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TERMS AND DEFINITIONS OF ELECTROTHERMIA 

 

The following terms and definitions are used in this monograph: 

Electric heating is a branch of science and technology that studies the 

conversion of electricity into thermal energy for useful purposes. 

Electrothermal effect –the release or absorption of thermal energy due to 

a longitudinal temperature gradient when an electric current flows through a 

homogeneous conductor. 

Indirect electric heating is an electric heating process in which the 

generated heat is transferred to the heating material. 

Direct electric heating –an electric heating process in which current 

passes through the heated material. 

Arc heating is a heating method in which heat is produced primarily by 

one or more electric arcs. 

Induction heating – electric heating using electromagnetic induction. If 

you place an object made of an electrically conductive material inside a coil 

with an alternating current passing through its winding, eddy currents are 

induced in the object embedded in the coil cavity by an alternating magnetic 

field. 

Microwave – ultra-high-frequency heating, electromagnetic radiation, 

including the centimeter, centimeter and millimeter ranges of radio waves (wave 

length from 1 m - frequency 300 MHz to 1 mm -300 GHz). 

Specific energy intensity– the ratio of the lowest heat of combustion of 

fuel to its total volume. 

Adhesion is the adhesion of surfaces of two dissimilar solid or liquid 

particles. 

Infrared heating is a heating method based on the transfer of energy by 

infrared radiation. 

Dielectric heating is a method of heating in which heat is mainly 

generated in a non-conductive body due to the movement of electric charges at 

the atomic or molecular level under the influence of an electric field in the 

frequency range from 1 MHz to 300 MHz. 

Resistance heating is a heating method in which heat is generated by the 

Joule –Lenz effect in an electrical conductor connected directly to a power 

source. 

Ultrahigh frequency current heating is a heating method in which heat is 

mainly generated by molecular motion and ionic conductivity in a non-

conductive material under the action of electromagnetic waves in the frequency 

range between 300 MHz and 300 GHz (wavelengths from 1 m to 1 mm).  

Plasma heating is a heating method that uses the thermal and/or electrical 

properties of an ionized gas. 
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Electrothermal equipment (ETO) –a device, a set of technological 

devices for converting electricity into heat. 

Electrothermal installation (ETU) –an installation consisting of 

electrothermal, electrical and mechanical equipment necessary for its operation 

and application. 

The ETU efficiency is the ratio of the energy converted to useful heat to 

all the electricity supplied to produce this useful heat. 

An electric heater (furnace) inductor is a structural unit that includes an 

inductive wire. 

Heating chamber –a closed heated area of the furnace where heat 

treatment is performed. 

Heating element –a part, removable or non-removable, containing a 

heating conductor and devices that form an independent device.  

Heating cable (wire) –a cable (wire) with high electrical resistance cores 

designed for heating various objects. 

An electrode is a conductive part designed to make contact with a medium 

with a low specific conductivity. 
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INTRODUCTION 

 

The phenomenon of heating metal bodies in alternating magnetic fields was 

first studied as a physical phenomenon at the time of Faraday's first work on 

electromagnetic induction. Later, Maxwell's electromagnetic theory provided 

methods for calculating the distribution of eddy currents. (However, Maxwell 

himself did not make detailed calculations. In 1872, he only calculated the 

distribution of currents in an infinitely thin plate). 

At the end of the 19th century, Heinrich Hertz in his dissertation "On 

induction in rotating balls" described in detail the laws of circulation of eddy 

currents. He also developed a very precise mathematical apparatus for 

accurately calculating the phenomena  associated with eddy currents. The latest 

methods for calculating the eddy current distribution are more simplified 

methods used by Hertz. 

However, it took almost half a century before the methods of metal 

processing by heating in fast-changing electromagnetic fields began to be used 

in industry. There are several reasons that explain this large gap between the 

theoretical part of the question and its application in practice. 

The amount of heat generated by eddy currents is directly dependent on the 

frequency of the alternating magnetic field. At the frequencies that could be 

obtained by the beginning of the XX century with the help of rotating machine 

generators, the concentration of thermal energy released by eddy currents is 

significantly lower, so this method of heating did not have any advantages over 

other methods of electric heating. 

However, the use of induction heating in the industry was hindered not 

only by the poor quality of high-frequency generators. The metal industry of that 

time was not ready to accept such a technological approach. The main structural 

material that was used at that time for various structures, starting with rails and 

machine parts and ending with guns, was mild steel. 

 There were large reserves of strength, but the stresses in the details of the 

mechanisms were not studied so well that the question of the need for their 

strengthening could arise. Since the speed of the machines and various 

mechanisms were small, their wear and tear was small, respectively. 

Also, the large volume of production increased the demand for high-

performance heating methods for forging and stamping. 

Nowadays, there are a large number of areas in the industry where 

induction heating is used. A very effective, inexpensive, non-harmful heating 

method is now used for soldering, for hardening parts, for melting precious 

metals in the jewelry industry, for preheating during welding operations. The 

use of induction heating during welding is most effective and financially 

justified in the construction of main oil and gas pipelines, especially in hard - to-

reach areas. 
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In the near future, given the state in which the equipment is located, it is 

not necessary to assume improvements in conventional continuous annealing 

lines for sheet and strip material that run on fuel oil or gas and use them as a 

primary energy carrier. At the same time, the current energy situation around the 

world can be described as a huge disparity between the resources of primary 

energy sources and their consumers. In this regard, the development of electric 

heating systems for continuous heating of flat metal materials with direct and 

alternating current is currently being accelerated. Along with the environmental 

aspects of obtaining technological heat from electricity the most important 

factors speak in favor of using electric heating: 

1) operational: high availability; use of permanent and alternating current 

of any frequency; versatility when changing the cross-sections of the heated 

material, accelerated transfer to another mode; easy control of the heating speed; 

 2) metallurgical: minimal scale formation; low decarburization of edges; 

no coarse grain; no intercrystalline oxidation; 

3) economic: small footprint; no need to supply energy to maintain a heated 

state in the event of interference in the process; high performance and overall 

efficiency. 

However, the difficulty of supplying current through roller contacts limits 

the use of continuous conductive heating of belts. The problems that occur with 

induction heating are very different. Thus, the efficiency of the installation can 

be described as the quality of matching the inductor and the heated 

material[1,2]. 

Also, the use of contact drying based on induction heaters is more efficient 

and less expensive when processing small batches of grain in farm conditions. 

Creation and adaptation of means of mechanization of grain drying to the 

conditions of real agricultural production in Kazakhstan is an important 

scientific and technical problem.For efficient operation of farms, mini-grain 

dryers are necessary, the design of which would provide the required quality of 

the finished product, relatively low operating costs, reducing the duration of the 

drying process and improving the quality of the finished product. 
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1  STATUS OF THE ISSUE AND RESEARCH OBJECTIVES 

 

1.1 Classification of electrothermal installations 

 

 

Electro-thermal installation (ETIS one) klassificeret according to the 

following criteria:  

- the nature of current;  

- DC frequency;  

- modes of heat transfer;  

- technology application;  

- according to the method of transforming electrical energy into heat and 

other characteristics;  

- power supply;  

- at the operating temperature. 

Classification of electrothermal installations by the method of converting 

electric energy into heat : 

1) resistance heating; 

2) heating with the electric arc; 

3) heating in an alternating magnetic field –induction method; 

4) heating in an alternating electric field –a dielectric method; 

5) heating by an electron beam; 

6) quantum heating (infrared, laser heating methods); 

7) plasma heating. 

 Classification of electrothermal installations by type of current: 1) direct 

current DC; 2) alternating current AC. 

Electrothermal installations are classified by current frequency: 

- industrial frequency (50 Hz);  

- high frequency;  

- high frequency;  

- ultra-high frequency. 

According to the type of heating, electrothermal installations can be 

divided into 2 groups: 1) direct heating; 2) indirect heating. 

Electrothermal installations are divided into 2 groups according to the 

operating mode: 1) continuous operation; 2) periodic operation. 

According to the operating temperature, electrothermal installations are 

classified into: 1) low-temperature (up to 500...600
0
C); 2) medium-temperature 

(up to 1250
0
C); 3) high-temperature (over 1250

0
C). 

Electrothermal are the voltage:  

1) up to 1 kV;  

2) over 1 kV;  

3) safe voltage. 
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According to the technological purpose, electrothermal installations are 

classified into: universal; special. 

 

1.2 Tasks and content of design of electrothermal installations 

 

Electrothermal installations are designed to perform certain technological 

operations and, therefore, it is the technological requirements that determine 

their design. 

The task of such design is to create operating electrothermal equipment that 

provides this technological process with the maximum use of the plant's 

capabilities and the minimum operating costs, creates conditions for the greatest 

productivity of service personnel, and complies with safety regulations, rules for 

the design and operation of electrical installations. 

When starting to design an electrical installation, it is necessary to have, 

first of all, a technical task jointly developed and agreed with technologists and 

engineers. The technical specification specifies the purpose of an electrothermal 

installation, its performance, temperature conditions, heating speed, operating 

conditions, safety requirements, environmental features, power supply 

conditions, automation requirements, and power control limits. 

There are verification and constructive (design or complete) calculation of 

electrothermal installations. 

Verification calculation is performed to determine the passport data of the 

electrothermal installation in their absence or to establish the possibility of using 

the finished installation in specific, different from the passport, operating 

conditions. 

The complete calculation of an electrothermal installation includes thermal, 

electrical, aerodynamic, hydraulic, and mechanical. 

Thermal calculation is carried out in order to determine the technical data 

of installations (power, surface temperature of heating elements, heat transfer 

intensity, thermal insulation parameters, thermal efficiency) that provide 

technological requirements that are determined by a single method for all 

electrothermal installations. 

Electrical calculation is closely related to thermal calculation and consists 

in choosing the supply voltage, type of current, frequency, determining the 

geometric dimensions of the heater, electrical efficiency and power factor, 

developing a control scheme and a method for regulating power. 

The aerodynamic calculation is related to finding the flow rate of air (gas) 

passing through the installation, selecting fans, determining the cross-section of 

air ducts and the size of distribution grids. The correct solution of this issue 

depends on the heat transfer of heating elements, and, consequently, the service 

life, thermal and electrical efficiency. 
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Hydraulic calculation is performed to determine the flow of liquid through 

the installation, select the pump and the pipeline section. 

Mechanical calculation is carried out to determine the geometric 

dimensions of the installation, weight, material consumption and its mechanical 

strength. 

 

1.3 Through-heating induction installations, calculation methods and 

operation features 

 

 

For the first time, the problem of induction heating for heat treatment and 

its technical solution were formulated by E. F. Norhrup [1] in 1918. In the 

future, intensive research in this area began, which led to the creation of a 

powerful and highly efficient industrial sector of the world economy. In Russia, 

this direction was headed by the outstanding scientist V. P. Vologdin [2]. The 

current stage of development of the industry is characterized by the presence of 

developed scientific schools in the field of induction heating in technical 

universities and other institutions. the founders and leaders are: LETI and 

VNIITVCH (Saint Petersburg)- V. P. Vologdin , G. I. Babat, A. N. Shamov, V. 

N. Bogdanov, S. N. Perovsky [3]; SamSTU - E. Ya. Rappoport [4]. 

Scientific directions have been developed: 

-creation of analytical methods for calculating electromagnetic induction 

systems and solving thermal problems with induction heating, which formed the 

basis of modern numerical methods of calculation (A. E. Slushotsky) [5]; 

- theoretical bases of development of power supply schemes for induction 

systems and methods of their analysis (A. S. Vasiliev, D. N. Bondarenko) [6]; 

-numerical methods for analyzing electromagnetic processes (V. B. 

Demidovich, V. S. Nemkov,V. N. Timofeev) [7]. 

It should be noted that a large number of fundamental problems in the field 

of induction heating of metals have already been solved. However, the intensive 

development of industrial production poses new theoretical and applied 

problems that require new approaches, development of modern methods and 

techniques, as well as computer technologies and tools for their solution [8]. 

 

1.3.1 Basic concepts and definitions in induction heating technology 

 

Induction heating installations are electrothermal equipment. 

Electrothermal equipment (ETЕ) according to the terminology established 

by current standards, is a set of technological equipment and devices for the 

implementation of the electrothermal process [2]. Electrothermal process - the 

technological process of thermal effects on the load using electric heating. In 

addition, there are such concepts as an electrothermal installation, an electric 
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furnace, an electrothermal device and an electrothermal unit. Electrothermal 

installation - a set of electrothermal and other technological equipment together 

with structures and communications that ensure the conduct of the 

electrothermal process. 

An electrothermal device is a part of an electrothermal equipment that 

performs an electrothermal process in an open working space. An electrothermal 

unit is a set of electrothermal equipment and other devices United by a thermal 

process [2]. 

Induction electrothermal device - an electrothermal unit in which the 

electrothermal process is carried out by induction heating. Induction means 

heating of bodies in an electromagnetic field due to the thermal action of an 

electric current, induction in a load or an intermediate device (in an electrically 

conductive crucible) due to the phenomenon of electromagnetic induction. 

Induction installations are understood as a set of devices that ensure the 

implementation of the electrothermal process (including power sources, 

automation and control devices, accessories, current lines, and some auxiliary 

devices) [3]. An induction heating system differs from a melting plant in that the 

final heating temperature of the load is always lower than the melting 

temperature of the material. 

The most important element of any induction heating installation is an 

inductor, which is a conductor or a system of conductors of a certain 

configuration, connected to an external AC source and designed for remote 

(non-contact) guidance in the heating product of an alternating electromagnetic 

field and electric current that warms the product. The inductor is usually wound 

from a copper wire in the form of a single-turn or multi-turn coil, the design of 

which is determined by the size and configuration of the heated products, as well 

as the requirements of the heating technology [4]. The products themselves, 

placed in the inductor and subjected to induction heating, are called loading. In 

some cases, it is advisable to heat the load by exciting an electric current not 

directly in it, but in some intermediate device (in a coupling or an electrically 

conductive crucible). This type of loading heating is called indirect induction 

heating, and the furnace used for its implementation is called an indirect heating 

induction furnace. In practice, the concept of induction heater (IH) is also used. 

It includes all elements of the induction unit, except for power sources. 

 

1.4 Inductors. Features of induction heating 

 

Inductors. Features of induction heating if a piece of metal is placed in an 

alternating magnetic field, an alternating EMF will be induced in it, under the 

influence of which eddy currents (Foucault currents) will arise in the metal. 

Induction heating allows you to effectively and quickly heat conductive 

materials (metals, graphite, etc.) by inducing eddy currents in them(Figure 1.1). 
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Figure 1.1 - Induction heating of metal 

 

The passage of these currents in the metal will cause it to heat up. This 

method of heating metal is called induction. The heating effect increases with 

increasing field strength and depends on the properties of the material and the 

distance of the coil from the surface of the part, i.e., on the geometry of the 

"inductor – part" system. For induction heating, industrial (50 Hz-30 MHz) and 

high-frequency (8-10 kHz, 70-500 kHz) currents are used[5]. 

The device by which eddy currents are induced in a heated body is called 

an inductor. The inductor can be supplied with a voltage of industrial or high 

(medium, high) frequency. The frequency of the voltage supplied to the inductor 

determines the efficiency and the depth of the simultaneously heated metal 

layer. 

The main element of the drying unit is a magnetic circuit, which creates an 

alternating magnetic field, and a current line for connecting it to an electric 

power source. The power supply of the induction unit is provided from the AC 

network with a voltage of 220—380V.The ever-expanding variety of 

technologies that use induction heating determines the variety of forms and 

types of inductors, the functional, power and frequency range of induction 

equipment. 

Today, induction heating occupies a dominant position in a number of 

technologies, replacing other types of heating. For example, the foundry sections 

of most machine-building enterprises are equipped with induction installations, 

and only high-frequency heating is used for soldering tools. 

During the drying process, the wood temperature (Figure 1.2) is higher than 

the ambient temperature, resulting in a positive temperature drop in the stack, 

which intensifies the process of removing moisture from the material. The 

duration of induction drying is half as long as compared to chamber drying of 

lumber in normal modes[6]. 
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Figure 1.2 - Induction drying of wood 

 

The essence of this method is that the electric current passing through the 

winding causes induction (eddy) currents that create heat in the metal masses, 

which is used for drying. Induction currents very quickly give off heat to the 

product, so this method is faster than all other methods in terms of heating and 

drying. 

Induction heating is carried out in an alternating magnetic field. Conductors 

placed in the field are heated by eddy currents induced in them according to the 

laws of electromagnetic induction. 

Intensive heating can be obtained only in magnetic fields of high intensity 

and frequency, which are created by special devices - inductors (induction 

heaters), powered by a network or individual high-frequency current generators 

(Figure 1.3). The inductor is like the primary winding of an air transformer, the 

secondary winding of which is the heated body. 

 

 

 
Figure 1.3- Inductors: a - cylindrical,b - loop for heating flat parts, I-

inductor, D-part 
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Depending on the frequencies used, the induction heating units are divided 

as follows: 

a) low (industrial) frequency (50 Hz); 

b) medium (increased) frequency (up to 10 kHz); 

C) high frequency (over 10 kHz). 

The division of induction heating into frequency ranges is dictated by 

technical and technological considerations. The physical nature and General 

quantitative regularities for all frequencies are the same and are based on the 

concepts of absorption of the electromagnetic field energy by the conducting 

medium. 

Frequency has a significant impact on the intensity and nature of heating. 

At a frequency of 50 Hz and a magnetic field strength of  3000-5000 A/m, the 

specific heating power does not exceed 10 W/cm
2
, and with high-frequency 

(HF) heating, the power reaches hundreds or thousands of W/cm
2
. At the same 

time, temperatures are developed that are sufficient for melting the most 

refractory metals. 

At the same time, the higher the frequency, the lower the depth of 

penetration of currents into the metal and, consequently, the thinner the heated 

layer, and Vice versa. Surface heating is performed at high frequencies. By 

reducing the frequency and thereby increasing the depth of current penetration, 

it is possible to carry out deep or even through heating, the same throughout the 

entire cross-section of the body. Thus, by choosing the frequency, you can get 

the heating character and intensity required by the technological conditions. The 

ability to heat products to almost any thickness is one of the main advantages of 

induction heating, which is widely used for hardening surfaces of parts and 

tools. 

Surface hardening after induction heating significantly increases the wear 

resistance of products compared to heat treatment in furnaces. Induction heating 

is also successfully used for melting, heat treatment, metal deformation and 

other processes. 

 

1.4.1 Inductors (induction heaters) 

 

An inductor is a working element of an induction heating system. The 

higher the heating efficiency, the closer the type of electromagnetic wave 

emitted by the inductor is to the shape of the heated surface. The type of wave 

(flat, cylindrical, etc.) is determined by the shape of the inductor. 

