrographs of obtained coatings and their morphological properties. It
can be seen that the doped bismuth vanadate coating is denser and more compact (1), while
the coating without molybdenum appears to be looser in composition and porous (2). The
coatings are shown after the application of 10 aerosol layers. With 30 layers of aerosol
coating, the coating naturally has a continuous and more uniform surface. These films are
shown in the upper corner sections of the photographs.
Nevertheless, here changes in morphology are also noticeable - there is a noticeable
porosity of the vanadate layer (2). We will continue our research related to improving the
surface - uniformity and continuity, in order to further relate them to the current
characteristics of coatings.

Fig 3. Micrographs and morphological properties of coatings of bismuth vanadate (1) and
bismuth vanadate with molybdenum in the film composition (2)
Fig. 4 shows photocurrents of bismuth vanadate films doped with molybdenum. It can
be seen that addition of molybdenum dopant increases the current characteristics of glasses by
almost an order of magnitude, especially at 0.2% ammonium molybdate content.
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Fig 4. Current-voltage characteristics of films doped with molybdenum: initial bismuth
vanadate without Mo (1), at (NH 4 ) 2 MoO 4 content 0.1% (2), 0.8 (3), 0.4% (4), 0.2% (5)
Obviously, 0.2-0.4% is the optimal content of molybdenum alloying addition in the
mixture used for research, while in other cases this effect is not so obvious. The effect of
molybdate ions is often explained in terms of two concepts of catalysis processes: on the one
hand, it is associated with decrease of the concentration of states of electron traps, which
causes an increase in the mobility of electrons and holes, or with an increased concentration
of charge carriers caused by electron-donor elements, in particular, molybdenum. It was also
reported [28, 29] about change in the band gap and movement of the band edges, as in our
case with additional absorption in the absorption spectra in Figure 1. We call this concept as
"current". On the other hand, there is another concept of improving the properties of bismuth
vanadate with molybdenum, which is associated with increased adsorption capacity of the
photocatalyst due to its higher surface acidity [23]; we call it the “catalytic” concept.
These previous studies of BiVO 4 -Mo are based on the hypothesis that Mo (VI) replaces
V (V) in the monoclinic main lattice of BiVO 4 of the scheelite type [23]; i.e. the inclusion of
Mo in BiVO 4 leads to stabilization of the tetragonal scheelite type in solid solutions in the
entire range of compositions Bi 1-х /3V -х Mo х O 4 until a sharp structural change in the final term
Bi 2 (MoO 4 ) 3 occurs [25, 26]. This expanded solubility of molybdenum in tetragonal BiVO 4
matrices has been widely confirmed in subsequent studies of Bi 1-x /3V 1-x Mo x O 4 compounds
as catalysts for the oxidation of organic substrates [27] or candidates for solid electrolytes.
In any case, the processes of doping bismuth vanadate with molybdenum require a more
systematic study and focus on the relationships of synthesis, structure, and activity among
BiVO 4 :Mo solid solutions in order to elucidate the effect of V/Mo substitution on the phase,
particle shape, surface area, thermal stability, and catalytic properties of products.
Sacrificial agents or electron donors / hole absorbers play a significant role in the
photocatalytic hydrogen production, since splitting of water is an energetically upward
reaction (ΔH 0 =286 kJ/mole). Photochemical reactions of sacrificial agents (methanol,
ethanol, isopropanol, ethylene glycol, glycerin, glucose, lactic acid, triethanolamine, sodium
sulfide, sodium sulfite and sodium sulfide / sodium sulfate) and their decomposition products
during the hydrogen production process are presented as follows in the case of sodium sulfite:
Irradiation: SO32− → SO32−*
Oxidation: SO32−* + 2OH − → SO42− + 2 H 2O + 2e −
Reduction: 2 H 2O + 2e − → H 2 + 2OH −
Oxidation: 2 SO32− → S 2O62− + 2e −
Reduction: 2 H 2O + 2e − → H 2 + 2OH −
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Current-voltage characteristics of films doped with molybdenum in a phosphate buffer
electrolyte with sodium sulfite addition are shown in Fig. 5. It can be seen that values of the
current characteristics increase significantly in the presence of sulfite, more than twofold, i.e.
in the "sacrificial" electrolyte, as it should be according to the theory.
Some imbalance occurs in the Mott-Schottky plots of the same electrodes (Figure 6). A
graph for the sample with molybdenum addition is straightforward, and its extrapolation to
the potential axis gives the values of flat zones potential for the doped electrode about -600
mV (on the scale of potentials relative to the silver chloride electrode).