The design of inductors depends on the shape of the heated bodies, the 

purposes and conditions of heating, figure 1.4. the simplest inductor is an 

insulated conductor placed inside a metal pipe, stretched or coiled. When an 

industrial frequency current is passed through the conductor, eddy currents that 

heat the pipe are induced in the pipe. In agriculture, attempts were made to use 

this principle for heating the soil in closed ground, roosts for poultry, etc. 
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Figure 1.4 - Inductor for quenching ploughshares: a - inductor, b – 

ploughshare 

 

In induction water heaters and milk pasteurizers (work on them has not yet 

gone beyond the experimental samples), inductors are performed according to 

the type of stators of three-phase electric motors. A cylindrical metal vessel is 

placed inside the inductor. The rotating (or pulsating in single-phase design) 

magnetic field created by the inductor induces eddy currents in the vessel walls 

and heats them. Heat is transferred from the walls to the liquid in the vessel. 

During induction drying of wood, a stack of boards is shifted with metal 

grids and placed (rolled up on a special cart) inside a cylindrical inductor made 

of large-section conductors wound on a frame made of insulating material. 

Boards are heated by metal grids in which eddy currents are induced. 

These examples explain the principle of indirect induction heating 

installations. The disadvantages of such installations include low energy 

performance and low heating intensity. Low-frequency induction heating is 

quite effective for direct heating of massive metal workpieces and a certain ratio 

between their size and the depth of current penetration. 

Inductors of high - frequency installations are made uninsulated, they 

consist of two main parts-an inductive wire, which creates an alternating 

magnetic field, and current leads for connecting the inductive wire to an 

electrical energy source. 

The design of the inductor can be very diverse. Flat inductors are used for 

heating flat surfaces, cylindrical workpieces - cylindrical (solenoid) inductors, 

etc. Inductors can have a complex shape due to the need to concentrate 

electromagnetic energy in the right direction, supply cooling and quenching 

water. 

To create high-voltage fields, large currents are passed through the 

inductors, calculated in hundreds and thousands of amperes. In order to reduce 

losses, inductors are manufactured with the lowest possible active resistance. 

Despite this, they are still intensively heated both by their own current and by 

heat transfer from the workpieces, so they are equipped with forced cooling. 

Inductors are usually made of copper tubes of round or rectangular cross-

section, inside which running water is passed for cooling. 
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1.5 Energy relations of the inductor – product system 

 

 

Specific surface power. The electromagnetic wave emitted by the inductor 

falls on the metal body and, being absorbed in it, causes heating. The power of 

the energy flow flowing through a unit of the body surface is determined by the 

formula (1.1) 

                                                    ,                                                          (1.1) 

 

(3.1) 

The specific power on the surface of the body can be obtained by 

substituting, in the given expression  z = 0;  and the value of k from the 

formula 

                                                                                                                   (1.2) 
(3.2) 

with the expression 

                                               . 
(3.3) 

After conversion, we get (W/m
2
) 

                                                 ,                                           (1.3) 

 
(3.4) 

In practical calculations, the dimension D P in W/cm
2
 is used, then 

 

                                                 , 

 
(3.5) 

where H0 is in A/cm; r is in Ohms×cm. The value is called the power 

absorption coefficient. 

We Express D P in terms of the ampere turns of the inductor. With a 

known approximation the magnetic field strength H0 can be represented as the 

product of the effective value of the inductor current I and the number of turns w 

0 per 1 cm of its height: 

                                                 ,                                                   (1.4) 

 
(3.6) 

Substituting the obtained value H0 in the formula (1.4), we get 

 

 (3.7) 
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Thus, the power released in the product is proportional to the square of the 

ampere turns of the inductor and the power absorption coefficient. When the 

magnetic field strength is constant, the greater the heating intensity, the greater 

the resistivity r , the magnetic permeability of the material m, and the frequency 

of the current f. 

The formula (1.5) is valid for a plane electromagnetic wave. When 

cylindrical bodies are heated in solenoid inductors, the wave propagation pattern 

becomes more complicated. Deviations from the relations for a plane wave are 

greater the smaller the ratio r/z a, where r is the radius of the cylinder, and z a is 

the depth of current penetration. 

 

 
 

Figure 1.5 - Birch Functions for calculating the power at the surface of the 

inductor released in the heating cylinder and the inductor 

 

In practical calculations, however, they use a simple dependence (1.5), 

introducing correction coefficients - birch functions that depend on the r/z ratio 

(Figure 1.5). Then 

                                   ,                                   (1.6) 

 
(3.8) 

Efficiency of induction heating. With a known approximation, we can 

assume that the magnetic field strength at the surface of the workpiece and the 

inductor conductors is the same (in fact, it is higher). Under this assumption, the 

active power released in the inductor (loss power) can be determined by a 

formula similar to (1.6). Denoting the values related to the product and the 

inductor, respectively, by the indices "a" and "I", we have 

 

                         ,                               (1.7) (3.9) 

                        .                                 (1.8) 

 
(3.10) 
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Taking the height of the product and the inductor to be the same, we take 

the ratio of the total powers RA and Ri, which are proportional in this case to the 

radii  rа and rи , where rи  is the inner radius of the cylindrical inductor: 

 

                                   .                                         (1.9) 

 

(3.11) 

The formula (1.9) is valid for a solid inductor without gaps between turns. 

If there are gaps, losses in the inductor increase. As the frequency increases, the 

functions Fа(rа, zа) and Fи(rи, zа)  tend to unity, and the power ratio - to the limit 

 

                                   .                                      (1.10) 

 

(3.12) 

The formula allows you to get the maximum efficiency value. induction 

heating for solenoid inductor and cylinder 

 

                                      .                                            (1.11) 

(3.13) 

It follows from the expression (1.11) that the efficiency decreases with 

increasing air gap and resistivity of the inductor material. Therefore, inductors 

are made of massive copper tubes or tires. As follows from expression (1.10), 

the efficiency value is approaching its limit already at r/za>5=10. This allows 

you to find a frequency that provides a sufficiently high efficiency. Using the 

above inequality and the formula (1.11) for the penetration depth za, we obtain 

                                    . 
(3.14) 

 

Power factor of the inductor. The power factor of the heating inductor is 

determined by the ratio of the active and inductive resistances of the inductor - 

product system. At high frequency, the active and internal inductive resistances 

of the product are equal, since the phase angle between  the vectors and is 

45° and |D P| = |D Q|. Therefore, the maximum value of the power factor is 

 

                               . 
(3.15) 
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However, the internal inductance of the product is added to the inductance 

due to the presence of a magnetic flux in the air gap between the inductor and 

the product. Therefore the actual value of cos j is always less than 0.707 and 

when heated with high frequencies is calculated by the formula 

 

                                          , 
(3.16) 

 

where a- is the air gap between the inductor and the product, m. 

 

Thus, the power factor depends on the electrical properties of the product 

material, air gap, and frequency. As the air gap increases, the scattering 

inductance increases and the power factor decreases. 

The power factor is inversely proportional to the square root of the 

frequency, so an unjustified overestimation of the frequency reduces the power 

indicators of installations. You should always try to reduce the air gap, but there 

is a limit due to the breakdown tension of the air. During the heating process, the 

power factor does not remain constant, since r and m (for ferromagnets) change 

with temperature changes. In real conditions, the power factor of induction 

heating installations rarely exceeds the value of 0.3, decreasing to 0.1-0.01. 

Compensating capacitors are usually included in parallel to the inductor to 

unload the networks and the generator from reactive currents and increase the 

socf. 

 

1.6 Modes and optimal frequency of high-frequency induction heating 

 

 

The main parameters that characterize the modes of induction heating are 

the current frequency and efficiency. Depending on the applied frequencies, 

there are two modes of induction heating: deep heating and surface heating. 

Deep heating ("low frequencies") is performed at a frequency f when the 

penetration depth za is approximately equal to the thickness of the heated 

(quenched) layer XC (figure 1.6, a). Heating occurs immediately to the entire 

depth of the XC layer. the heating rate is chosen so that the heat transfer by 

thermal conductivity to the depth of the body is insignificant. 

Since in this mode the penetration depth of the currents za is relatively 

large (za), then, according to the formula: 

                                          
(3.17) 
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The frequency of the inductor current should be relatively low ("small"). 

Heating the entire HC layer at once requires a relatively large generator power. 

This mode is appropriate for in-line production in conditions of high equipment 

load. 

 
 

Figure 1.6- Temperature distribution from the surface to the depth of the 

body under deep (a) and surface (b) induction heating 

 

Surface heating ("high frequencies") is carried out at relatively high 

frequencies. In this case, the depth of penetration of mA currents is significantly 

less than the thickness of the heated layer XC (figure 1.6 b). Heating for the 

entire thickness of the HC is due to the thermal conductivity of the metal. 

When heating in this mode, less generator power is required (in figure 1.6, 

the net power is proportional to the shaded areas with double hatching), but the 

heating time and specific power consumption increase. The latter is due to 

heating due to the thermal conductivity of the deep metal layers. the heating 

efficiency is proportional to the ratio of the areas with double hatching to the 

entire area bounded by the t curve and the coordinate axes, in the second case it 

is lower. 

However, it should be noted that heating to a certain temperature of the 

metal layer thickness b , which lies behind the quenching layer and is called the 

transition layer, is absolutely necessary for a reliable connection of the quenched 

layer with the base metal. With surface heating, this layer is thicker and the 

connection is more reliable. 

With a significant decrease in frequency, heating becomes generally 

impracticable, since the penetration depth will be very large and the energy 

absorption in the product is insignificant. 

Both deep and surface heating can be performed by induction. With 

external heat sources (plasma heating, in electric resistance furnaces), deep 

heating is not possible. 

According to the principle of operation, there are two types of induction 

heating: simultaneous and continuous-sequential. 
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When simultaneously heated, the area of the inductive wire facing the 

heated surface of the product is approximately equal to the area of this surface, 

which allows you to simultaneously heat all its sections. During continuous-

sequential heating, the product moves relative to the inductor wire, and heating 

of its individual sections occurs as the working area of the inductor passes. 

Frequency selection. A sufficiently high efficiency. it can be obtained only 

at a certain ratio between the size of the body and the frequency of the current. 

The choice of the optimal current frequency was mentioned above. In the 

practice of induction heating, the frequency is chosen based on empirical 

dependencies. 

When heating parts for surface hardening to a depth of  xk (mm), the 

optimal frequency (Hz) is found from the following dependencies: for simple-

shaped parts (flat surfaces, bodies of rotation) 

                                           , 
(3.18) 

for complex shape parts 

                                         . 
(3.19) 

When end-to-end heating of steel cylindrical billets with a diameter of d 

(mm), the required frequency is determined by the formula 

                       
            

Figure 1.7 - Change in the specific power released in steel, 

                      in the process of heating for quenching 

 

(3.20) 

During heating, the resistivity of metals r increases. In ferromagnets (iron, 

Nickel, cobalt, etc.), the magnetic permeability value m decreases with 

increasing temperature . When the Curie point is reached, the magnetic 

permeability of ferromagnets drops to 1, meaning that they lose their magnetic 

properties. 

The usual heating temperature for quenching is 800-1000° C, under 

pressure treatment 1000 - 1200° C, that is, above the Curie point. A change in 

the physical properties of metals with a change in temperature leads to a change 
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in the power absorption coefficient and the specific surface power entering the 

product during heating (figure 1.7). At the beginning, due to an increase in r, the 

specific power of D P increases and reaches the maximum value of D Pmax= 

(1,2÷1,5) D Pmach, and then, due to the loss of magnetic properties of steel, it 

falls to the minimum D Pmin. To maintain heating in an optimal mode (with a 

sufficiently high efficiency), the installations are equipped with devices for 

matching the parameters of the generator and the load, that is, the ability to 

regulate the heating mode. 

If we compare the through heating of workpieces under plastic deformation 

by induction method and electric contact method (both refer to direct heating), 

we can say that electric contact heating is appropriate for long workpieces of 

relatively small cross - section, and induction-for short-sized workpieces of 

relatively large diameters. 

 

1.7 Induction heat treatment as a technical system   

 

When considering induction heat treatment, we came to the conclusion that 

this technical system is hierarchical and complex.  

 

Figure 1.8 - Space-time diagram of the technical system "induction heat 

treatment» 

Consisting of many components that perform a common task: the object 

(part or billet) that is subjected to induction heat treatment, and the technology 

of this exposure and equipment for its implementation (Figure 1.8).  

The figure shows that the actual heat-treated object (part, billet, semi-

finished product, metal) is hierarchically subordinate to the H1 and H2 super-
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systems. Moreover, this subordination determines the determining role of the 

requirements of the H2 super-system as the final product of the main technology 

for obtaining products (H1 super-system).To meet the requirements of the super-

systems H1 and H2 in the considered technical system has to use the subsystem 

P1 (process) and Р2 (induction equipment), and P1 is the dominant subsystem, 

and the subsystem P2 – driven or Executive. 

To manage subsystems P1 and P2, you must use a control and monitoring 

system. 

For the P1 subsystem in machine-building production, the following 

options are possible: 

-heating for subsequent operations related to changing the shape; 

-heating followed by controlled cooling associated with changes in 

structure and properties. 

The P1 subsystem characterizes the technology. Induction heat treatment 

technology is a complex technical system of a temporary type with a set of 

parameters that are characterized by two components – dynamism and 

unevenness. 

Figure 1.9 shows the parameters that are used in the development and 

implementation of induction heat treatment technologies. 

 

 

Figure 1.9 - Parameters of induction heat Treatment technologies used in 

mechanical engineering 

These parameters can be divided into two large groups – technological, 

which are associated with the operation of induction heat treatment, and 

structural, which depend on the design features of the equipment used. At the 

same time, technological parameters are the main ones and are subject to 

mandatory presence, control and management. 
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The following process parameters are subject to control: 

- thermal - heating temperature, self-starting temperature, heating speed, 

etc.; 

- quenching - temperature of the quenching medium, duration and intensity 

of cooling – time, pressure and flow of the quenching medium; 

- electrical – current, voltage, power, cosφ, etc. 

The following quality parameters are subject to control on the finished 

product: 

- thermal - surface hardness, location of the quenching zone, depth of the 

quenched structure and microstructure, etc.; 

- geometric – the amount of deformation and warping during heat 

treatment. 

Selecting and optimizing the values of technological and design parameters 

is an important task that determines the final quality of the product. 

Subsystem P2 characterizes the induction equipment and its parameters that 

meet the requirements of the technological process – subsystem P1.All induction 

equipment in mechanical engineering can be divided into two large groups: 

induction heat treatment equipment and induction heating equipment. 

 

 
 

Figure 1.10-  Block diagram of induction equipment for heat treatment a - 

for heat treatment, b - for heating: 1 - power supply, 2 - approval unit, 3 - control 

control system, 4 - cooling system,5 – mechanization system, 6 – inductor, 7 – 

heated part 

Figure 1.10 shows a block diagram of both types of induction equipment. 

As can be seen from the figure, despite the variety of types of induction heating, 

heated products and surfaces, the composition of induction equipment has 

several main components or blocks. The correct choice and design of these units 

ensure the required quality of the technological operation. 
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Power supply. The power source in induction equipment is various types of 

frequency converters that convert 3-phase current of industrial frequency and 

voltage into a single-phase of the required frequency and voltage. 

Currently, there are three types of frequency converters: machine, tube, and 

semiconductor (thyristor or transistor). Within each type, there are a large 

number of different models of frequency converters that can, if chosen correctly, 

meet the requirements of induction technology with an almost unlimited variety 

of its types. The main characteristics of any Converter are power and frequency. 

Frequency is an important parameter of induction technology, since it 

determines the depth of current penetration into the metal and, as a result, the 

depth and geometry of the heated layer, which can range from fractions of a 

millimeter on the surface to the full size of the workpiece. The power required 

for a particular induction heating process depends on the volume of the metal 

being heated, the degree of heating, and the heating method. 

In modern conditions, to create highly efficient induction equipment and 

technology, the type and design of the Converter, in addition to matching the 

power and frequency, must meet a number of additional requirements, among 

which the energy conversion efficiency, the level of control, repeatability and 

controllability of the process, reliability and durability should be highlighted. 

When selecting a frequency Converter, the level of control, repeatability, 

and process control must be determined by the parameters to be controlled and 

their level of control. First of all, the Converter must provide control and 

management of electrical induction parameters of its operation. These settings 

include the current and the voltage value and the deviation from the nominal 

value (change) of frequency, real power Converter. 

These parameters can be monitored or registered in several ways. 

1. Arrow or digital display on control and measuring devices without 

registration and archiving. This method is the most effective it is easy to do, but 

it is difficult to control when there were deviations from the parameters set in 

the technology. 

2. Indication on control and measuring devices with registration and 

archiving. This method ensures high quality and repeatability of results, and 

allows you to quickly respond to a violation of the technology. 

3. Display on control and measuring devices with registration, archiving 

and adjustment of controlled parameters by comparison with the reference 

value. This method provides the highest quality of the operation, allowing you to 

quickly adjust parameters or reject parts. Thus, it is possible to formulate the 

main requirements for HDTV sources (converters) used as part of induction 

equipment: 

1) the Converter is selected and must meet the requirements of the 

technological process in terms of power and frequency; 

2) the Converter must have a high power conversion efficiency to ensure 

efficient technical and economic performance process indicators; 
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3) the Converter must have a monitoring and control system that provides 

control of output parameters, control of its own (internal) parameters, 

diagnostics of errors and deviations, and has the ability to adjust and 

reconfigure. 

The matching unit. The main indicators of the induction equipment 

matching unit are the level and changeover time. These indicators are important 

for most induction heating installations where various types of parts or 

workpieces are processed. The main elements of the matching unit are a 

matching or step-down transformer and a capacitor Bank or capacitors. The 

main parameter of the matching transformer is the value of the KTR 

transformation coefficient, which should change with an interval of no more 

than 2 units. For example, the matching transformer TK7 has the following 

values KTR.: 12, 14, 16, 18, 20, 22, 24, 26. 

The amount and size of the capacitance in the capacitor Bank must also 

change. For this purpose, special so-called tuning capacitors are used, which 

allow you to change the capacitance value within small limits. For specialized 

induction equipment, where one part or one surface is processed, the 

readjustment indicator is not relevant. The parameters of the matching 

transformer and capacitors are calculated or selected once and cannot be 

changed during operation. Thus, it is possible to formulate the main requirement 

for the approval block – readjustment in a wide range to ensure heat treatment of 

a wide range of parts or products. 

Quenching cooling system. The main quality indicator of the quenching 

cooling system should be the constant parameters of its operation over a long 

period of time. In other words, the quenching medium must be applied to the 

quenched part at a constant temperature, at the same speed, and in the same 

quantity. Compliance with these requirements ensures stable quenching quality 

indicators – surface hardness and depth of the quenched layer with an accuracy 

of no more than ±2%. Temperature constancy must be ensured by the presence 

of a separate container with equipment for "draining–topping" and (or) 

"heating–cooling" of the cooling medium, the constancy of the cooling rate – by 

using a separate pump in the cooling system, which provides a constant pressure 

in the pipelines cooling medium – by applying a time–dosed on-off supply of 

the cooling medium. 

Thus, the main characteristic of the quenching cooling system is to ensure 

the stability of the temperature, quantity and time of the quenching medium 

supply to the workpiece. 
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2 OIL PIPELINE INDUCTION HEATING TECHNOLOGY 

 

2.1 Heating of oil in oil pipelines 

Heating oil is a multi – faceted and serious problem for many oil 

companies. Oil is heated under various conditions and for various purposes: 

during oil transportation, before metering stations, during winter operation of 

low-yield wells, and in a number of other cases [7,10]. Various heat carriers are 

used for heating: water vapor, hot water, hot gases and oil products, and 

electricity. The greatest use is water vapor, which has the highest heat content 

and heat transfer, is simply transported and does not pose a fire threat. Use 

saturated steam with a pressure of 0.3-0.4 MPa, providing heating of the oil 

product to 80-100 °C. 

Heating of oil in oil pipelines to the required temperature, with the most 

efficient use of the consumed electricity, is possible using the induction heating 

method. 

Induction heating is used for heating process equipment (oil pipeline, 

pipeline, tank, etc.), heating liquid media, drying coatings, materials (for 

example, wood) [12]. The most important parameter of induction heating 

installations is frequency. For each process, there is an optimal frequency range 

that provides the best technological and economic performance. For induction 

heating, frequencies from 50 Hz to 5 MHz are used. 

According to the Russian state Duma Committee on energy, transport and 

communications, more than 70% of oil companies ' reserves are in the low-flow 

range, that is, on the verge of profitability [15]. The share of hard — to-recover 

reserves has reached 55-60% and continues to increase. If 15 years ago, 55% of 

wells produced up to 25 tons of oil per day, today — only about 10 tons. Water 

cut (the volume of water pumped into the oil reservoir to increase pressure) is 

increasing. The situation is the same in Kazakhstan. 

Electric heating devices are used for heating oil, which are compact, easy 

to maintain and profitable in the presence of cheap electricity. 

The aim is heating of the oil to the required temperature, maximise the 

efficient use of electricity consumed, without the use of open flames (ovens, 

burners), without heat electric heating devices (Heaters ), and without the use of 

heat exchangers, the efficiency of which does not exceed 60-80%. 

Advantages of induction heating: 

1.The transfer of electrical energy occurs directly into the heated body and 

allows direct heating of materials, while increasing the heating speed. 

2. The transfer of electrical energy directly to the heated body occurs in a 

non-contact way. This is convenient for controlling the heating temperature and 

automating the heating process. 

3. Due to the phenomenon of the surface effect, the maximum power is 

released on the surface layer of the heated product. Therefore, induction heating 
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provides rapid heating of the product and is more economical than other 

methods of heating oil. 

4. Induction heating in most cases allows you to reduce the weight and size 

of the heated material at high current frequencies. 

This method of heating oil in oil wells is used in Latin America. According 

to the review and analysis of the literature, as well as technical documentation, 

the unit cost of existing foreign heater designs is very high. In this regard, the 

introduction of foreign-made heaters in Kazakhstan is not profitable, since the 

payback period reaches about ten years.  

There fore, you should develop your own induction heaters based on your 

own developments, which will be cost-effective. Given that the low cost of 

electricity compared to the cost of electricity abroad, as well as the reduction in 

the unit cost of the entire installation, the development and implementation of 

induction heaters is an urgent problem. 

 

 

2.2 Induction heater and frequency Converter on IGBT transistor 

modules 

 

2.2.1 Modern power sources for induction installations 

 

 Currently, two types of generators are widely used for induction heating: 

thyristor inverters (TI) and high-frequency tube generators (LH). Thyristor 

inverters used in the frequency range up to 10 kHz have a satisfactory efficiency 

for technological purposes. However, the relatively long switching time of 

thyristors limits the use of thyristor inverters at higher frequencies. Lamp 

generators, unlike thyristor inverters, do not have a frequency limit, but their 

main drawback is the limited service life, which is usually up to 6000 working 

hours, depending on the operating conditions. On the other hand, the lamp as an 

element of the electrical circuit has a low efficiency (no higher than 75%), 

which reduces the overall efficiency of the generator. In practice, the efficiency 

of classical tube generators is 50%. 

With the advent of power transistors made using MOSFET technology 

(MOSFET and IGBT), it became possible to create powerful high - efficiency 

generators based on them, which have significant advantages over those built on 

electronic lamps and thyristors. This new type of generator with an extended 

frequency range from 10 kHz to 200 kHz allows you to replace electronic tube 

generators. The most important advantages of such generators in comparison 

with tube generators are higher efficiency and service life, reduced weight and 

dimensions. 

 The IGBT induction heating generator, manufactured on the basis of 

General Electric equipment, is designed to operate at frequencies up to 25 kHz, 
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with temperature control and control up to 500 degrees, and with forced air 

cooling. 

 Developed by General Electric specialists, the generator for induction 

heating allows you to save at least 20% on electricity consumption due to a high 

efficiency of 96% and most importantly, not only to restore the production 

technology of quenching products, such as wire, but also to increase 

productivity by more than 15% by increasing the current frequency to 15 kHz. 

(The frequency limitation of the inductor heating generator is dictated by the 

low efficiency of quenching transformers at high frequencies, which are mainly 

needed as galvanic isolation devices). 

 A simplified electrical diagram of the device is shown in Fig. 2.1. the 

Generator is based on a current inverter. The inverter contains an input reactor, a 

bridge on high-power IGBT transistors. To avoid negative voltage on the 

transistors, a frequency power diode is turned on in parallel with each of them. 

The inverter is powered from a three-phase network via an unmanaged rectifier. 

Power control is performed by a key on the IGBT. The generator contains a 

circuit for automatic frequency adjustment, which allows you to work in a wide 

range of load changes with low power losses. Forced air cooling. 

 A special feature of the frequency control scheme shown in figure 2.1 is 

the switching of the inverter transistors when the voltage on the compensating 

capacitor reaches zero. This optimal control allows you to minimize the installed 

power of the inverter transistors and the dynamic power loss in them. 

 

 
 

 Figure 2.1- Simplified electrical diagram of the induction heating 

generator Digital control system, implemented on the basis of the AnalogDevice 

signal processor and Infineon C167 microcontroller. 
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The choice of a circuit design solution was dictated by the following 

considerations. Using a diode rectifier and a high-speed switch instead of a 

controlled thyristor rectifier makes it possible to have a high power factor (up to 

0.96) over the entire control range, increased dynamic performance, reduced 

weight and dimensions of the input reactor and inverter. There is no special 

device for starting the current inverter. The transistor key provides reliable start-

up of the inverter and quick protection in emergency situations. There is no 

reactive power circulation inside the inverter, which means low power losses in 

the inverter transistors. Low losses when transmitting energy through a flexible 

cable to the resonant circuit. 

 

Table 2.1- Nomenclature of IGBT induction heating generators based on 

General Electric equipment 

   
Type of 

generator 
   

Rated output power, kW 

HFC- 

160/400- 

4-1 

HFC - 

315/400- 4-1 

HFC - 

800/700 

-4- 1 

HFC - 

1500/700 

-4-1 

HFC - 

132/400- 

15-1 

Rated output frequency, 

kHz 
160 315 800 1500 132 

Permissible range of 

output voltage changes, V 
4 4 4 4 15 

Rated input voltage, V 200-800 200-800 
200-

1000 
400-2000 200-800 

Permissible output current 

with 150% overload for 

60 seconds 

380 380 700 700 380 

Base output power, kW at 

output frequencies, kHz: 

–0,4 - 0,5 и 0,8 - 1,0 

 –1,96 - 2,4 –3,2 - 4,0  

–6,4 - 8,0 

–8,0 - 10,0 

 –10,0 - 15,0 

 

160 
160 
160- 

   - 
   - 

315 

315 

315 

 - 

 - 

 - 

800 

800 

800 

 - 

 - 

 - 

1500 

1500 

1500 

  - 

 - 

 - 

  - 

  - 

 - 

132 

132 

132 

Efficiency at rated voltage 

and base power, not less 

than, % 

96 96 96 96 96 

Overall dimensions, mm:  

–width 

–depth 

–height 

1000 

800 

2200 

1000 

800 

2200 

1200 

1000 

2200 

1600 

1000 

2200 

1000 

800 

2200 

Weight, kg, no more 150 150 400 600 150 

 

The digital control module, together with the sensor Board and the digital 

input / output Board, performs additional functions, thereby improving the 

consumer properties of the high-frequency current Converter. 
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The presence of a powerful microprocessor from Analog Devices makes it 

possible to analyze the state of the power circuit of the converter depending on 

the electrical processes occurring in the load and select the optimal operating 

mode in real time, as well as warn in advance the possibility of creating an 

emergency. 

A convenient system for entering information via the keyboard improves 

the service during setup and maintenance. Alarm lights and digital display of the 

front panel create a high-quality display of information that allows you to 

analyze the state of the HDTV by external observation. The digital control 

module supports standard data transmission protocols via the RS-232, RS - 485 

and RS-422 interfaces for controlling and monitoring drive conditions, as well 

as tracking the production technology of hardened wire. 

 The generator has the following protections: 

- against an internal short circuit, by means of an automatic switch installed 

on the side of the supply network; 

- overload and short – circuit protection at the output-electronic, located in 

the control unit; 

- from exceeding the output voltage –electronic, located in the control unit; 

- overload protection of power transistors –electronic, located in the control 

unit; 

- from overheating of the power module, using a thermal contact. 

 The implementation of the generator according to the scheme "unmanaged 

rectifier - DC pulse regulator - current inverter" provides a high power factor 

over the entire control range, smooth start, regulation and effective protection of 

the Converter. 

 The use of a current inverter eliminates the flow of large reactive currents 

through semiconductor devices and makes it possible to transport energy to the 

inductor with minimal losses. Soft switching of the inverter transistors ensures 

minimal dynamic power loss in them. 

2.2.2 Frequency Converter on IGBT transistor modules 

 

The monograph offers an induction heater and a frequency Converter based 

on IGBT transistor modules. At the same time, the design is simpler and more 

technologically advanced for manufacturing, and they can be manufactured, 

assembled and tested at enterprises in Kazakhstan. In addition, the developed 

technology and design methods make it possible to create an individual 

induction heater for a specific type of oil heating process. 

 Modern induction heaters are classified according to the range of operating 

frequencies that determine the scope of application of induction installations. 

The principle of operation of induction heaters is simple. If a metal billet or 

parts are placed in an alternating magnetic field, then according to the law of 

electromagnetic induction, an electromotive force is induced in it, under the 
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influence of which an alternating electric eddy current will flow. This current 

will heat the body of the workpiece or part to the desired temperature. 

The General concept of operation is that using an induction heater, you can 

heat oil in oil wells, and thus increase oil production in low-flow wells, that is, 

increase the profitability of oil production. 

To do this, it will be necessary to develop various design options for an 

induction heater and a frequency Converter based on IGBT transistor modules. 

The induction heater will be located at the bottom of the oil well and must be 

sealed and corrosion-resistant. Typically, a frequency Converter consists of a 

rectifier and an inverter. The rectifier will be connected to a three-phase AC 

voltage source and will be located on the ground surface, and the inverter will be 

located at the bottom of the oil well along with the induction heater. 

This simplifies the way to supply electricity to the bottom of the oil well, 

since the power from the rectifier is supplied with a DC voltage. Calculations 

have shown that the mass and size dimensions of JGBT transistors and transistor 

modules can be placed at the bottom of an oil well with oil pipes with a diameter 

of 150 – 200 mm. 

The design of the induction heater, which will be located at the bottom of 

the oil well, is a metal pipe. The main purpose of an induction heater is to create 

an electromagnetic field of any configuration in order to create eddy currents in 

the heater core. 

In General, an induction heater is an energy Converter that converts 

electricity into thermal energy [5]. If an induction heater is considered as an 

electric machine Converter with a braked rotor, it will convert electricity into 

thermal energy [6]. 

In this case, the heater will have the basic main dimensions: outer diameter 

D1 and inner diameter D2, calculated length L, base power RB, frequency f. The 

dimensions D1, D2, and L are related to the RB power, frequency f, and 

electromagnetic loads by the following expression [8]: 

 

BAkkP

fLD

б 






 

112 101,6
,                                          (2.1) 

 

where: A - linear load of the heater, В - induction in the heater core, kE= 1,1 

– coefficient voltage waveform, коб = 0,95 – winding ratio. 

The base power of the induction heater is 

Pб = Pн 
 cos

Ek
          (2.2) 

 

where PH - is the rated power of the induction heater, kW; kE -is the ratio of 

the EMF of the heater winding to the rated voltage, which can be approximated 
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from kE = 0,93 – 0, 98. [1]. The efficiency value η = 0.88 and the power factor 

cosφ = 0.85 can be taken according to [9]. 

Then the rated current is 

 

 
 cos1

1



U

P
I н

н
 = А65

85,088,0514

25000



                  (2.3) 

 

where U1 = 514 V is the rated voltage of the induction heater.  

 

The preliminary selection of electromagnetic loads A and Bb should be 

carried out very carefully, since they determine not only the calculated length of 

the heater, but also to a large extent the characteristics of the heater. When 

selecting specific values of A and Bb based on practice, the following data are 

used: A = 300 A/ cm and Bb = 8,000 Hz = 0.8 Ts. 

Then the length of the heater can be determined from the expression (2.3) 

for a given value of the outer diameter D1 = 150 mm 

 
 

fDBAkk

P
L б








2

11101,6



,                                          (2.4) 

 

For a given rated power PH = 25 kW and frequencies f = 2000 Hz, as well 

as for the above values of efficiency η = 0.88, power factor cosφ = 0.85 and kE = 

0.95, the base power will be equal to 

 

Pб = Pн 
 cos

Ek
= kW78,31

08588,0

95,0
25 


. 

 

The length of the heater will be equal to 

 

cm17,17
200015800030095,01,1

78,31101,6
2

11





L . 

 
 

Preliminary calculations show that an induction heater with a nominal 

power of PH =25 kW, an outer diameter of D1 = 150 mm, a length of L= 171.7 

mm at a frequency of f = 2000 Hz can be freely placed at the bottom of an oil 

well. Naturally, at other frequencies, these dimensions will be different. Table 

2.2 shows the dependence of the length L of the induction heater on the 

frequency f for a given outer diameter D1 = 150 mm. 
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Table 2.2 - Shows the dependence of the length L 

Current frequency (ƒ), 

Hz. 

50 500 1000 1500 2000 

Length of the induction 

heater L, cm 

686,8 

 

68,68 

 

34,34 

 

22,89 17,17 

 

When designing an induction heater, it is necessary to take into account the 

quality of heating, i.e. creating the desired temperature distribution in the heater 

body and achieving the highest efficiency value, as well as taking into account 

special technological and other requirements in terms of geometric dimensions, 

materials used, etc. The variety of heater systems, the limited range of weight 

and size parameters and the specifics of the technological process of oil heating 

lead to the fact that the design of the induction heater is very diverse. It is not an 

easy task to design a workable induction heater with minimal weight and size 

parameters, which increases the efficiency and power factor values. 

The duration of induction heating of the heater is related to a number of 

factors. In terms of plant performance and efficiency, the heating time should be 

as short as possible. However, very fast heating results in a significant 

temperature difference between the surface and the center of the heater blank. 

The calculation of an induction heater consists in selecting the current 

frequency, determining the heating time, and calculating the dimensions 

(diameter and length) of the heater, determining the required power of the 

frequency Converter and the capacitance of the capacitor. The source data is the 

material and dimensions of the heater, as well as the heating time. 

The mass of the induction heater is determined as follows 
 

  LRRG мет  2

2

2

1  ,                                                (2.5) 
 

where 𝜌met= 7880 kg/m
3
 is the specific density of the metal, R1 and R2 are 

the outer and inner radii of the heater, in m; L is the length of the heater, in m. 

 

With the above parameters, the mass of the heater will be equal to 
 

  .69,711717,0075,015,014,37880 22 кгG   
 

At a given heating temperature t load , in degrees C, the required rated power 

for heating the induction heater is determined by the following expression, 

according to [8]. 
 

load

load

1200

0



Gtc
Pн


 ,  kW                                             (2.6) 

 

where 1200

0c - average heat capacity of steel - 0,704 kJ/kg .degree. 
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The last expressions can be used to determine the heating time τ load  in 

seconds at a given heating temperature t load 

 

нP

Gtc 
 load

1200

0

load .                                               (2.7) 

Taking into account the above data and at a given heating temperature t load 

= 300
0 
С, the heating time τ load  will be equal to 

 

.min1,106,605
0,25

69,71300 0,704
load 


 с  

 

The actual heating time of the induction heater is 10.1 minutes. 

Table 2.3 shows the dependence of the heating time of the induction heater 

on the frequency.  

                                                                                  

 Table 2.3- Shows the dependence of the heating time 

Heating time of the 

induction heater, min. 

403,8 40,38 20,2 13,5 10,1 

 

Current frequency (ƒ), Hz 50 500 1000 1500 2000 

 

During induction heating of metal workpieces, the frequency is chosen 

based on the maximum efficiency [3]. In this case, the current frequency has to 

be selected based on the optimal mass and size of the induction heater and the 

heating time. As can be seen from tables 1 and 2, an industrial frequency of 50 

Hz is not suitable, since the induction heater will have a length of 6.87 meters 

and a heating time of 403.8 minutes or 6.73 hours. The optimal frequency is 

1000 – 1500 Hz and the length of the induction heater is 34.34 – 22.89 cm and 

the heating time is 20.2 – 13.5 minutes. This frequency is acceptable for 

switching transistors. 

Transistor frequency converters of induction installations consist of a 

rectifier and an inverter [7]. The technology of creating a rectifier based on 

diodes and thyristors is well known and well developed. An inverter that will be 

made on transistor IGBT modules is of interest. 

In most cases, the frequency Converter runs on four transistors. In this case, 

it can be performed on two transistors. This idea is patented in the intellectual 

property Committee of the Republic of Kazakhstan [5]. Two transistors can be 

successfully placed at the bottom of an oil well. It should be noted that the main 

power losses occur in transistors and when they are reduced by half, the 

efficiency of the frequency Converter increases accordingly. 
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2.3 Induction heating of the oil pipeline 

 

Induction heating of the oil pipeline occurs as follows: if an alternating 

high-frequency current is passed through the inductor windings of the oil 

pipeline (figure 2.3), an alternating magnetic field is formed, which, crossing the 

metal walls of the oil pipeline, induces eddy currents in them. These currents 

heat the metal walls of the pipeline to the required temperature and, accordingly, 

the oil. 

The frequency Converter contains two three-phase rectifiers, two transistor 

switches, a high-frequency transformer with two primary and one secondary 

windings, and an oil pipeline with an inductor (figure 2.2). 

 

 

Figure 2.2 - Diagram of induction heating of the oil pipeline 

 

An alternating three-phase voltage is applied to the input of the frequency 

Converter, which is converted by two three-phase rectifiers to two DC voltage 

sources, one with direct polarity and the other with reverse polarity. These two 

DC power sources are connected opposite to each other (figure 2.2). 

Three phase rectifier 1 is switched to the first primary winding W1 of the 

high frequency transformer through the first transistor switch T1 , and the second 

three-phase rectifier 2 is turned to the second primary winding W2 of the high 

frequency transformer through the second transistor switch T2, and the 
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secondary winding W3 of the transformer connected to the inductor W of the 

pipeline, and three-phase rectifiers are powered from three-phase power source. 