Fig 5. Current-voltage characteristics of films doped with molybdenum in a phosphate
buffered electrolyte (1) and in an electrolyte in the presence of sodium sulfite (2)

Fig 6. Plots of Mott-Schottky in a sacrificial electrolyte at a frequency of 1 kHz in the
investigated potential range
A significant distortion is observed for a sample of pure bismuth vanadate; the data runs
in an “arc” and it is difficult to diagnose the flat band potential for a semiconductor. At the
same time, for a straight-line graph, the linearity of the Mott-Schottky graph is ideally
diagnosed and the potential of flat zones is about -450 millivolts. We associate this with the
fact that there is a certain excess of charges at the electrolyte / glass interface in the sacrificial
electrolyte. It causes some difficulty in the charge drainage from the surface of electrodes. In
the case of doping bismuth vanadate, the semiconductor structure at the interface with the
electrolyte appears to be more ordered, and the charges flow faster.
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CONCLUSION
As a result of this study, the current-voltage characteristics of films on the surface of
conducting glasses were obtained based on bismuth vanadate doped with molybdenum by the
aerosol method from aqueous solutions. Introduction of molybdenum into the bismuth
vanadate composition slightly expands the spectral sensitivity of the electrodes in the range of
350 - 470 nm, while the values of the current-voltage characteristics increase almost three
times in the phosphate electrolyte. The concentration optimum was found – 0.2% of
ammonium molybdate in bismuth vanadate solution, at which photocurrents of the doped
electrodes are maximum at aerosol deposition method. It has been established that doping
with molybdenum improves the photoelectrochemical properties of photoelectrodes;
therefore, it is necessary to continue research to improve the aerosol method of coating
deposition as a compact and cheap method for obtaining systems for water photolysis.
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ABSTRACT
The parametric function of a vector screw line on a globoid worm is considered. The
worm’s rotation angles and the worm wheel were selected as parameters. Based on the
developed mathematical dependencies, a mathematical model of the screw line on the worm’s
globoid surface was obtained. The worm in contact with the worm wheel is considered
without regard to friction, the choice of parameters is not associated with the coordinate axes,
but is tied to the technological parameter on the machine when processing the globoid worm.
A single-thread worm is considered. The screw line’s pitch is regulated by the gear ratio of
the worm gear. An algorithm for calculating points belonging to the screw line on the globoid
worm is presented. Finding points belonging to the screw line on the globoid worm allows
considering the necessary coordinates on all screw lines of the globoid worm when changing
the radius and rotation angles. The work adopted an iterative method for calculating
coordinates. The developed model is aimed at obtaining a mathematical model of the globoid
worm’s screw lateral surface. The scientifically grounded method and algorithm for geometric
calculation of gears with a reduced number of rolling elements located on the worm are
presented. The developed methodology for calculating the geometric parameters of the end
worm gear contributes to the introduction of energy-saving worm reduction gearboxes into
production. The results of this work will contribute to a wider introduction of energy-saving
gearboxes and multipliers in production, including agricultural mechanization and agricultural
engineering.
Keywords: mathematical model, globoid worm, globoid wheel, screw parametric line,
vector function.
INTRODUCTION
Globoid worms are cut on special machines. In this case, the shaping process consists of
the main movement – the rotation of the worm blank and the movement of the cutter feed in a
circle. Unlike cutting the Archimedean worm, which is cut on a lathe, the feed relative to the
worm axis is not constant, but changes according to the cosine law, the maximum of which is
reached when the linear speed vector of the worm wheel rotation is parallel to the axis of the
worm being cut. In any case, the screw line is formed on the globoid worm.
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MATERIALS AND METHODS
A globoid worm gear’s worm, in which the pitch surface is formed by the rotation
around the worm axis of a concave segment of the paired worm wheel’s pitch circle arc, is
considered [1]. Of all the forms [2, 3], a globoid worm is considered, the theoretical surfaces
of the turns of which are formed by a straight line. This corresponds to the fact that there is a
straight line in the globoid worm’s axial section.
On the Archimedean worm, there is a clean screw line [4-7], which is formed on the
cylinder, and it is written by the classical function in the parameters of machine tool systems