Three-phase rectifiers convert a three-phase voltage to a constant voltage, 

and transistor switches T1 and T2 convert a constant voltage to an alternating 

single-phase voltage of the required frequency fп. The transformer lowers the 

high frequency AC voltage to the required value. The secondary winding of the 

transformer is connected to the inductor of the oil pipeline. 

When the transistor switch T1 is turned on, the constant voltage of the 

three-phase rectifier 1 is connected to the first primary winding W1 of the high-

frequency transformer and current will flow through the winding W1 until the 

time t1 . Thus, a positive half-wave of the input voltage of the primary winding 

W1 of the high-frequency transformer is formed (the direction of current is 

indicated by a solid arrow). 

At time t1, the transistor key T1 is turned off, and the transistor key T2 is 

turned on. In this case, the constant voltage of the three-phase rectifier 2 is 

connected to the second primary winding W2 of the high-frequency transformer 

and the reverse polarity current will flow through the winding W2 until time t2 

(figure 2.3). This is how the negative half-wave of the input voltage of the 

primary winding W2 of a high-frequency transformer is formed (the current 

direction is indicated by a dotted arrow). 

Frequency the voltage of the frequency Converter for induction heating of 

the oil pipeline is determined by the well known expression 

 
Т

1
Пf ,                                                             (2.8) 

where T – period of the voltage of the frequency Converter.   

 

Figure 2.3- Voltage dependences of the induction heating frequency 

Converter 

 

When the voltage frequency is high, the mass-size dimensions of the high-

frequency transformer are reduced, so the frequency Converter will have a low 

mass-size dimensions. A frequency Converter made on two transistors will have 
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less electrical losses and, accordingly, this will lead to an increase in efficiency 

compared to a similar frequency Converter and a reduction in cost. 

Currently, MITSUBISHI's VIPM series intelligent power modules (IPM) 

have been developed and released to the market. THEY represent a new stage in 

the development of IGBT-based power keys and are a functionally complete 

product made in a compact, isolated case. Figure 2.5 shows the IGBT transistor 

module from MITSUBISHI, and table 2.4 shows the performance 

characteristics. As can be seen from table 2.4, these transistors are designed for 

high voltages, currents, and power. The frequency Converter made on these 

transistor modules allows heating oil in oil wells. 

 

 

 

Figure 2.4 - MITSUBISHI IGBT transistor PM200DV1A120 module with 

integrated control driver and switching circuit 

 

Table 2.4 -Mass and Size dimensions of the transistor module 
Name Parameters Scheme 

Vces(V) IС(А) Р0(kW) 

PM200DVA120 1200 200 37 D 

PM300DVA120 1200 300 55 D 

PM400DVA060 600 400 45 D 

PM600DVA060 600 600 55 D 

PM75CVA120 1200 75 15 C 

PM100CVA060 600 100 11 C 

PM100CVA120 1200 100 22 C 

Designation: Vces- is the voltage, IC- is the load current, P0 – recommended power output to 

theload. 

 



40 
 

The weight and size of the transistor module fits perfectly at the bottom of 

the oil well. At the same time, the supply voltage of 514 V, the load current of 

65 A and the load power of 25 kW are quite acceptable for the transistor module 

[7]. 

 

 
 

Figure 2.5 - Semiconductor power module control board 

Board that controls a semiconductor power module 

 

The inverter, made on transistor IGBT modules, is controlled by control 

drivers, Figura 2.5.  The term "driver" refers to a chip or module on a printed 

circuit Board that controls a semiconductor power module or a discrete 

semiconductor device (MOSFET, IGBT, bipolar transistor, thyristor, etc.) that 

performs protective and service functions. The main task solved by the control 

circuit is to coordinate the pulse levels generated by the controller 

(microprocessor) with the control signals of the power key inputs, which require 

some power to turn on and off, Figura 2.6.  
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Figura 2.6 - Imulate this circuit for different values of the  

frequency f = 2000, 5000, 8000, 10000 Hz. 

 

We have experience in developing and manufacturing a microprocessor-

controlled inverter for converting direct-voltage solar energy into alternating-

voltage energy [6]. The paper [8] presents the results of a developed and 

manufactured experimental sample of a frequency Converter with 

microprocessor control for induction heating of metal. 

 

2.4 Induction heating systems 

 

Induction heating systems (INS) used in industry are an inductor and a 

power source with a high-frequency link. By changing the switching frequency, 

you can adjust the power of the INS, and, consequently, the temperature and 

volume of the pumped liquid. INS allows you to implement the following main 

methods of heating pipelines: local, associated, locally-associated, locally-step. 

The most effective method from the point of view of reliability, ease of 

installation, and energy indicators is the locally-step heating method, which 

consists of several intensive preheating of a viscous fluid on short sections of the 

pipeline. 

 The most effective method from the point of view of reliability, ease 

of installation, and energy indicators is the locally-step heating method, which 

consists of several intensive preheating of a viscous fluid on short sections of the 

pipeline.Induction fluid heating systems are being implemented in the oil 
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industry, but there are still many unresolved issues and challenges. Induction 

heating systems used at oil and gas facilities operate at an industrial frequency, 

which significantly reduces the energy efficiency and efficiency of the system, 

as well as reduces the controllability of the heating process. There are no 

induction heating systems that take into account the features of the properties of 

heated fluids in objects of complex geometry with a large length (more than 100 

m). There are no engineering methods for calculating induction heating systems 

for oil pipelines.  

Therefore, the task of creating an electrothermal system for ensuring the 

thermal conditions of oil field equipment with a wide range of power regulation 

becomes urgent, which allows implementing modes for maintaining operating 

temperatures and emergency heating of ground and well equipment of oil field 

facilities in the Far North, as well as during high-viscosity oil production, in 

conditions of limited power supply: 

- local heating of oil is used in the section of the technological pipeline, 

transported, respectively, to the points of oil metering and delivery, as well as 

local heating of oil in the sections of main technological pipelines for its 

transportation over long distances; 

- maintaining the temperature in oil storage tanks; 

- local heating of oil and natural gas supplied to gas turbine installations, 

boilers, etc.; 

- maintaining the temperature of oil or gas at dead-end sections of 

technological pipelines; 

- maintaining the water temperature in fire-fighting tanks; 

- heating of oil in bullet tanks for the technological process of its 

dewatering, as well as heating of oil in other cases where it requires preliminary 

preparation (separation, desalination, etc.) in oil fields before transportation; 

- heating of fuel oil or oil supplied for combustion in boilers; 

- Autonomous and centralized heat supply for heating, hot water supply 

and ventilation of facilities, including shift settlements, dormitories, 

administrative and residential buildings, etc. 

Based on the various tasks of heat exposure, all elements that require 

heating related to the oil and gas industry can be divided into: 

- pipelines and components of the pipeline, such as: loops, shut-off valves, 

junctions, branches, electric drives of engines, valves, pumps; 

- various tanks and process tanks; 

- electric drive; 

- household items. 

The temperature regime of each heated element is individual, and depends 

on the product that flows in it at the time of temperature exposure. For the 

correct formulation of the problem in the development of methods and devices, 
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the modes of operation of oil and gas industry facilities are considered and the 

required temperature ranges are determined. 

Table 2.5, Table 2.6  shows the requirements for the product to be pumped. 

Thermal insulation is used to reduce the level of heat losses in pipelines and 

reservoirs. 

 

Table 2.5 – Project data 

Product Oil Water 

The required product temperature, 
0
С +40 +5 

Maximum permissible product temperature,
 0
С +40 +15 

Minimum ambient temperature,
 0
С -56 

Maximum ambient temperature, 
0
С +35 

 

Table 2.6 - Data for the calculation 

Name С,Дж/(кг 
0
С) 𝜌, кг/м

3 

Oil 1900 900 

Condensed gas 2200 770 

Water 4200 1000 

The tubing material 462 7850 

 

Polyurethane foam is used as thermal insulation of pipelines, and 

Styrofoam and Styrofoam are used for thermal insulation of containers. The 

thermal conductivity coefficient for these materials ranges from 0.032 to 0.05 

W/(m•K). 

According to table 2.6, we can draw a conclusion about the temperature 

conditions for each heated object. 

 

2.5 Conceptual development of technical solutions for an induction 

heating system for a well 

 

Conceptual development is the stage at which decisions that determine the 

subsequent appearance are made, and research and coordination of the 

parameters of the created technical solutions with their possible organization is 

carried out. The main scope of the tasks of conceptual development refers to the 

early stages of technical systems development: when setting a task, developing 

an array of technical solutions. 

An analytical review of existing technologies for increasing oil recovery 

based on electrophysical systems has shown that the impact of these systems can 

be divided into three zones (figure 2.3): the wellhead, the linear part of the well, 

and the bottom with the product reservoir. Features of temperature modes of 
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operation of the listed zones form requirements for installations of induction 

heating of each zone, both separately and together (table 2.7). The most 

effective electrophysical methods are technologies of exposure to an alternating 

electromagnetic field of medium frequency. The technology can be implemented 

both for heating wellhead equipment, wells, bottomholes, and for a product 

reservoir in combination with a liquid or gaseous agent. 

 

Table 2.7 - Features of temperature modes of operation 

Impact zone Desired result 

The bottom of the well from the 

producing formation(collector) 

To ensure the required viscosity of 

the oil 

Linear part of the well Prevention of AFS 

Wellhead Heating of wellhead equipment 

 

Due to the increased complexity of installation and low reliability in 

operation of associated and locally associated heating systems due to the 

location of heating elements for extended pipelines, the most effective method 

for reliability, energy indicators and ease of installation is the locally-step 

heating method. 

To determine the most optimal circuit solutions for oil production ins, the 

following tasks are formulated: 

- develop functional and structural diagrams of the ins and its components; 

- to develop mathematical and physical models of ins for providing thermal 

effects on well equipment in the production of viscous oil and providing thermal 

effects on it by induction method; 

- develop a method for calculating the parameters of inductors of complex 

geometry. 

 

2.6 Developed methods and induction heating systems of the oil 

pipeline  

 

Based on the results of the research, the directions of development of 

technical solutions for thermal impact systems on wells were determined: 

- method and ins of locally-step heating; 

- method and ins of local-associated heating. 

Based on the results of studying the description of patents, the technical 

solutions in which are closest to the problems solved in this dissertation, the 

choice of analogues and prototypes, the main technical solutions of INS in oil 

production and transport are developed. 
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2.7 Computer simulation of an induction heating system and its 

individual units 

When creating an electrothermal system for providing thermal conditions 

for oil field equipment, it is necessary to solve the problems of modeling 

electromagnetic and thermal modes, calculating parameters, and evaluating the 

operation of a hybrid inductor with an IEP. 

Induction heating processes are described by the equations of the 

electromagnetic field or the Maxwell equation [3.1] 

 
 

 

where HВ отн0  – magnetic induction; ED  0 – электрическая 

индукция; Gn.104 7

0

   –magnetic permeability of vacuum;  ED  0 – 

relative magnetic permeability; mF /,10854,8 12

0

 – permittivity of vacuum; ε– 

relative dielectric permittivity; Ј– the current density conductivity.  

 

The main criterion of ins is the efficiency of the process of generating heat 

energy and the efficiency of the system. When forming models of thermal and 

electromagnetic processes, it is necessary to take into account the parameters of 

the heating object and the parameters of the inductor itself. 

However, there are a number of technological processes in which it is 

difficult to locate the INS power source in close proximity to the load. These 

systems include induction borehole heaters used to increase oil recovery from 

high-viscosity oil fields. In this case, the power supply and load are located at a 

great distance from each other, the well depth can reach 1000 m or more. These 

objects also include technological and main pipelines with a length of more than 

100 m. The remote location of the inductor and the ivep leads to a significant 

increase in losses during energy transfer [94]. 

The block diagram of the IVEP for INS is shown in figure 2.7  
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Figura 2.7- Structural scheme of the INS 

 

The choice of a circuit design solution was made based on the results of an 

analytical review in accordance with the following requirements: 

- high power factor (up to 0.95) over the entire control range, achieved by 

using an unmanaged rectifier and a high-speed key instead of a controlled 

thyristor rectifier; 

- increased dynamic indicators; 

- reduced weight and dimensions of the input inverter; 

- lack of reactive power circulation inside the inverter, respectively, low 

power losses in the inverter transistors. Low losses when transmitting energy 

through a flexible cable to the resonant circuit. 

    
 

Figura 2.10 – Electrical diagram of the IVEP for the INS 

 

Figure 2.11 shows a computer model of the IVEP INS implemented in the 

Matlab program 

 

Most industrial and medium-frequency ins are designed in such a way that 

the heating object and the IBEP are located in close proximity to each other, 

which significantly reduces the loss of energy transfer to the heated object. 
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3 APPLICATION OF INDUCTION HEATERS IN INDUSTRY 

 

3.1 Used induction heating and drying methods 

 

Modern scientists have considered the main indicator of energy efficiency 

of agricultural production, which is its energy intensity, that is, the specific 

energy cost per unit of production.For grain drying, not only the temperature of 

grain heating, but also the duration of heat exposure is of great importance. 

Thus, the creation and adaptation of means of mechanization of grain 

drying to the conditions of real agricultural production in Kazakhstan is an 

important scientific and technical problem.For efficient operation of farms, 

mini-grain dryers are necessary, the design of which would provide the required 

quality of the finished product, relatively low operating costs, reducing the 

duration of the drying process and improving the quality of the finished product. 

 

3.2 Stages of experimental research 

 

In accordance with the tasks set, the research was carried out in 

stages(figure 3.1). 

 

 
 

Figure 3.1 - Diagram of the stages of experiments 

 

Further, after studying the state of the issue and analyzing the information, 

the main stages of the study were identified, which included: 

- development, production, debugging of an experimental installation for 

drying grain by means of induction heaters and conducting search experiments; 
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- experiment planning and development of private experimental research 

methods; 

- selection of measuring instruments, preparation of experimental 

equipment and devices for operation; 

- conducting experiments provided for in the experiment plan and 

analyzing the results obtained. 

The first stage of the experiment provided for the formulation of research 

tasks, which took into account the totality of all the processes carried out and the 

expected result of the study. 

The subject of the review for the creation of the installation was the 

improvement of the grain drying process by justifying the parameters of the 

induction heater, new ideas and problems in their implementation, approaches to 

solving these problems, the results of previous studies, economic data, and 

possible ways to achieve this goal.  

The third stage is associated with the creation and debugging of the 

experimental setup and conduct search experiments.Formulation of the 

mathematical problem and methods of the experiment. The fourth stage formed 

the basis of the methodological part of the experimental study, the choice of 

measuring instruments, the conduct of the experiment, and the interpretation of 

research results. Development of technical requirements. The results of 

experimental studies were processed using mathematical statistics using the 

programs "Statistica - 6" And "Statistica - 10". 

 

3.2.1 Results of the thermodynamic method of productivity and energy 

consumption 

 

Results of the thermodynamic method of productivity and energy 

consumption, а thermodynamic method for calculating productivity, energy 

consumption, and efficiency for drying grain using induction heaters has been 

developed. In an ideal process, a minimum of energy m3.в, [100] must be applied 

to a material with н a mass of к , иЕ , Dj to remove moisture from up to 

 

,2 влсви ЕкaЕ                              (3.1) 

 

where св   an empirical coefficient that takes into account the binding 

energy of moisture in the grain. 

 For evaporation and determination of ґ in the temperature range from 

28
0
 C to 55

0
C, which requires energy to measure the temperature of water and 

grain 

rMkЕ влkвл  2

39,096,2                                     (3.2) 
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Assuming that the temperature of water and grain нзt at the beginning of 

drying is the same, the expression for determining ґ in the temperature range 

from 28
0
C to 55

0
C has the form 

 

ґ = 2501,4·е
0,001

      ,                                         (3.3) 

 

where  е -  base of the natural logarithm, е =2,71828…. 

The heat output of the drying agent Nас ,W, is defined as 

 

).( ........ kcaнcacacacaca ttcVN    ,                                  (3.4) 

 

where caV . - drying agent consumption,m
3
/h; cас- heat capacity of the drying 

agent,D j/(kg•K); нcat .. , kcat ..  - accordingly,the temperature of the drying agent 

before and after leaving the grain layer, 
0
C. 

The drying exposure идT ,h, in the "ideal" process is determined by the 

formula 
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,                                (3.5) 

 

where  mзв – weight of wet grain in drying, kg. 

 

The resulting expression allows you to accurately assess the influence of 

each factor on the drying process.For each type of installation, the performance 

rate is determined by calculation or set experimentally. The performance of the 

same dryer varies depending on the moisture content of the grain before and 

after drying.Therefore, the rate of hourly productivity of the dryer is set in the 

planned tons, i.e. when the grain humidity decreases from 22% to 14% [101]. 

 

3.2.2 The mechanism of action of heat on the grain 

 

To confirm the correctness of the performed theoretical calculations, 

experimental studies were carried out and the temperature gradient (table 3.1) of 

grain heating was established under the existing system and in the presence of 

heated plates, and the maximum productivity was determined[102]. 

 

 

 



50 
 

Table 3.1 - Determination of grain drying gradient with plate heating on 

№ 

measurements 

 

Time,min 

Temperature values, °C 

Sensor №1 Sensor №2      Sensor №3 

1 0 16 15 16 

2 3 28 26 24 

3 6 36 33 36 

4 9 46 44 47 

6 12 48 48 50 

7 15 52 50 52 

8 18 55 54 56 

 

The error of grain temperature measurement at the connection point of 

sensor No. 3 was experimentally established it is 3-4°C in the direction of 

increase.Outdoor temperature +18°C, indoor temperature +16°C. 

Figure 3.2 shows a graph of the heating temperature at different distances 

between the plates, at 5cm,10cm,15cm. 

 

 
 

Figure 3.2 - Dependence of the heating temperature at different plate 

distances 

The smaller the distance between the plates, the more reliable the grain 

heating temperature will be. 

The obtained dependence allows us to justify the grain humidity on the 

duration of heating of the heating surface (figure 3.3). 
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Figure 3.3 - Dependence of the moisture content of the grain from heating 

time 

 

Dependence of humidity on the duration of heating, where the temperature 

gradient along the length and width of the plate is zero (the case of a one-

dimensional problem). Then the temperature at any point of the plate will 

depend on b and τ. 

Thus, the amount of heat required to heat the grain and remove moisture 

from it in the contact method of heat transfer depends on the thermal diffusivity 

of the heating surface material, the temperature difference between the heating 

surface and the processed grain (temperature gradient), and the exposure to 

heat[103]. 

 

3.3 Results of experimental studies of grain temperature distribution 

along the screw radius 

 

On the model plant for drying grain by means of induction heaters, to study 

the temperature of grain heating, temperature sensors KT-300 were installed, in 

three sections of 3 sensors. Taking the temperature values from the sensors, we 

see how the grain is heated in the installation in 3 positions, figure 3.4. 
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Figure 3.4 - Location of grain temperature sensors (top view) 

 

Figure 3.4 schematically shows the location of the KT-300 temperature 

sensors,the sensor T(R1)H1 is located close to the axis for blowing grain, the 

sensor T(R2)H2 is located in the middle of the installation, the sensor T(R3)H3 

is located near the heated plate. 

Changes in grain temperature during the study, measurements were made at 

the beginning of the installation, in the center and at the end of the heated side 

(figure 3.5). 

 

 
 

Figure 3.5 - location of temperature sensors along the drying unit, side 

view 
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Figure 3.5 - location of temperature sensors along the drying unit, side 

view of the location of temperature sensors at the beginning of the drying unit, 

sensor readings T(R1)H1=22.5
0
C, T(R2)H2=22

0
C, T(R3)H3=22.2

0
C. 

Further sensors were located throughout the installation: 

- first position 3 sensors T(R1)H1=22,5
0
С; T(R2)H2=28

0
С;T(R3)H3=31

0
С; 

- second position 3 sensors T(R4)H4 =34
0
С,T(R5)H5= 47

0
С, T(R6)H6=53

0
С; 

- third position for 3 sensors T(R7)H7=46
0
С,T(R8)H8=49

0
С, T(R9)H9=53

0
С. 

Figure 3.6 shows the location of the temperature sensors in three positions, 

at the beginning of the installation, in the middle of the installation, and at the 

end. Temperatures are measured when the unit is turned on and when there is 

grain. 

 

 
                                 

1 - cylindrical installation, 2 - induction heater,3 –temperature sensors 

Figure 3.6 – General view of the installation when  

measuring grain temperature 

 

Studies of temperature sensors (figure 3.6) clearly show changes in grain 

temperature heating. 

Based on the results of the sensors, the dependences of the grain 

temperature on the heating time were plotted (figure 3.7). 
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а) 

 

 

b) 

 

 
 

c) 

 

a) sensor 1; b) sensor 2; c) on sensor 3 

Figure 3.7 - dependences of grain temperature on heating time at 

measurement points of section 1 
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Т(R1)-H1- sensor 1 of section 1, the temperature value increases from 22
0
 C 

to 31
0
C, the initial material, in this case grain, is slowly heated(figure 3.7 a). 

Т(R2)-H1 – sensor 2 of section 1, the temperature ranges from 34
0
C to 

53
0
C, the grain is heated(figure 3.7 b). 

Т(R3)-H - sensor 3 of section 1,temperature sensor values from 46
0 

C to 

53
0
C, indicate that the temperature is rising(figure 3.7 b). 

The following graphs and their values show that there is intense heating of 

the grain(figure 3.8). 

 

 
 

а) 

 
 

b) 

 
 

c) 

 

 a) sensor 1; b) sensor 2; C) sensor 3 

Figure 3.8 - Dependences of heating time on temperature,  

at measurement points 1 and 2 
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The temperature sensors are located in the middle of the unit section 2. 

Т(R1)-H2 - sensor 1 of section 2, temperature sensor values from 23
0
C to 

53
0
C(figure 3.8 a). 

Т(R2)-H2 – sensor 2 of section 2, temperature sensor values from 39
0
C to 

54
0
 C (figure 3.8 b). 

Т(R3)-H2 - sensor 3 of section 2, temperature sensor values from 46
0
C to 

54
0
 C (figure 3.8 b). 

The following dependencies show the location of the temperature sensors 

in the lower part of the grain drying unit section 3, where there is intense heating 

(figure 3.9). 

 
а) 

 
b) 

 
c) 

 

a) sensor 1; b) sensor 2; c) sensor 3 

Figure 3.9 - Dependences of the heating time  

at the measurement points of section 1 

 

The temperature sensors are located in the lower part of the unit section 3. 
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Т(R1)-H3- sensor 1 of section 3, temperature sensor values from 36
0
C to 53

0 

C (figure 3.9 a). 

Т(R2)-H3 – sensor 2 of section 3,temperature sensor values from 43
0
C to 

54
0
 C (figure 3.9 b). 

Т(R3)-H3- sensor 3 of section 3,temperature sensor values from 49
0
C to 

55
0
C(figure 3.9). 

Drawing a conclusion from these values, we establish that the grain arrives 

at a temperature of  22
0
C, moving from top to bottom, heated by an induction 

heater, reaches a temperature of 55
0
C.This temperature meets the requirements 

for heating grain products[104]. 

Inside the drying unit there is a fixed helical surface with certain angles of 

inclination(figure 3.10). 

 

 
 

Figure 3.10 - Part of the helical surface with certain angles of inclination 

40
0
 and 30

0 

 

According to figure 3.10, a part of the helical surface was made with 

certain angles of inclination 40
0
 and 30

0
, these angles were determined 

experimentally using the installation. 

 
 

Figure 3.11 - Diagram of the helical surface 
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When a certain humidity is reached, the coefficient of friction begins to 

decrease, since moisture forms a lubricating film between the grain and the 

surface material (figure 3.11). with a further increase in humidity, such a mixed 

medium, grain and moisture, passes into a quasi-liquid state and the coefficient 

of friction drops sharply[25]. 

 

3.4 Results of evaluation of quality characteristics of finished products 

 

The results of a low-vacuum scanning electron microscope JSM-6510LA, 

which works in conjunction with the energy-dispersive x-ray spectrometer 

"JEOL", Japan, were obtained.Grain after drying, increased by 23 times. 

An experimental sample of grain that was heated by an induction heater at 

a voltage of 3.0 kV, the structure and shape did not change, the outer layer did 

not crack, and no strong changes were found in the physical properties. 

Next, a cross-section of the grain was made (figure 3.12). The result was 

obtained using the same microscope, but the magnification was 55 times. 

 

 
 

Figure 3.12 - Grain before drying 

 

The photo was obtained using a JSM-6510LA microscope, the grain has no 

cracks, and all biological properties are preserved [16]. 

Figure 3.13 shows the grain cross-section after drying. 
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Figure 3.13 - Grain after drying 

 

Grain humidity is reduced, grain size is reduced, chemical properties are 

preserved and have no changes, according to GOST [17].Table 3.2 summarizes 

the obtained chemical properties of the grain. 

 

 Table 3.2 - chemical composition of grain  

 
Product Water Squirrels Fats Carbohydrates Gluten Ash content 

Wheat 

soft winter 

 

4 

 

11,2 

 

2,1 

 

68,7 

 

24 

 

1,7 

Wheat 

soft spring 

4 10,5 1,6 66,6 18 1,7 

Wheat 

solid 

4 10,0 1,9 67,5 16,5 1,6 

 

The test results were obtained from the Protocol of the Kazakh-Japanese 

center located at the Kazakh National Agrarian University. We compare the data 

in the reference tables and the experimental data obtained: humidity 14%, gluten 

17.88%, protein of absolutely dry matter 10.70%. the data obtained are close to 

the reference data[108]. The prototype grain has no physical and chemical 

deviations. 

 

3.5 Results of optimal performance indicators for grain drying 

 

To obtain optimal grain drying parameters, studies were conducted for 

several other square-type grain dryers. These studies were conducted in several 
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stages. The first stage consisted in determining the distance from the plate 

surface in the direction of its thickness d, at which the current density decreases 

by e times, i.e. by 63.2%, conventionally called the current penetration 

depth[19].The depth of current penetration is determined by the following 

formula: 




2
, м      (3.7) 

 

where f2 , f – current frequency, Hz;   - magnetic permeability of the 

wire material in the practical system of units, Gn/m; γ – specific electrical 

conductivity of the wire material, .
мом

1


 

The next step is to determine the magnetic permeability 

 

,îîòí  
                                         (3.8) 

 

where îòí  relative magnetic permeability, the value of which for various 

materials is given in reference books. 

The third stage - from the expression (3.8), taking the thickness of the plate 

equal, it is possible to determine the optimal frequency of the current 




2d

1
f .      (3.9) 

 

 With an increase in the thickness of the heated plate d relative to the depth 

of current penetration at a constant current in the coil, the energy transferred to 

the plates increases. The fourth stage - the power can be calculated using the 

formula (3.10) 

)
d

(F)lW(
h

P 2

11a



 ,Вт                                      (3.10) 

 

where W1I1 – ampere – coil turns per unit height of the plate, numerically 

equal to the magnetic field strength H; h – plate height, m; γ – specific electrical 

conductivity of the cylinder material, ;
мом

1













d
F = к 











d
 - empirical function, 

where к=0.75. 

As a result of experimental data, it was found that with an increase in the 

ratio of 


d
 function 











d
F  grows, consequently, the power supplied to the plate 

also increases. If the current in the inductor is constant, this means an increase in 
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the electrical efficiency of energy transfer in the plate. The efficiency is quite 

high and practically does not depend on the frequency of the current, but is 

determined by the ratio between the specific electrical conductivity of the 

material of the heating plate and the copper from which the inductor is made. At 

a high frequency, a high efficiency is provided when transferring energy to the 

heated body. 

The main advantage of the drying unit is to reduce the heating time, 

thereby saving electricity and speeding up the grain drying process. Energy 

savings are realized due to the fact that the heating element is located outside the 

drying chamber, from where heat is directly transferred to the grain, the 

accumulated heat of the drying unit is stored inside, which leads to cost 

reduction[20]. Results of studies of drying plants in laboratory conditions when 

drying wheat grain (table 3.3). 

 

Table 3.3 - indicators of the Optimal regime for drying of grain 
Indicators Dried crop, wheat 

Average temperature of the heating surface, 
0
С 60-75 

The velocity of the grain,  m/s 0,0063 

Air speed, m/s 2,81 

Specific heat consumption for the process of evaporation of 

moisture from grain, MDj/kg 

3,2-3,6 

Maximum grain temperature at the outlet of the drying chamber, 
0
C 

52 

Installation capacity,kg/h 40 

 

Figure 3.14 shows the process of drying grain using induction heaters in a 

square installation. The box contains heated plates that divide it into cells. In the 

middle of the cells are located tubes for air supply, the top of the plate is filled 

with grain. 

 
 

Figure 3.14 - grain drying process by means of induction heaters with 

blowing 
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The duration of drying at the studied humidity varies linearly,the higher the 

heating temperature, the shorter the heating time. 

The appearance of the heating elements is shown using the 3D 

program(figure 3.15). 

 

 
 

Figure 3.15 - appearance of heating elements (3D program) 

 

The solution to the problem of heating grain directly in contact with the 

heating surface is shown in figure 3.15.in this case, the thermal characteristics of 

the grain layer should be understood as its average static indicators. 

A model of the process is formulated: in a contact-type installation, the 

grain layer comes into contact with the heating surface (the inner part of the 

installation) and is heated by thermal conductivity. At the same time, the grain 

exposed to heat is blown with a drying agent (air) to remove moisture from the 

heat chamber, that is, there is a convective component of the heat treatment 

process. However, convective flows in the heat chamber of the installation are 

small. Therefore, in this model, we assume that these two processes do not affect 

each other, and consider only the phenomenon of thermal conductivity. The 

thermal contact between the grain layer and the wall of the installation will be 

considered ideal, without transient resistance. Due to a slight change in humidity 

and a weak influence of temperature on the thermophysical characteristics of the 

grain layer, we assume that they are constant. Changes in the temperature 

gradient of the processed grain in the contact method of heat supply, where the 
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grain humidity depends on the duration of temperature exposure (figure 3.18 – 

3.20). 

Next, 3 experimental grain samples were selected with different humidity 

W=24%,W=21.8%,W=20%, and the temperature exposure time was up to 30 

minutes (figure 3.15). The effective humidity after temperature exposure was 

obtained: W=13.8%,W=12%,W=10%, which corresponds to the standards for 

drying grain. 

Based on the results of the experiments, curves were constructed that 

indicate the duration of drying at different studied grain humidity (figure 3.16). 

 

 
 

Figure 3.16– Dependence of grain humidity on the duration of temperature 

exposure, experiment No. 1 

 

The obtained dependence of grain humidity on the duration of temperature 

exposure shows that the longer the time of exposure to grains, the lower the 

humidity of the experimental grain sample. 

Figure 3.17 shows experiment №2, an experimental sample of grain with 

humidity 20%,22,5%, 24%, the experiment takes place without blowing. 

 
 

Figure 3.17–Dependence of grain humidity on the duration of temperature 

exposure without blowing, experiment No. 2 
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3 experimental samples of grain with different humidity W=24%, 

W=22.5%, W=20% were selected.the temperature exposure time is up to 50 

minutes. The effective humidity after temperature exposure was obtained: 

W=14.2%, W=12%, W=11%, this corresponds to the grain drying 

standards[111]. 

Figure 3.18 shows the results of experiment № 3, grain humidity 20%, 

22%, 24%, the experiment was carried out with grain blowing. 

 
 

Figure 3.18 - change in the temperature gradient of the processed grain in 

the contact method of heat supply with blowing 

 

The temperature gradient reaches its maximum value in the initial period at 

the surface of the grain layer and then decreases in the direction of increasing 

the thickness of the layer of processed grain. 

It follows that the grain layer moving in the heat chamber of the installation 

of certain dimensions can be conditionally replaced by a model in the form of a 

semi-bounded body, for which the solution of the equation has the simplest form 

[21]: 
      

      
 

 

√ 
∫                                                   (3.22) 

 

where tгп- temperature of the heating surface of the contact type 

installation,
0
С;  tз- grain temperature at a distance from the heating surface at the 

time of exposure  𝜏, 
0
С; t0 – the initial temperature of the grain is the same 

throughout the volume,
 
С; u=

 

 √  
 – argument of the integrand function. 

The first part of the expression (3.22) is a special error function (the 

Laplace function): 

     
 

√ 
∫        
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Then equation (3.22) can be represented as: 

 

       (      )   
 

 √  
                               (3.23) 

 

In this case, the heat flux density can be determined from the dependence: 

 

    (
  

  
 

  

  
 

  

  
)                                         (3.24) 

 

where 𝛻= 
  

  
 

  

  
 

  

  
 – first derivative operator (gradient). 

 

Using the equations (3.22)  and  (3.24), you can determine the amount of 

heat 𝛥  (кДж), which is transmitted from the heating surface of the plant to the 

grain layer for any period of time 𝛥𝜏 (с) through the surface area S (м
2
). 

To do this, we need to differentiate equation (3.24) by x and substitute the 

resulting derivative in equation (3.23), after which the last expression is 

integrated by the exposure to heat: 

 

𝛥  
 

√ 
√    (      )𝛥𝜏                                       (3.25) 

 

Thus, the amount of heat required to heat the grain and remove moisture 

from it in the contact method of heat transfer depends on the thermal 

conductivity of the heating surface material, the temperature difference of the 

heating surface of the processed grain (temperature gradient), and the exposure 

to heat[113]. 

 

3.6 Results of the developed plant for drying grain by means of 

induction heaters 

 

The mode of operation of the grain drying plant should provide maximum 

throughput with minimal energy consumption, while the quality of the resulting 

grain meets the technological requirements. 

To implement the processes of heat treatment of grain at high energy and 

quality levels, based on a comprehensive study and analysis of existing devices 

for heat treatment of grain, as well as taking into account the given mechanical 

and technological features of modeling in the development of such means of 

mechanization, a method for studying the design of installations for heat 

treatment of grain is proposed. 
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Next, a laboratory layout of the combined type of installation was made. 

Design features allow for a contact method of heat supply to the grain material 

in combination with convective(figure 3.19). 

 
                                  а)                                                         b) 

1-wheat grain, 2 - measuring Cup, 3 - wooden frame,4 - wooden 

installation body, 5 - heating plates, 6 - electric wire, 7 – tin sheet 

Figure 3.19 - installation of the contact method for heat supply to the grain 

material, the location of the heating plates with an electric wire in the hopper(a), 

the design of the heating elements on the plate(b) 

 

In order to increase the efficiency of grain heat treatment processes, 

increase the throughput capacity of the plant, ensure a more uniform distribution 

of grain over the heating surface (increase the filling coefficient),and therefore, 

for a more uniform heating of the processed grain layer, we have proposed a 

layout installation. 

Heating elements are made with the ability to adjust the distance between 

them. The heating plate is made of two tin plates, inside of which there is an 

electric wire. When a current is passed through an electric wire, which in turn 

heats the tin plates, they transmit the resulting heat to the grain. 

The arrangement of tubes with holes for air supply (blowing) located at the 

discharge window allows you to efficiently and intensively carry out the process 

of blowing during the heat treatment of grain, which increases the efficiency of 

the installation. By improving the conditions of air passage through the grain 

layer, the intensity of grain blowing increases. As a result, the quality of 

processed grain improves. 

1 2 3 4 5 6 7

В
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The developed layout installation is universal, since the use of a closed 

magnetic circuit in heating plates allows for thermal processing of grain for most 

crops of various size and mass characteristics. The use of working bodies - 

heating plates allows you to ensure high uniformity of heat treatment of grain 

with the required quality of the finished product and a given throughput. The 

advantage of this method of heat supply is to supply air in any amount to a 

variety of zones with relatively small pressure losses, since the layer thickness 

remains constant, and the area of the incoming air flow also increases with 

increasing height of the dryer. The installation efficiency is 95%. Due to the 

possibility of supplying air to different zones, it is also possible to supply it at 

different temperature levels. For high-quality operation of the installation, 

certain basic rules must be observed. 

1. Continuous loading of the dryer and its regulation. Only continuous 

loading of the dryer ensures proper drying. Failure to comply with this condition 

leads to unnecessarily high energy costs, interruptions in the drying process, and 

reduced dryer performance. Incomplete loading leads to loss of hot air. It is 

necessary to regulate the capacity of the dryer, the amount of air, and the flow of 

fuel. 

2. Determination and maintenance of the maximum permissible grain 

temperature. Technological properties of grain are preserved primarily by 

applying the permissible temperatures tд (°C) of its heating. 

3. Optimal moisture reduction in a single pass of grain through the dryer. 

Along with the productivity of the dryer and economical energy consumption, 

the quality of the grain is crucial. In order to produce drying without reducing 

the quality, it is necessary to comply with the maximum permissible humidity 

reduction indicators for one grain pass. This reduction should not exceed 8%. If 

the grain humidity is higher than 28%, repeated drying is necessary. 

4. Control of initial and final grain humidity. Monitoring the drying process 

by continuously determining the humidity of incoming and outgoing grain is the 

main condition for proper operation of the dryer. At the same time, the desired 

final moisture content of the grain is controlled. Failure to comply with this 

requirement leads to non-drying or over-drying. Both are uneconomical and 

dangerous. This method is confirmed by the invention. 

 

3.7 Determining the distance between the heating panels in the drying 

unit 

 

The design features of the panels ensure uniform heating of the grain, as 

well as blowing the grain mass along the panels and, as a result, uniform 

heating. Dry grain is removed from the device through the discharge window. 

This design allows for faster heating of the grain and maintain its temperature 
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within the limits that do not reduce the sowing or technological properties of the 

grain. 

The location of the heating panels in the hopper at a certain distance was 

investigated in the following installation (figure 3.20). 

Inside the bunker made of wood, heating plates are installed vertically at a 

certain distance. The heating plates are made of tin material to which the 

frequency Converter is connected. 