 R ⋅ Cos φ 
=
r  R ⋅ Sin φ  ,
 a ⋅φ 

(1)

where R is the radius of the cylinder, φ is the worm’s rotation angle around its axis.
The value “ a ” is a coefficient characterizing the movement along the worm’s axis per
the rotation angle unit φ, which is equal to the ratio of the linear speed V of movement along
the axis to the angular speed w
a=

V
.
w

(2)

A point representing the screw line on the globoid worm, in the adopted coordinate
system (Fig. 1), has movement in two directions: along the axis OZ and along the axis OY .

Fig 1. Scheme of globoid worm gear
RESULTS AND DISCUSSION
In the globoid worm at the worm’s constant rotation speed w , the linear speed V of
movement of the point along the axis is not constant. In addition, its movement reverses the
direction.
Any line on the globoid worm’s lateral surface represents a screw line on some kind of
globoid [8-15]. The set of such lines will represent the description of the globoid worm’s
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lateral surface. The profile of the globoid on the worm depends on the radius of the worm
wheel [16, 17].
As variable parameters when calculating the screw line on the globoid worm, the
following were selected: the worm’s rotation angle F1 and the worm wheel’s rotation angle

F2 . The angles are expressed in radians. This allows not to trace the signs of the coordinates
in the selected system. They are interconnected by the gear ratio:
w
(3)
U= 1.
w2
Fig. 1 shows a scheme of the globoid worm gear, where R2 is the radius of the wheel on
the radius R1 of the globoid. When the worm wheel rotates in contact with the worm, their
contact occurs between point A and point B. The angle of wrap between points A and B

a = arc Cos ( L / 2 R2 ) .

(4)

If fix the radius R2 , then the angle of wrap around the radius of the worm wheel changes
from F2 (min) to F2 (max) and is expressed in radians.
F (min)= π + α

(5)

The variable value of the globoid worm’s radius is found by the formula

R1 (i ) = aw + Sin F2 (i ) ⋅ R2 ⋅ Sin g [lx ( F2 ) ] ,

(6)

where aw is the constant value of the center distance.
The value of movement along the worm’s axis is measured from the origin of its own
coordinate system at the point О1 and is calculated:
=
Z (i ) R1 (i ) ⋅ Cos F1 (i ) ,

(7)

Y2=
(i ) R1 (i ) ⋅ Sin F1 (i ) .

(8)

In general, the rotation angle F1 is related to the angle F2 by the gear ratio
F=
F2 ⋅ U .
1

(9)

Since the planes O1 X 1Y1 and O2 X 2Y2 are aligned and point A is in this plane, then
central point of the rotation angle F1 is in the same plane. Then the coordinate of the point’s
movement along the axis OX 1 is calculated
X 1= L / 2 + R2 ⋅ Cos F2 .
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When simulating, the change (the angle’s increase rate ∆F2 ) of the angle F2 (i ) depends
on the number of iterations n , which is set in an arbitrary way
2π − (π − 2α )  π − 2α 
= 
.
n
 n 
The current value of the angle F2 (i ) is calculated by the formula
=
∆F2

F2=
(i ) F2 (i ) + ∆F2 ⋅ n .