 

 
1 - external installation housing,2 – heating plates,  

3 – external electric winding 

Figure 3.20 - External view of the installation 

 

 
 

Figure 3.21 - View of tin panels 

 

The principle of operation of the installation for determining the distance is 

as follows. Include heating elements 3, (figure 3.21). After reaching a certain 

temperature of the plate 2, the grain is fed to the loading hopper 1. by 

Contacting the heated surface of the plate 2, the grain also heats up, loses excess 

moisture, which is blown out in the form of steam through the loading hopper 
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and the discharge window by the air flow created by the compressor through a 

tube with holes. The required time of grain stay in the heating zone is 

determined depending on the initial properties of the grain (temperature, 

humidity) and environmental parameters. Figure 3.22 shows an experimental 

determination of the optimal distance between the plates of a laboratory 

installation, where 1 - an experimental grain sample, 2 – heating plates, and 3 – 

a measured ruler are located.The investigated distance between the heated 

induction plates is 10 cm,7 cm,5 cm. 
 

 
 

1-experimental grain sample, 2 - heating plates, 3 - measured ruler 

Figure 3.22 -distance between heated induction plates 10 cm,7 cm,5 cm. 

 

Experimentally determined the optimal distance between the heated 

induction plates, where a uniform heating of the grain is obtained, this distance 

is 5 cm. 

When drying wheat grain, the average temperature of the heating surface 

was 40-58
0
C, moisture removal in one pass was in the range of 2-6%, the grain 

temperature at the exit of the drying unit was 30-400C. At the same time, the 

total specific heat consumption per 1 kg of evaporated moisture changed from 

3.1 to 3.4 MDj. The specified temperature regime did not lead to a decrease in 

food and seed indicators of grain. The obtained data indicate sufficient 

efficiency of the grain drying process in the proposed installation[24]. 

 

 

3.8 Experimental installation for heating grain with Heating elements 

 

The implementation of a rectangular casing, providing high – quality 

thermal insulation of its outer surface, as well as the ability to control the 
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heating temperature of the heating plate-all this ensures the required uniformity 

of heat treatment of grain, and also reduces energy consumption for the process 

of heat exposure. 

The basis of the design of the experimental installation, made in 

accordance with the above, is a hopper with drying heating plates, which are 

wrapped with flat tin plates[25]. 

To study the induction heating of grain drying, the method of heating 

heating plates was investigated. The installation hopper is made of a rectangular 

tin plate. Heating plates with Heating elements are installed vertically inside the 

hopper (figure 3.23). 

 

 
 

 
1–drying radiator, 2–holes in the heating element,3– heating element of the heating 

element, 4–fitting, 5-hopper, 6-frequency Converter, 7-loading hopper, 8-unloading hopper 

Figure 3.23 - experimental installation for heating grain with Heating 

elements 

 

The plates have holes for blowing grain. Moreover, the hopper with drying 

radiators is completely filled with grain. On the outer surface of the metal plates 

of the radiator on both sides there are heating elements in the form of an electric 

winding, the ends of which are connected to the frequency Converter. 

When the frequency Converter is turned on, the current flowing through the 

electric windings forms a magnetic field and an electromotive force (EMF) is 

formed on the side metal surfaces of the radiator, which causes eddy currents, 

and these currents will heat the side metal surfaces of the radiator on both sides 

(figure 3.24). When the grain moves down through the heated side metal 

surfaces of the radiator, the wet grain mass dries from both sides. 
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1 - power grid,2 - frequency Converter(if), 3 – metal plate, 4 – electric 

winding, 

Figure 3.24 – heating element, drying radiator for drying grain 

 

The speed of movement of the wet grain mass and, accordingly, the time 

when the grain is in the temperature field is determined by opening and closing 

the hopper valves, i.e. by the unloading system 8 as the grain dries. 

Placement of drying radiators in the hopper in the form of flat metal 

plates.They allow you to get direct contact with the grain, and the supply of hot 

air to the grain through many small holes from the side surfaces of the radiators 

can significantly reduce energy consumption and ensure uniform reliable drying 

of the grain as a whole (figure 3.25). This technology provides uniform drying 

of grain in a wide temperature range, which is achieved by changing the 

frequency and voltage of the frequency Converter. 

 
Figure 3.25 - Drying radiator 

 

Drying radiators are made of flat metal plates, and on the inner surfaces of 

the metal plates of the radiators there are heating elements in the form of an 

electric winding, the ends of which are connected to a frequency Converter. In 

addition, on the side surfaces of the radiators on both sides there are many small 

holes with a diameter smaller than the diameter of the grain, and in the end 

surface of each radiator there is a nozzle for supplying air under pressure, the 

hopper is completely filled with grain and the grain is poured down by the 
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unloading system as it dries. The thickness of the plates is chosen from the 

condition that the thickness of flat metal plates is equal to the depth of 

penetration of the eddy current(confirmed by the patent). 

The disadvantage of this installation is that the drying of grain is very long. 

First, we heat the heater, the plates are heated from it, and then the heat is 

transferred to the grain. The efficiency of this unit is very small-60%. 

 

3.9 The choice of parameters and modes of operation 

 

A new method for studying grain drying modes is proposed (figure 3.26). 

The method has such advantages over traditional methods as the main energy is 

directed not to heat the grain material, but purposefully to the internal moisture 

located in the grain, which is due to the different dielectric permittivity of the 

two media – moisture and the grain material itself. This means that the 

efficiency of such a drying chamber exceeds the traditional ones, and in 

addition, thermal injuries to the grain endosperm are not applied [26]. 

This method of grain drying applies to agriculture and can be used as a 

grain dryer in an Elevator. Increasing the efficiency of the process of heating 

grain material and reducing energy consumption is due to the fact that there is a 

uniform distribution of moisture in the dried product. The induction drying 

method has the advantage that it does not transfer heat from the heater (the 

technical novelty is confirmed by the invention). 

 
Figure 3.26 - Method and device for induction grain Drying 

 

Technological scheme of the grain dryer (figure 3.27). The installation 

contains a high-frequency generator, an exciting winding that wraps around the 

cylinder, with a screw located in it with a helicoid surface. 
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1-cylindrical casing, 2 - electric winding, 3-conveying screw, 4 - loading 

tray, 5 – unloading lath,6 - air outlet,7 - frequency Converter 

Figure 3.27-technological scheme of the grain dryer 

The layout of the laboratory installation, which is made in accordance with 

the technological scheme (figure 3.28). 

 

 
 

Figure 3.28 - Layout of a laboratory installation for grain drying 

 

For research, the entire structure of the grain dryer with direct induction 

heaters was assembled(figure 3.29). 
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1-drying unit,2 - compressor,3 - frequency Converter,4 - indicators,5 - 

extension cable,6 – autotransformer,7 – current meter 

Figure 3.29 - Operating principle of the grain dryer with induction heaters 

 

The principle of operation of the grain dryer with induction heaters is as 

follows: turn on the laboratory autotransformer (LATR), then the frequency 

Converter, adjust the signal frequency from 10 MHz to 30 MHz, and the heating 

of the grain drying unit begins. The hopper is filled with a prototype grain, the 

initial grain with a humidity of 24% moves along the screw surface of the drying 

unit. An electric cable is located outside the drying hopper and current flows 

through it. 

Direct heating of the grain material itself is carried out due to the fact that 

the loading of the drying chamber occurs under the influence of gravity. The 

drying chamber is made in the form of a cylinder, on the outer surface of which 

an electric winding is wound. It also has moisture meters installed to control the 

humidity in the drying chamber. The control unit installed outside the drying 

chamber is controlled by the heating level of the temperature in the drying 

chamber. 

The installation of a cylindrical shape with a helical surface screw includes 

all the above – listed elements: grain supply to the hopper, a method for 

supplying heat, and a method for unloading grain. At the bottom of the 

installation, a fitting is installed, to which the compressor is connected with a 

pressure of 6-8 at. The fitting is connected to a device for blowing grain. 

Installation for blowing the grain located in the centre of the dryer where there 

are holes, the hole size is slightly smaller grain size.  

When the temperature of the drying unit rises to a certain temperature equal 

to 60
0
C, the grain begins to move down the screw. Inside this cylinder there is a 

fixed helical surface, on which the grain from the hopper is poured from the 
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upper part. Due to gravitational forces, the grain moves down the helical 

surface. Here there is one feature: the helical surface must have a variable pitch, 

decreasing from the top to the bottom. This is due to the fact that as the grain 

dries, the coefficient of friction of the grain on the material of the screw surface 

decreases. 

 

 

3.10 Results of the study of the grain drying process by means of 

induction heaters by the method of planning a multi-factor experiment 

 

The purpose of studying the process of grain drying by means of induction 

heaters based on the use of multi – factor planning of the experiment is to obtain 

a simple model of the process: optimal parameters and operating modes of the 

working bodies of the grain drying plant, linking its efficiency with the most 

important factors. 

The following indicators served as criteria for evaluating the operation of 

the grain drying unit: wheat grain with a moisture content of 13-15% intended 

for long-term storage. In the first case, the heating temperature of the grain was 

taken into account, and in the second – the grain layer. 

 

Table 3.4-Factors , intervals, and levels of variation 
Levels and intervals 

of variation 

Code mark Factors 

Heating 

temperature  

Х1,
0
С  

Heating time  

Х2,мин 

The thickness of the 

layer of grain  

Х3,см 

Top level +1 52 25 15 

Basic level 0 40 19 10 

Lower level -1 28 13 5 

The range of 

variation in 

ΔХi 12 6 5 

 

The experiments were carried out on a laboratory - experimental setup 

(figure 3.29). Independent main variables that determine the drying process are 

X1 – temperature,
0
C; x2 - drying time,min X3 - grain layer thickness,see factors 

X1,x2,X3 varied at three levels. The experiments were performed three times. 

Factors, intervals, and levels of variation. 

Based on the results of the experiment, it was decided to start planning the 

experiment, as a result, a regression equation with free terms was found, and a 

decision was made about its adequacy. 

A linear programming problem was formulated, and a model was obtained 

that is used as an objective function under the condition of the desired values 

table 3.5; 3.6. the Statistica 10 Program processed the obtained data[27]. 
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Table 3.5 – Data from a multi-factor experiment 
№ 

experiences 

Х1 Х2 Х3 Хср У 

1 15,1 16,3 17,3 16,23333 5,1 

2 54 50 48 50,66667 4,5 

3 26 32 33 30,33333 4,1 

4 50 55 50 51,66667 4,2 

5 25 27 31 27,66667 4,2 

6 52 57 55 54,66667 4,8 

7 22 18 20 20 4,5 

8 15,4 17,2 19,6 17,4 4,0 

9 54 55 55 54,66667 4,4 

10 28 32 38 32,66667 4,1 

11 15,8 16,6 17,7 16,7 4,2 

12 44 48 52 48 4,1 

13 56 50 53 53 4,0 

14 14,2 15,5 16,6 15,43333 4,8 

15 13,8 15,2 14,4 14,46667 4,2 

16 42 46 54 47 4,3 

 

According to agrotechnical requirements, wheat grain has a humidity of 25-

28% during harvesting, and after drying it should have 13-15 % humidity. 

After introducing the factors x1 - heating temperature,x2 –grain heating 

time, x3 –grain layer thickness, we get the results of regression analysis (table 

3.6). 

 

Table 3.6 – results of multivariate analysis of variance 

N=15 Regression Summary for Dependent Variable: y (Spreadsheet2) 

R=,29907896 RI= ,08944823 Adjusted RI= ------ 

F(3,11)= ,36020 p<,78298 Std.Error of estimate: 3,9245 

        

b* 

Std.Err. of 

b* 

b Std.Err. of b t(11) 

Intercept   19,21563 2,628292 7,311072 

X1 -0,38692 1,398378 -0,08260 0,298522 -0,276695 

X2 1,90107 2,174745 0,40878 0,467629 0,874156 

X3 -1,35943 1,793439 -0,30600 0,403687 -0,758002 

 

The results of multivariate analysis of variance (table 3.7) show a certainty 

coefficient R
2
=0.89, also show that 89% of the Y-axis change was controlled by 

factors x1 and x2, and describe a linear model. Coefficient in В0=19.21, В2=-

0.082, В3=0.408, В4=-0.306, because p<0.782 for three coefficients. The Fisher 

criterion F(2.13)=0.36,which corresponds to a probability p<0.782, shows that 

the model describes changes in Y. 
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We obtain a regression model describing the surface (figure 3.30) in three-

dimensional space. 

 

 

 
Figure 3.30 - Three-dimensional model of the grain drying process 

 

The figure shows the area of change of factors x1 and x2 and the constant 

parameter y.According to the report of insignificant influence on the factor x3, 

the result from (figure 3.33) for Y is written in the following model: 

 

Y = 4,1273-2,35х1-1,6777х2+ 0,2075х3 +1,2345х2
2
-0,0273х3

2
-0,2021х2х3    

(3.26) 

 

 Then the model changes in Y with 89%, and the Fisher criterion 

F(2.13)=0.36 corresponds to the probability p<0.782<0.05, and shows that the 

result obtained is adequate. According to the data obtained (figure 3.30), normal 

probability graphs of the second degree x1 and x2 (figure 3.31). 

 

 
Figure 3.31 - Normal probability graph for a given model 
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All the obtained points are located along the right line,this is the normal 

distribution and we can assume that the assumption for regression analysis is 

normal. 

 Next, to get lines of the same response (figure 3.32), using the 

Statistica 10 program, we translate the figures of the area of change of factors x1 

and x2 into a 3D system. 

 
Figure 3.32 - the-Line response 

 

Thus, based on the results of optimization, it can be concluded that the 

improvement of the grain drying process takes place under conditions acceptable 

by the norm. 

Based on the results of experimental studies of grain drying using induction 

heaters, the following was obtained: according to the results of the 

thermodynamic method, the drying exposure is obtained идT ,sec , in an "ideal" 

process, it can also be concluded that the amount of heat required to heat the 

grain and remove moisture from it in the contact method of heat transfer 

depends on the thermal conductivity of the heating surface material, the 

temperature difference of the heating surface of the processed grain (temperature 

gradient) and the exposure to heat.  

According to the obtained results the quality characteristics of the finished 

product can be said that the grain after heat treatment did not change their 

biological properties, constructed laboratory apparatus and the method of 

heating the heating plates with the heating elements made in accordance patent 

of the RK No. 78670, the proposed design with screw poverkhnostnaya 

induction heater to ensure the movement of grain, the process of grain drying by 

induction heaters by the method of multifactor experiment planning. 
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4 TECHNOLOGICAL PROCESS OF METAL HEATING 

 

4.1 Inductors for heating external cylindrical surfaces  

 

Induction heating of metal products is carried out using a special device 

called an inductor. The simplest type of inductor is an annular coil bent from a 

copper busbar or tube. When an alternating current is passed through an 

inductor, a magnetic field occurs around its wire, the strength of which 

periodically changes in time and direction.  

The magnetic field strength, and hence the magnetic flux density - 

induction - will be greatest inside the coil of the inductor near the wire. 

If you put a metal cylinder inside the inductor, the alternating magnetic flux 

that permeates this cylinder will cause an induced current to appear in it. The 

induced current due to the proximity effect will be concentrated under the 

inductor wire, and its path will have a ring shape. The higher the frequency of 

the current, the thinner the current flows in the cylinder, i.e. the stronger the 

surface effect is. 

The current induced in the surface layers of the cylinder causes it to heat, 

and the surface temperature and heating depth depend on the power supplied to 

the inductor, the frequency and time of heating. On the other hand, the width of 

the heating band, its shape, and the uniformity of surface heating depend on the 

shape of the inductor. 

Thus, with the help of an inductor, electromagnetic energy, and therefore 

the release of heat, is concentrated in a given area. The induced current is 

concentrated in a band whose width is close to the width of the inductor. 

Accordingly, the width of the heated strip also differs little from the width of the 

inductor. Surface heating of metal by high-frequency induced currents is used 

for surface hardening of steel parts. 

The main part of the inductor is the inductor wire, the design of which 

largely determines the result of quenching. The other parts are auxiliary in 

nature, and their construction is usually not difficult. Inductors can be divided 

into two groups: inductors for quenching at medium (1000 - 10,000 Hz) 

frequencies; inductors for quenching at high frequencies (radio frequencies). 

There is no fundamental difference between the two groups. However, there is 

often a difference in the design, due to the fact that at high frequencies, the 

operation of the inductor occurs at lower specific powers and, most 

significantly, at lower currents, since the active resistance of the heated object 

increases with increasing frequency. With equal power, the voltage on the 

inductor in this case is much higher than when operating at medium frequencies. 

An essential point in the design of the inductor is the choice of the width of 

the inductor wire and the gap between its internal working surface and the 

surface of the heated product. The width of the inductive wire with simultaneous 
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heating method is determined by the required width of the quenched layer. 

There are two possible cases: a certain area on the surface of a long part is 

tempered; the entire side surface of the part is tempered. In the first case, the 

width of the hardened strip is determined by the distribution of the induced 

current on the surface of the part and the heat leakage in the axial direction. 

Usually, inductors for simultaneous heating have a relatively large width, 

several times greater than the gap between the surface of the part and the 

inducting wire.  In these cases, the induced current is concentrated in a band 

whose width is close to the width of the inductor. Usually, the width of the 

hardened strip is 10-20% less than the width of the inductor, which should be 

guided when choosing the width of the inductor wire. 

If the width of the inductor is less than ten gaps, the hardened layer in the 

longitudinal section becomes Crescent-shaped. 

 

4.2 Development of a frequency Converter based on JGBT transistors 

modules with single-phase power supply 

 

Frequency converters (FС) for induction heating of metal consist of IGBT 

or MOSFET transistor modules connected in a specific configuration with 

control drivers. At the same time, they are protected against short-circuit 

currents, overloads and over-temperature protection. 

Currently, the use of FС for induction heating of metal in the industry of 

Kazakhstan is practically absent, since the unit cost of existing foreign 

analogues is very high, so their mass introduction is unprofitable. You should 

develop your own technologies with low cost, high efficiency, low weight and 

dimensions. 

Frequency converters can be used in the following technologies: 

- for induction heating of metals for the purpose of stamping, 

- for melting metals in induction melting crucible furnaces, 

- for induction heating of metals for the purpose of hot bulk quenching, 

- for induction heating of oil in pipelines and tanks, 

- for induction drying of grain, heating of liquid media, drying of wood and 

coatings and obtaining milk powder. 

 

The main objectives and goals are to create a technology for the production 

of FС, which should: provide the required range of frequency control of the FС, 

the choice of the minimum number of power transistors, have high efficiency 

and low prices, the minimum installed capacity of the entire FС or its individual 

elements with the same set parameters of the heating technology. 

Figure 4.1 shows the circuit of the frequency Converter, which consists of 

input triacs 1, a three-phase rectifier 2 and an inverter 3. the feature of the 

inverter is that it is made on two transistors. A three-phase rectifier converts AC 
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voltage to DC, and an inverter converts DC current to high-frequency AC 

voltage. 

The inductor converts high - frequency electrical energy into thermal 

energy, and the transformer lowers the voltage to the required value. The 

rectifier and inverter are represented as a frequency Converter. The output 

transformer is used for matching the parameters of the inductor with the 

workpiece with the parameters of the high-frequency inverter. At the same time, 

the weight and size of the transformer is reduced several times. 

Output triacs 1 are designed not only for contactless connection of the 

frequency Converter to the network, but also for regulating the input voltage. 

The fact is that when using an induction heater, the frequency Converter must be 

disconnected from the mains every few minutes, since the heated metal (blank) 

should be removed from the inductor and transferred for stamping. 

Next, insert the new blank into the inductor and turn on the frequency 

Converter in the network. The half-bridge inverter formed by IGBT transistors 

T1 and T2 (figure 4.1) is connected to a DC voltage source, the СP capacitors 

(lower and upper) are designed to divide the supply voltage into two equal parts. 

Capacitor C in the output circuit of the inverter is designed to improve the 

quality of the output voltage and to achieve consistent resonance. 

Known frequency converters, where transformers are used to lower the 

voltage. The task is to create a frequency Converter where the number of 

transistor modules would be minimal, and the step-down transformer would 

have the lowest weight and size indicators. Figure 4.1 shows the developed 

electrical circuit of a frequency Converter on two transistors with a single-phase 

power supply for an induction heater. 

 

 
 
Figure 4.1-  Electrical diagram of the frequency Converter of the induction 

heater with single-phase power supply 
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To form a negative half – cycle of the step voltage on the load at time t1 + 

T/2, where T is the voltage period, transistors T2 and T3 are opened and a direct 

current from the Uп  UPS will flow through transistors T2 and T3, in the opposite 

direction. 

The frequency Converter consists of an input triac 1, a single-phase 

rectifier 2 and an inverter 3 on two transistors. The rectifier converts AC voltage 

to DC, and the inverter converts DC current to high-frequency AC voltage. The 

inductor converts high-frequency electrical energy into heat, and the high-

frequency transformer lowers the voltage to the required value.  The rectifier 

and inverter represent a frequency Converter. The use of a high-frequency 

transformer reduces the mass and size of the frequency Converter by several 

times. Output triac 1 is designed for contactless connection of the frequency 

Converter to the network. 

Thus, a negative half-life of the voltage and a step voltage on the load are 

formed. It should be noted that the frequency of the step voltage on the load is 

determined by the switching frequency of transistors and can reach tens of 

kilohertz. 

The inverter converts a constant voltage to an alternating voltage of high 

intermediate frequency fп  (figure 4.1). Next, from time t = 0, opens one of the 

two thyristors, T-p1, and the load gets rectified half-wave voltage of 

predetermined frequency fп , and at time t = T/2 is closed the first thyristor T- p1. 

To generate a negative half-wave of the output voltage from time t = T/2 to       

t = T opens the second thyristor T- p2, and the load gets a rectified voltage of 

high intermediate frequency and at time t = T the thyristor T- p2  is closed. This 

creates a negative half-wave of the output voltage. The thyristor control unit will 

adjust the frequency of the load voltage to the required value in the time interval 

t = 0 - T. 

Thus, the output voltage of a non-transformer inverter has the form of a 

rectified sine wave consisting of single-period rectified high-frequency voltages, 

and this frequency of the load voltage will be equal to 

     
n

пff  ,                                                           (4.1) 

 

where  fп   – intermediate frequency at the output of the inverter, n – the 

number of rectified periods of intermediate frequency voltage. 

As can be seen from the last expression, the formation of a voltage at a 

given load occurs from rectified high-frequency voltages. 

 For example, if the intermediate frequency at the output of the 

inverter is            fп = 20,000 Hz and the number of rectified periods is n = 40, 

the frequency of the load voltage will be equal to 
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500
40

20000

n
 пff  Гц.                             (4.2) 

 

For a more complete analysis, modeling was performed in the MatLab R12 

V. 6.0 environment.this package is designed for solving mathematical 

calculations of any complexity, for professional analysis and modeling of 

processes in electrical and electronic circuits, static processing of measurement 

results and experiments, as well as plotting. Simulink Library Browser and 

SimPowerSystems were used for modeling. 

      

4.3  Induction heater (IH) for metal products 

 
Induction heating of metal products is carried out using a special device 

called an inductor. When an alternating current is passed through an inductor, a 

magnetic field occurs around its wire, the strength of which periodically changes 

in magnitude and direction over time. 

The strength of the magnetic field, and, consequently, the magnetic flux 

density – induction – will be greatest inside the coil of the inductor near the 

wire. 

If you put a metal cylinder inside the inductor, the alternating magnetic flux 

that permeates this cylinder will cause an induced current to appear in it. The 

induced current due to the proximity effect will be concentrated under the 

inductor wire, and its path will have a ring shape. The higher the frequency of 

the current, the thinner the current flows in the cylinder, i.e. the stronger the 

surface effect is. 

The main part of the inductor is the inductor wire, the design of which 

largely determines the result of heating. 

Grain temperature can be measured using thermometers. The other parts 

are auxiliary in nature, and their construction usually does not cause difficulties. 

The longer the heating time of each element of the cylinder surface passing 

under the inductor wire, the greater the width of the wire and the lower the speed 

of grain movement relative to the inductor. Therefore, the concept of heating 

time (formula 4.3) of a cylindrical surface is similar to the concept of heating 

time with a simultaneous heating method. 

                                                                      (4.3) 

 

where    – heating time of the cylindrical surface, s;   – width of the 

inductive wire, cm;   – speed of movement, cm/s. 

The specific power on the surface of the cylinder covered by the inductor is 

calculated by the formula 

                                         

   
   

    
                                                                  (   )                                                
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where      – total power of the frequency Converter on the cylinder 

surface, kW;    – the diameter of the workpiece, cm. 

For a given power of the frequency Converter for induction heating, we 

obtain the following ratio for determining the maximum width of the inducting 

wire: 

    
   

     
  

 

or, expressing the power of the cylinder in terms of the power of the 

frequency Converter, we get 

                                       

   
        

    
                                                                 (   )  

                                             

where      – frequency Converter power, kW;    – the efficiency of the 

inductor;      – Step-down transformer efficiency. 

On average, you can take   ≈    ≈ 0,8. Then the width of the inductor 

(cm) will be   

                                                       
       

     
    

or 

                                                            

  
      

    
                                                       (   )                                       

 

Approximate values of heating time and specific capacities depending on 

the depth of the heated layer, diameter and frequency can be determined. 

Since at a given depth of the heated layer, the heating time is a known 

value, the width of the inductor can be determined by the formula 

                                                              (4.7) 

 

In this case, the required power of the frequency Converter (kW) based on 

the formula (4.4) is equal to 

                                                           (4.8) 

 

In this case, the required power of the frequency Converter (kW) based on 

the formula (4.4) is equal to 

The current induced in the surface layers of the cylinder causes it to heat, 

and the surface temperature and heating depth depend on the power supplied to 

the inductor, the frequency and time of heating. On the other hand, the width of 

the heating band, its shape, and the uniformity of surface heating depend on the 

shape of the inductor. 
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A prototype of a frequency Converter and a 6 kW inductor with a 

frequency from 2 to 20 kHz when powered from a single or three-phase voltage 

were developed and manufactured. Experimental studies and tests of a prototype 

frequency Converter for induction heating of metal in real conditions were 

carried out. 

 Figure 4.2 shows the process of induction heating of a metal billet with a 

diameter of 44 mm and a length of 80 mm. At the beginning of the induction 

heating process, the metal was not evenly heated, i.e. in the middle of the 

workpiece, the temperature was lower than at the edges. This meant that the 

depth of penetration of the electromagnetic wave is not significant, so you 

should choose a lower current frequency, but this will increase the heating time 

of the metal. The heating time of the metal by the frequency Converter to a 

temperature of 600-650 degrees Celsius was 3.5 minutes at a frequency of 8 kHz 

and 2.41 minutes at a frequency of 10 kHz (figure 4.2). At the same time, the 

transistors did not overheat, which is required by the operating conditions. 

 

 

Figure 4.2 – Induction heater during the test period 
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The test results showed that the created induction heater is functional, 

passed a successful test, and the cooling system of the inductor was working 

properly. The process of induction heating of metal can be carried out to the 

desired temperature. 

 

Figure 4.3 – The process of induction heating of metal to a temperature of 

731
0
C 

 

When developing technical documentation for manufacturing a laboratory 

sample of a frequency Converter and selecting transistor JGBT modules, the 

main attention was paid to the topology of the module's power buses and 

methods for connecting electrical circuits and heat removal. Even with the most 

advanced chips, the design of powerful key modules is extremely important for 

ensuring reliability and efficiency. Distributed conductivity characteristics and 

values of spurious inductances of communication buses and terminals should 

have a minimum value to reduce losses and reduce the level of transient 

overvoltages. 

Figure 4.4,4.5 shows the voltage waveforms at the output of the inverter 

without a capacitor in the primary circuit of the transformer. As you can see 

from the graph, the voltage waveform is oscillatory, which means that the 

transistors are operating in active mode. At the same time, they will heat up and 

eventually fail. To switch the transistors to the key mode, it is necessary to turn 

on the capacitor C in series in the output circuit of the inverter, improve the 

quality of the output voltage and achieve a consistent resonance. 
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Figure 4.4 – voltage waveform at the inverter output 

without a capacitor in the primary circuit of the transformer 
 

 

Figure 4.5 – voltage waveform at the inverter output 

with a capacitor in the primary circuit of the transformer 

 

Figure 4.5 shows the voltage waveform at the output of the inverter with a 

capacitor in the primary circuit of the transformer. As you can see from the 

graph, the output voltage of the inverter has a rectangular shape, which means 

that the transistors operate in the key mode, and they will not heat up. In 

addition, by experimentally selecting the value of the capacitor C, you can not 

only improve the quality of the output voltage, but also achieve a consistent 

resonance. In case of resonance, the active power of the inverter will be 

transferred to the inductor, i.e. to the workpiece for heating. 

 



88 
 

 
Figure 4.6 Transistor - thyristor frequency Converter with high frequency 

link for grain drying 

 

The inverter converts a constant voltage to an alternating voltage of high 

intermediate frequency  fп (figure 4.6). Next, from time t = 0 has Т-р1   of the 

two thyristor  rectifiers, and the load gets rectified full-wave voltage fвых of 

predetermined frequency foutput,  time t = T/2 is closed the first thyristor 

rectifier Т-р1. 

To generate a negative half-wave of the output voltage from time t = T/2 to         

t = T opens the second thyristor rectifier Т-р2, and the load gets a rectified 

voltage of high intermediate frequency and at time t = T the second thyristor 

rectifier Т-р2  closes. 

This creates a negative half-wave of the output voltage. The thyristor 

control unit will adjust the frequency of the load voltage to the set value in the 

time interval t = 0 - T. The advantage of this scheme is that the output voltage 

will be twice as high as in the first case (figure 4.5), since the two-half-period 

voltage rectification circuit. 

 Figure 4.7 shows a simulation scheme for a transistor – thyristor 

inverter with a purely active load. 
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Figure 4.7 – Scheme of the modeling of transistor – 

 Thyristor frequency Converter 

 

An alternating voltage was applied to the input of the frequency Converter. 

The formation of the voltage form at the input of the inverter is carried out by 

dividing it into several stages with different voltage levels, and software-

controlled switching time. The inverter on transistors was assembled on a bridge 

circuit. The bridge circuit consists of four transistors (figure 4.7). 

The simulation results are shown in figure 4.8 with a net active load. As 

can be seen from the figure, with a net active load, the voltage and current in the 

load has a clearly defined graph. The principle of operation of a transistor – 

thyristor frequency Converter with a two-half-period voltage rectification 

scheme is confirmed. 

At certain points in time, a pair of transistors must be switched at each 

stage to form a positive and negative half-wave of the sinusoidal voltage. The 

switching mode of transistors is organized so as to exclude short-circuit of 

voltage sources.  
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Figure 4.8 – Results of frequency Converter  

Simulation under active load 

 

There is experience in developing and manufacturing an experimental 

sample of a frequency Converter with microprocessor control, which is shown in 

figure 4.5. 

The transistor frequency converters of induction heating will use SKYPER 

drivers. the task is to convert the low-current logic signal of the controller into a 

gate control signal, which should have enough power to quickly recharge the 

IGBT gate capacitances. Since the power switches operate at voltages 

significantly higher than the controller signal potentials, the gate control device 

must perform a high-voltage level shift or galvanic isolation of the control 

pulses and pulses arriving at the gates. In addition, modern SKYPER 52 drivers 

contain numerous protective and service functions that are necessary for IGBT 

uptime in all operating modes, including emergency ones. 

 

4.4  Induction and dielectric heating of metal 

 

4.4.1 Features of induction heating and its main physical regularities  

 

Induction heating of metals is based on two laws of physics: the Faraday –

Maxwell law of electromagnetic induction and the Joule –Lenz law. Metal 

bodies (blanks, parts, etc.) are placed in an alternating magnetic field, which 

excites a vortex electric field in them. The EMF of induction is determined by 

the rate of change of the magnetic flux, and the dependence itself is an integral 

form of the law of electromagnetic induction:  
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                                               (4.9) 

 

Under the action of  EMF induction, eddy currents (closed inside bodies) 

flow in bodies, releasing heat according to the Joule – Lenz law.  

Transformation of energy of electromagnetic fields unlike heating by 

resistance method allow for the transfer of electrical energy of the inductor in 

the heated material contact, and to allocate the heat directly in the heated object. 

To understand the features of electromagnetic processes during inductive 

heating and identify the factors that determine the propagation of the 

electromagnetic field in a conducting medium, it is necessary to understand in 

detail what happens when a plane electromagnetic wave falls on a homogeneous 

metal body.  

An electromagnetic wave carries energy determined by the power flux 

density vector or the Poynting vector. In complex form, the Poynting vector:  

 

 ̇=| ̇   ̇|                                       (4.10) 

 

where E is the complex of the electric field amplitude, and H* is the 

conjugate complex of the magnetic field amplitude. The vector of Energy(Wt/m
2
 

or Dj/s•m
2
), the power flux density with a sinusoidal change in the vector E and 

H* is the average value of the energy flow per second (power) through a unit 

area perpendicular to the direction of wave propagation.  

When the penetration in the conductive environment of the electromagnetic 

wave is attenuated exponentially: 

 

Е=    
 

 

  ,                                       (4.11) 

 

H=    
 

 

                                          (4.12)  

 

where E and H - amplitude of tension of electric and magnetic fields in the 

depth of the conductive material; E0 and H0 - amplitude of tension of electric 

and magnetic fields on the surface of the conductive material; z is the distance 

from the surface of the conductor, m; z0 - equivalent penetration depth of the 

electromagnetic field, M. 
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Figure 4.9 - Graph of propagation of the electromagnetic field and the 

conducting medium  

 

The equivalent penetration depth z0 of an electromagnetic wave is 

determined by the expression (4.9). At a distance z0 from the surface the 

amplitudes E and H decrease to the following values:  

 

E=              .                           (4.13) 

 

H=              .     (4.14) 

 

that is, the wave amplitude decreases by a factor of e = 2.718, or fades to 

37% of its initial value (Fig. 4.9).  

The density S of the power flow carried by a flat electromagnetic wave 

decreases as the wave penetrates into the depth of the heated material according 

to the law:  

      
 

  

  ,      (4.15) 

 

where S0 - is the power flux density on the surface of the conductor. 

 

 The reason for the attenuation of an electromagnetic wave is the 

conversion of the energy of the electromagnetic field into heat according to the 

Lenz –Joule law, which results in induction heating of the metal. The power 

flow density at a depth of z0 decreases to:  

 

S=              .     (4.16) 

 

in other words, 86% of all energy passed through the surface layer of the 

conductor is absorbed and released as heat in a layer with a thickness of z0 (see 

figure 4.9).  

The real part of the complex of the power flux density vector, Determines 

the density of the active power flux released as heat: 
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             (   ) √𝜌            (4.17) 

 

where I-  is the current in the inductor, And; w -  is the number of turns per 

1 m length of the inductor; ρ and μr- electrical resistivity, Ohm•m, and relative 

magnetic permeability of the metal; f - current frequency, Hz; √𝜌        is the 

absorption coefficient of power.  

The imaginary part of the complex is the density of the reactive power 

flow, which characterizes the rate of transformation of the electromagnetic field 

energy from an electric form to a magnetic one and back:  

 

             (   ) √𝜌       .   (4.18) 

 

In the practice of induction heating, an electromagnetic wave falls on metal 

bodies of various shapes. Therefore, in the formula (4.17) and (4.18), correction 

coefficients are introduced that take into account the geometric dimensions of 

the heated part and the depth of penetration of electromagnetic energy. Power 

flows through the side surface of a metal cylinder with a diameter of  DM, a 

height of 1 m and a perimeter of  N=π•M for active power:  

 

          (   )    √𝜌          ,   (4.19) 

 

for reactive power  

 

         (   )    √𝜌          ,   (4.20) 

 

where Kr and KQ-  are active and reactive power coefficients that take into 

account the curvature of the metal cylinder and depend on its relative diameter 

D/z0. 

Graphs for determining the correction coefficients of the Kr and KZ when 

calculating the flows of active and reactive power passing through the outer 

surface of the metal cylinder are shown in figure 4.11. 

When heating non-magnetic (non-ferrous) metals, for which μ=1, their 

resistivity changes, and when heating ferromagnetic metals (steels), the relative 

magnetic permeability also changes. In the subsequent case, the resistivity 

increases when the temperature rises to the point of magnetic transformations 

(730...760°C) – the Curie point, and then its growth slows down. Figure 4.10 

shows the dependence of the specific resistance of steel on temperature. When 

heated to 800°С  with the specific resistance of steel increases several times. Its 

magnetic permeability decreases slightly when heated to 650...750°C, and when 

passing through the Curie point, it drops sharply to one.  
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Figure  4.10-  To determine the correction coefficients of Kr and KQ:  D –

diameter of the heated part; z0 –depth of electric current penetration  

 

The depth of current penetration into steel at the temperature of magnetic 

transformations changes abruptly. In fact, the resistivity and magnetic 

permeability during heating depend on the temperature, and the magnetic 

permeability also depends on the strength of the magnetic field. Consequently, 

when heated, the coefficient and power absorbed by the metal changes.  

 

 
Figure 4.11- The dependence of ρ and μ are the temperature 

 

So we can emphasize that induction heating is heating of conducting bodies 

in an electromagnetic field by inducing eddy currents in them. In this case, 

electrical energy is converted three times. First, with the help of an inductor, it is 

converted into the energy of an alternating magnetic field, which in the body 

placed in the inductor is converted into the energy of an electric field. And 

finally, under the influence of an electric field, its energy is converted into heat. 

Energy transfer is contactless. Induction heating is direct and non-contact. It 

allows you to reach a temperature sufficient to melt the most refractory metals 

and alloys. 

It has already been noted that the current density over the cross-section of 

the heated conducting body is not the same. It reaches its highest value on the 

surface, and decreases as it approaches the center. It should be recalled once 

again that this phenomenon is called the surface effect. 87% of thermal energy is 

released in a layer with a thickness of x=z0. at a distance of x=z0 from the 
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surface, the power decreases by 7.4 times, and the current density decreases by 

2.7 times. Depending on the frequencies used, induction heating installations are 

divided into:  

1) low-frequency (50 Hz);  

2) medium-frequency (up to 10 kHz);  

3) high-frequency (over 10 kHz).  