(11)

(12)

It should be borne in mind that the angle F1 at point A will be zero.
F1 = 0 at F2 (min) .

(13)

Then, taking the intermediate value F3 (i ) equal F1 (i ) , its current value is calculated
using the formula
F=
1 (i ) F3 (i ) ⋅U .
F3 (i )= 0 + ∆F2 ⋅ i that is, at i= 0 .

(14)
(15)

And coordinates Z1 and Y1
Z=i R1 ⋅ Cos F1 ,

(16)

Y=i R1 ⋅ Sin F1 .

(17)

Let’s accept i in the range from i = 0 to i = n (whole numbers).
Fig. 2 shows a block diagram of an algorithm for calculating the profile of the globoid
worm; a description of an algorithm for calculating the coordinates of points of the screw line
on the globoid worm.
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Fig. 2. Block diagram of algorithm for calculating the profile of the globoid worm

Fig. 2 (continuation). Block diagram of algorithm for calculating the profile of the globoid
worm
CONCLUSION
Thus, based on the above, the coordinates of the screw line points on the globoid are
calculated. The set of screw lines allows simulating the globoid worm’s screw surface
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ABSTRACT
This research work is aimed at introducing surfactants into the cement grinding process
that contribute to improving the strength characteristics of cement and increasing the
productivity of cement mills. In order to fully manifest the hidden astringent properties of
granular electrothermophosphoric slags, they need special additives-activators (some alkalis,
sulfates, Portland cement or a mixture of these substances). Depending on the type of
additive, alkaline, sulfate and combined methods of slag excitation are distinguished. Modern
knowledge and experience of construction, observation of cement hardening processes allow
us to assert that it is impossible to create universal cement suitable for service in any
conditions. In this paper, the issue of increasing the productivity of the mill, increasing the
strength characteristics and utilization of chemical industry slags is solved.
Keywords: clinker, gypsum, phosphoric slags, mineral additives, Portland cement,
strength, surfactants.
INTRODUCTION
The possibilities of using slags of electrothermal phosphorus production in the
production of building materials are no less wide than metallurgical and fuel ones. The
presence of impurities of phosphorus and fluorine compounds, higher silica content and less
alumina determine some features of the use of this type of waste.
Most phosphoric slags are used in the cement industry. Phosphoric slag meets the
requirements for active mineral additives of artificial origin. The relatively low content of
A1 2 O 3 causes less hydraulic activity of phosphoric slags compared to blast furnace slags.
Under normal temperature conditions, electrothermophosphoric slag does not have astringent
properties, and its strength under steaming conditions is also insignificant. However,
phosphoric slags are well activated by alkaline pathogens, and therefore they are used in the
production of slag-alkaline binders.
The possibility of complex activation of finely ground electrothermophosphoric slag with
small lime additives (0.5— 3.0%), chloride, sulfuric acid and carbon dioxide salts of alkaline
and alkaline-earth metals has been established. Brands of non-burnt salt-slag binders for
processing: heat and humidity —M200—M500, autoclave-M300-M900. They are characterized
by increased sulfate resistance; their use instead of cement is possible only in the manufacture
of concrete and reinforced concrete products and structures without changing existing
technologies with heat and moisture treatment in steaming chambers and autoclaves. The use of
an annealed salt-slag binder allows you to combine the production technology of binder and
cement-free concrete in one complex. At the same time, the production process of binders is
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simplified, which is reduced to drying and grinding of granular electrothermophosphoric slag
together with the addition of lime-boiling water to a specific surface area of 2800-3500 cm2.
Since all types of salts used are water-soluble, their introduction into the concrete mixture is
carried out with mixing water. One of the areas of application of an annealed salt-slag binder
can be the production on its basis of lightweight concrete panels made of concrete of classes
B3.5-B10 and structural expanded clay concrete products made of concrete of classes B15-B25
[1].
MATERIALS AND METHODS
Frost resistance of expanded clay concrete of classes B3,5-B10 is more than 35 cycles,
classes B15—B25 — more than 50. The adhesion strength of expanded clay concrete with
reinforcement on a salt-slag binder is 3.06-4.14 MPa, which corresponds to the adhesion of
cement expanded clay concrete with reinforcement. The chemical composition of phosphoric
slags allows them to partially or completely replace the clay component in the production of
Portland cement clinker. With the addition of 3-5% slag, it is possible to thicken the raw
sludge and reduce its fluidity as a result of coagulation. With an increase in the dosage to 810%, the sludge again acquires a satisfactory spreadability.
Phosphoric slags containing up to 2.5% P 2 O 5 , fluorine 1-2% and manganese oxides 1 1.5% are complex mineralizers and alloying additives that accelerate firing and positively
affect the activity of Portland cement clinker. Phosphorus oxide promotes the growth of
clinker activity at its content of no more than 0.3%, and at a higher level, the normal process
of clinker formation is disrupted and the quality of cement decreases. To obtain 0.2-0.3%
P 2 O 5 in clinker, the amount of phosphoric slags in the raw mixture should be 8-10%. It is
noted that with such an amount of slag, the decarbonization of the raw mixture begins at a
lower temperature and proceeds more intensively, and the sintering temperature decreases by
100-150°C. This reduces the specific fuel consumption for firing and increases the
productivity of furnaces by 3-6%. At the same time, the hydraulic activity of the clinker
significantly increases (by 5-10 MPa at the age of 28 days). The alloying effect of phosphoric
slags is explained by the change in the properties of clinker minerals during the formation of
their solid solutions containing P 2 O 5 . A change in the fine structure of the clinker leads to a
decrease in the microhardness of the minerals of the phosphorus-containing clinker, which, in
turn, reduces the specific energy consumption for grinding cement [2].
Due to the increased silica content, phosphoric slags can replace silica additives used in
the production of sulfate-resistant Portland cement in the raw material mixture.
The coefficient of sulfate resistance and strength indicators of cement during hardening
in sulfate solutions increase by 10-15%.
When the content of phosphoric slags in raw mixtures exceeds 10%, the silicate
modulus sharply increases and clinker firing becomes difficult, despite the mineralizing effect
of fluoride compounds. An increase in the amount of phosphorus oxide in cement by more
than 1.5% slows down the setting time. Cement with a high content of P 2 O 5 is characterized
by a lower heat of hydration at an early age than cement with the same mineralogy, but made
on a conventional clinker. At a later age, this difference is smoothed out.
Phosphoric slags are also effective as an active mineral additive when grinding clinker.
They are introduced into Portland cement and slag-Portland cement in the same amount as
granulated blast furnace slag. At the same time, the content of SiO 2 in them should be at least
38%, (CAO + MgO) - at least 43 and P 2 O 5 - no more than 2.5%.
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Unlike blast furnace slags, phosphoric slags are mainly represented by a glassy phase of
pseudovollastonite composition, which lengthens the formation of the structure of slagPortland cement. The setting of phosphorus-slag cement slows down as the content of slag in
it increases. The strength indicators of this type of slag-Portland cement in the early stages are
lower than usual, especially with a high content of phosphoric slags. However, at the age of 35 months, the strength of phosphorus-slag cement becomes higher than cement based on blast
furnace slag. Like other types of slag-Portland cement, phosphor-slag hardens intensively
during heat and moisture treatment, especially at high temperatures [1].
RESULTS AND DISCUSSION
A characteristic feature of phosphorus-slag cements is high sulfate resistance, provided
by a low content of alumina in the slag and a decrease in the alkalinity of the medium as a
result of the binding of calcium hydroxide with slag glass.
The strength of Portland cement depends on the test procedure: the composition of the
mixture, its plasticity, the shape and size of the samples, the method of their manufacture and
storage, etc. The strength test conditions are defined by GOST 10178 – 85.
The compressive strength of cement samples at the age of 28 days is called cement
activity. According to GOST 10178 -85, the digital value of the brand characterizes the
minimum compressive strength of the halves of the sample beams with a size of 40x40x160
mm, prepared from a 1:3 solution by weight with normal sand with a water-cement ratio of
0.4 and tested after 28 days from the date of manufacture. At the same time, the bending
strength for cement beam samples M 400; 500; 550 and 600 should be at least 5.5; 6.0; 6.2;
6.5 Mpa after 28 days, respectively. According to GOST 10178 85, 300, 400, 500 grades are
produced; 400 and 500 grades must contain no more than 60% of slag; 300 grade no more
than 80% [3].
According to GOST 10178 -85, cement should have such fineness of grinding that at least
85% of the sample weight passes through the sieve No. 008 or the residue on the sieve does
not exceed 15%. Most factory cements have a residue on the sieve of %008, equal to 8-12%.
The water demand of Portland cement, i.e. the amount of water introduced into the
mixture to impart the necessary mobility, is relatively small compared to other binders. To
obtain a test of normal density, depending on the fineness of grinding, the mineralogical
composition of cement, the amount and type of active mineral additives, 24-28% of water is
required. Of the cement minerals, C3A is characterized by the greatest water demand and C2S
is the least. Since excess water remaining in the pores of the cement stone reduces its strength,
reducing the water demand of cement contributes to improving its quality.
The rate of setting. According to GOST 10178 85, the beginning of cement setting should
occur no earlier than 45 minutes, and the end = no later than 10 hours from the beginning of
sealing. Both too fast and slow setting is a significant disadvantage of cement. If the cement
seizes quickly, then it turns into stone before it has time to use. The use of slow-setting
cements slows down the pace of construction [2].
Uniformity of the change in the volume of cement stone during hardening. The cement
must pass the test for uniformity of volume change. The presence of free calcium oxides and
magnesium oxide in Portland cement can cause cracking. This phenomenon is called the
unevenness of the volume change during hardening. The reason for it is an increase in the
volume of CaO and MgO during their interaction with water and the occurrence of internal
tensile stresses in cement stone. The results of the study are shown in Table 1 and in the grind
graphs of different samples 1, 2, 3.
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Table 1- Diagram of cement grinding using phosphorous slag
Diagram of cement grinding using slag
Sampling time from the start of grinding
Images of
Cement

Sample
no. 1
Sample
no. 2
Sample
no. 3
Sample
no. 4
Sample
no. 5

2 min

4 min

6 min

8 min

10
min

12
min

14
min

16
min

17
min

89.0

78.8

65.4

48.8

33.2

30.08

26.5

14.1

10.3

0.08

92.2

80.2

62.1

45.8

29.5

25.4

18.9

13.5

9.0

0.08

96

83.4

69.5

50.6

42.2

33.2

20.5

12.5

9.2

0.08

89.2

68.9

55.4

48.8

37.2

29.8

16.5

11.3

8.1

0.08

93.8

72.1

68.2

58.7

47.7

39.8

25.9

17.3

12.2

0.08

Fig. 1. Diagram of cement grinding using phosphorous slag (Sample no. 1)

Fig. 2. Diagram of cement grinding using phosphorous slag (Sample no. 2)
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Fig. 3. Diagram of cement grinding using phosphorous slag (Sample no. 3)

CONCLUSION
Thus, fineness of grinding is estimated by two indicators: the amount of cement in % of
the sample passing through a sieve with a certain size of holes (sieve analysis method), and
the specific surface of the grains.
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