The intensity and nature of heating is significantly affected by the 

frequency of the current f, the electric field strength E, and the magnetic field 

strength H. By changing the frequency of the current, you can get the heating 

character and intensity required by the technology. 

 

 

4.4.2 Inductors. The design and application   

 

Induction heating installations are widely used in various repair enterprises. 

Medium and high frequency currents are used for end-to-end heating of parts 

before hot deformation, when restoring them by surfacing, metallization and 

soldering methods, as well as for surface hardening of parts and other 

technological operations. The main element of this type of device is an inductor. 

Inductors depending on the purpose and shape of the heated product are: 1) 

cylindrical; 2) oval; 3) slotted; 4) rod; 5) flat; 6) loop.  

Rectangular products are heated in oval, flat and loop inductors. Almost all 

types of inductors are used for cylindrical parts. 

Cylindrical inductors  are the most simple in design and reliable in 

operation, and their overall efficiency is quite high. Structurally, the inductor 

consists of:  

- multi-turn inductive wire made of copper tube or copper busbar;  

- conductive tires; - contact pads;  

- water supply device, cooling inductor.  

In inductors, thermal insulation is used for end-to-end heating of products. 

Currently, an inductor of the "multi-turn inductor in a ferromagnetic tube" 

type is used for low-temperature heating» They are used for heating floors, 

panels and walls in livestock buildings, for heating the soil and air in 

greenhouses and greenhouses.  

Such a heater is a ferromagnetic tube, inside which there is an inductive 

single - or multi-core winding made of rods, installation wire or control cable. 

The ferromagnetic tube is both a receiver of magnetic field energy and a heat 

generator, serves as a supporting structure and protects the inductor winding 

from mechanical damage. The alternating magnetic flux f, created by the 

inductive winding of the heater, induces eddy currents in the ferromagnetic tube, 

which heat it. In the pipe, 80...85% of the total heat energy is released, in the 

inductor -15...20%. Due to the series connection of the inductor winding cores, 

the heater can be connected to the mains voltage. Depending on the material and 
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diameter of the pipes, the air gap between the inductor winding and the pipe, the 

heater power factor is             cos = 0,88…0,92. 

Heaters with an inductor that cover the outside of the heated product are 

used for heating pipelines, heating water, etc. The heater consists of a 

ferromagnetic tube (or housing), on the outer surface of which is wound an 

inductive single - or multi-layer winding made of wire with heat-resistant 

insulation. Heaters are manufactured in single-phase and three-phase versions. 

Depending on the technological requirements, the heater can be connected to 

low or mains voltage. 

Transformer-type heaters are also used, which are used for heat supply and 

hot water supply of livestock, industrial and household premises.  

 

4.5 Efficiency and power factor for induction heating of metal 

 

The electromagnetic energy supplied to the inductor is spent on useful 

heating of the part, compensation of heat losses from its surface, as well as on 

heating the inductor wire with current flowing through it. The ratio of the energy 

Q1 spent on heating the part to all the energy supplied to the inductor is called its 

total efficiency:  

 

         
  

        
              (4.21) 

 

where ηm, ηт, ηэ  - are the total, thermal, and electrical efficiency of the 

inductor; Q1 is the heat expended on heating the part, Dj; Q2 is the heat loss,Dj; 

Q3 is the heat released in the inductor wire,Dj.  

 

The thermal efficiency, which characterizes the heat loss from the surface 

of the part, is equal to:  

   
  

     
.        (4.22) 

 

The thermal efficiency increases with increasing thickness of the thermal 

insulation of the heated part. Heat losses increase with increasing part surface 

temperature and heating time.  

The electrical efficiency, which characterizes the perfection of energy 

transfer from the inductor to the part, is the ratio of the electromagnetic energy 

entering the part to all the energy supplied to the inductor:  

 

   
  

        
    (4.23) 

 

If the energy Q1, Q2, Q3 is attributed to a unit of time, then we can write: 
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 ,      (4.24) 

 

where P1 -  is the power transmitted to the part, Wt; P -  is the power 

supplied to the inductor, Wt.  

 

 
 

Figure 4.12-  Induction heating device (a) and its replacement circuits (b 

and c): 1 –inductor; 2 –heated metal cylinder; I –current strength; U1, R1 and X1 

–voltage, active and inductive resistance of the inductor; RM=R1 and XM –active 

and inductive resistance of the metal brought to the inductor; R and X –total 

active and inductive resistance of the induction heater. 

 

The inductor –part system is an air transformer in which the primary 

winding is the inductor, and the secondary winding and simultaneously the load 

is the heated metal. The induction heater and its replacement circuit are shown 

in figure 4.12. the voltage on the inductor, V:  

 

      √(     
 )  (     

 ) ,  (4.25) 

 

where I1-  is the current in the inductor, A; R1 and X1 are the active and 

inductive resistance of the primary circuit (inductor), Ohms; R2' and X2' are the 

active and inductive resistance of the secondary circuit, Ohms, reduced to the 

inductor current. 

Resistance R2' and X2′:  

 

R2′=R1∙W2,       (4.26) 

 

X2′=X2∙W2,       (4.27) 

 

where R2 and X2 are the active and inductive resistances of the secondary 

circuit, Ohms; W2 -  is the number of turns of the inductor.  

Power transmitted to the part:  
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R2=I1
2
∙R2′                                                         (4.28)  

 

Active resistance, Ohms, of a metal cylinder with a diameter of D2, m, and 

a length of l, m: 
 

   
       

     
 ,      (4.29) 

where ρ2 - resistivity of the heated metal, Ohm•m; D2 - diameter of 

cylinder, m; l - length of cylinder, m; zо2 - equivalent penetration depth of the 

electromagnetic field to heat the metal, M. 

Resistance, Ohms; the heated metal, borne to the current of the inductor in 

accordance with the formula (4.28).  

 

R2′=R2∙W=
          

     
.     (4.30) 

 

Power, W- supplied to the inductor, 

 

P=I1
2
∙(R1+R2

’
)      (4.31) 

 

Assuming that the coils of the inductor are wound without a gap, we can 

assume with some approximation that  

 

   
          

     
 ,      (4.32) 

 

where ρ1 - resistivity of the conductor of the inductor, Ohm•m; D1 - 

diameter of coil, m; l - length of coil, m; z02 = equivalent penetration depth of 

the electric current in the conductor of the inductor, m.  

 

Electrical efficiency of the inductor –part system according to the 

expression (4.29), taking into account the relations (4.28) and (4.31)  

 

   
  

  
     (      ).                      (4.33) 

 

Take into account the equations (4.31) and (4.32).  

 

   
 

  (
  
  

) √
     
     

 .                        (4.34) 

In most cases, the inductor is made of a copper conductor material, for 

which μ1=1,  
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  (
  
  

) √
  

     

 .                         (4.35) 

 

 Thus, the efficiency of the inductor system depends on the ratio of the 

diameters of the inductor and the part, as well as the electrical resistivity of their 

materials. The smaller the ratio ρ1/ρ2μ, the higher the efficiency. To get its value, 

inductors are made of electrolytic copper, which has a low resistivity. Induction 

heating of ferromagnetic materials (µ2>1) with a high resistivity is more 

economical than heating of non-ferrous metals. For example, when heating a 

copper cylinder in a copper inductor under ideal conditions (D1/D2=1)  

 

   
 

  (
  
  

)
.                 (4.36) 

 

 In real conditions, at D1/D2, the efficiency will be less than 0.5 at the 

beginning of heating, and only as the metal warms up, when P2 increases 

significantly, the efficiency will reach its maximum value.  

When calculating the power factor of an induction installation, the active 

and reactive resistances in the heated metal, the inductor, and the air gap are 

taken into account.  

For the replacement circuit of the inductor –part system (Fig. 4.12, b) total 

active resistance:  

 

R2′=R1∙R2′=R1∙Rм′.                           (4.37) 

 

the total inductive reactance:  

 

X=X1+Хм′+Xм′..                                   (4.38) 

 

impedance:  

 

  √(       )  (          ) ,             (4.39) 

 

where RM and XM'  - are the active and inductive resistances of the heated 

metal given to the inductor current Ohms; XB'  - is the inductive resistance of the 

air gap given to the inductor current, Ohms. 

 Power factor of the induction heater 

 

     
 

 
 

      

√(       )  (          ) 
            (4.40) 
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Inside the heated metal the phases of the electric and magnetic fields differ 

by an angle of 45 ° i.e.. Хм=Rм,  

 

      
  

√  
    

 
 

 

√ 
      .     (4.41) 

The resulting power factor of the inductor – metal system is always less 

than the internal power factor in the metal due to the large scattering flux in the 

air.  

To increase the power factor, a capacitor Bank is connected in parallel to 

the inductor. In this case, an oscillating circuit (inductor –capacitor Bank) is 

formed, which is tuned to resonance. When resonating, the oscillating circuit 

consumes only active power from the power source. In this case, the source and 

the line connecting it to the inductor are unloaded from the reactive energy.  

 

4.6 Modes of induction heating 

 

 

Induction heating units operate in two modes – deep and surface, which 

differ in the nature of the temperature distribution in the heated parts.  

Figure 4.13  shows the temperature distribution when the part is heated to 

the depth of the UC. The index "K"indicates that at this depth the temperature of 

the metal exceeds the point of magnetic transformations. The equivalent depth z 

0 K of current penetration in this case' is called hot.  

Curve 1 corresponds to the zк<z0к mode, which is called deep mode, since 

heat is released in the entire layer with a depth of 0. Curve 2 corresponds to the 

surface mode zк<z0к. Here, heat is released only in the surface layer with a depth 

of z0к, and the inner layers are called so mainly due to thermal conductivity.  

 

 
Figure 4.13- Temperature distribution over the cross-section of the heated 

material during induction heating: 1 and 2 –deep and surface heating 

 

From the analysis of the temperature distribution graphs, it can be seen that 

during surface heating, a large amount of heat is spent on heating the inner 

layers located behind the zк layer. The temperature behind this layer falls more 
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gently than during deep heating, hence the efficiency is lower. This is due to an 

increase in the heating time, which becomes approximately the same as when 

heating with external heat sources –during plasma heating, heating in resistance 

furnaces, etc. Obviously, to increase the efficiency of the installation, one should 

strive for deep heating over the entire thickness of the heated layer.  

To ensure the depth mode at the required thickness of the heated material, 

it is necessary to choose the correct frequency of the supply current.  

For induction through heating with a constant specific power, the lower 

frequency limit is determined by the need to ensure a sufficiently high thermal 

efficiency, and the upper limit is determined by the required heating speed. 

When heating cylindrical products, the current frequency f must be within the 

following limits:  

 
        

  
    

   
        

  
    

,                        (4.42) 

 

where ρ2 is the resistivity of the heated metal, Ohms•cm μ2 is the relative 

magnetic permeability of the metal; d2 is the diameter of the heated part, see. 

When surface heating for quenching, the frequency is chosen so that the 

depth z0r of current penetration into the steel at a temperature above the Curie 

point is slightly greater than the required depth zк quenching. It is most 

appropriate to choose a frequency in this range:  

 

 
   

  
   

    

  
                     (4.43) 

 

In agriculture, direct and indirect induction heating is used.  

Direct heating is implemented by installations used in mechanical repair 

shops for through and surface heating of metal parts. 

Metal is subjected to through heating before subsequent hot deformation 

(forging, stamping, rolling, pressing), as well as for welding. Surface heating is 

used to harden the rubbing surfaces of steel parts to reduce their wear. At the 

same time, the surface layer increases the hardness of the metal, and the inner 

layers do not change their structure, ensuring the softness and viscosity of the 

core of the part. For quenching, the surface layers of the part must be heated to a 

temperature above the point of magnetic transformation, and then quickly 

cooled.  

The design of the inductor for through heating of metal parts is determined 

by their size and shape. The most common inductors are designed for heating 

cylindrical parts and made of an inducting wire in the form of a solenoid. To 

reduce electrical losses, a good conductor material, such as electrolytic copper, 

is used in the manufacture of the inductor. When designing inductors, it is taken 
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into account that the current in the inductor reaches thousands of amperes, and 

the electrical losses in it are 25...30% of the useful power of the installation. To 

prevent overheating of the inductor, it is made of a copper, water-cooled tube of 

round and rectangular cross-section. Multi-turn inductors for end-to-end heating 

are connected directly to the power source using buses.  

Low voltage is required to power inductors that are used for surface heating 

to harden parts or tools and consist of one or two turns. Therefore, they are 

connected via a step-down transformer.  

Indirect induction heating at a frequency of  50 Hz is also used in 

agricultural production. This frequency reduces power consumption and reduces 

capital costs, since no frequency Converter is required. Indirect induction 

heating is used for technological heating: metal pipelines and containers, floors 

of livestock and poultry premises, soil in greenhouses and greenhouses.  

 

4.7 Power sources for induction and dielectric heating installations 

 

 

 For induction heating, it is customary to distinguish between power 

sources and installations of  low (industrial) 50 Hz, medium (high) (0.15...10)· 

03 Hz and high (0.15...100)· 05 Hz frequencies. For dielectric heating, sources 

and installations of high (3...100)· 06 Hz and ultra-high (0.3...220)· 08 Hz 

frequencies are used. 

In low-frequency induction installations, an AC network with a frequency 

of 50 Hz is used as a power source. The operation of such installations is 

characterized by increased reliability due to the lack of additional electric power 

converters and has a number of distinctive features. Machine and thyristor 

(static) converters are power sources for induction heating installations with a 

frequency of up to 10 kHz. 

 The machine frequency Converter consists of a high-frequency generator 

and a three-phase drive motor. 

 

 
  

Figure 4.14 - inductive generator circuit: 1 –rotor; 2 –stator winding; 3 – 

stator; 4 –field winding 

 

 The generator belongs to the type of inductor machines. For their 

excitation, as well as synchronous ones, a direct current is used (figure 4.14). 
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Unlike synchronous machines, in which when the rotor rotates, the field 

windings and the AC working windings move one relative to the other, in 

inductor machines, the relationship between the windings occurs due to the 

rotation of the ferromagnetic mass of the rotor.  

The latter has no windings. The shape of the rotor is toothed, similar to the 

configuration of the rotor of single-pole synchronous machines. The working 

winding 2 and the field winding 4 are located on the stator 3. when the rotor 

rotates, its teeth and depressions are alternately installed against the stator 

groove in which the field winding is located. As a result, the magnetic flux 

generated by the field winding becomes pulsating and, crossing the turns of the 

working winding, induces EMF in them with a frequency of: 

 

  
    

  
                            (4.44) 

 

 where f - generator current frequency, Hz; z2 - number of rotor teeth; n - 

rotor speed, min
-1

. 

 The disadvantages of machine generators are the presence of rotating 

parts, significant overall dimensions, noise during operation, and relatively low 

efficiency. 

  

 
 

Figure 4.15 - Block diagram of thyristor frequency converters (a), 

schematic diagram of bridge (b) and zero (c) inverters: 1 –rectifier; 2 –inverter 

 

 In static converters, the increased frequency is obtained by switching DC 

controlled valves (thyristors). Thyristor frequency Converter consists of two 

main components: rectifier 1 (figure 4.15 a), converting the alternating current 
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of industrial frequency in continuous and Autonomous inverter 2 that converts 

DC to AC high frequency. The smoothing filter that connects these nodes is 

often an element of the inverter circuit. By analogy with rectifiers, Autonomous 

inverters are performed according to the zero and bridge scheme. 

 The zero circuit (figure 4.15,b) of the inverter includes thyristors VS1 and 

VS2, a switching capacitor СK , and a transformer TV. Its primary winding has 

an output of half the number of turns, and a ZH –inductor load is connected to 

the secondary. The control electrodes of the VS1 and VS2 thyristors receive 

pulses from the control circuit with a relative phase shift of 180°. Thyristors, 

alternately opening, provide recharging of the switching capacitor through the 

primary winding W1 of the TV transformer. In this case, an alternating current of 

a certain frequency occurs in the secondary winding W2 and the load.  

In the bridge diagram (figure 4.15, с), the load ZH is included in the 

diagonal of the bridge formed by the thyristors VS1...VS4. when opening the 

thyristors VSI, VS3, the current in the load flows in one direction, and when 

opening the thyristors VS2, VS4 –in the opposite direction. For commutation of 

the thyristors used in the capacitor of the СK. 

 Thanks to thyristor converters, you can smoothly change the operating 

frequency, which is necessary to maintain the optimal mode when working on a 

load with changing parameters. Thyristor converters have higher efficiency and 

higher reliability compared to machine frequency converters. 

 For power supply of electrothermal installations of induction heating at 

high frequencies (from 20...30 kHz) and installations of dielectric heating use 

lamp generators with self-excitation. 

 

 
 

Figure 4.16 - Block diagram (a) and schematic diagrams of a tube generator 

with autotransformer (b) and capacitive (C) feedback 

 

Block diagram (a) and schematic diagrams of a lamp generator with 

autotransformer (b) and capacitive (C) feedback the Main elements of lamp 
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generators (figure 4.16, a): a power transformer T that increases the voltage to 

6...10 kV; a rectifier unit VD on high-power fans for converting AC to DC with 

a voltage of 9...15 kV; a generator unit V with one or more generator lamps that 

converts DC energy into energy of high-frequency energy vibrations; an 

oscillating circuit LC.  

 In the circuits of lamp generators with autotransformer (figure 4.16, b) and 

capacitive (figure 4.16, C) feedback, the electronic lamp V, controlled by the 

feedback voltage UOC, performs the function of a key that connects the LC 

circuit at certain times to the power source Ua to compensate for losses in the 

circuit and turn damped vibrations into non-damped ones. Рабочая частота, Гц, 

генератора: 

 

  
 

  √   
                                  (4.45) 

 

 where L - inductance of the loop coil, Hz; С - capacitance of the circuit 

capacitor, F. 

To get the maximum power and high efficiency from the lamp generator, it 

is necessary to have a well-defined load resistance, i.e., the circuit. Matching the 

parameters of the circuit and the lamp is that the voltage on the working element 

of the copier (load) that consumes active energy (inductor or working capacitor) 

is reduced to the voltage on the generator (meaning alternating anode voltage). 

 In General, for voltage matching, you can change the parameters of the 

circuit while maintaining the same resonant frequency, use matching 

transformers, autotransformer circuit switching, and multi-circuit oscillating 

systems. 

 The main task of automatic control of high - frequency installations is to 

maintain or regulate according to a certain law of power or temperature in the 

heating process, which allows you to get high quality products and optimal 

energy and technical and economic indicators. The mode of operation of a high-

frequency lamp generator is regulated by changing the voltage of the power 

source (rectifier, transformer) or the parameters of the anode and working 

copiers of the lamp generator. 

 To generate the microwave electromagnetic field, a special generator is 

used, in which the DC electric energy is converted into the energy of the 

microwave electromagnetic field. The magnetron is the main microwave 

generator used in electrothermics. 

The magnetron consists of an anode block and a working magnet. In the 

center of the anode block there is a cathode 4 (figure 4.17, a), surrounded by an 

anode 1, which is a massive copper cylinder, the inner surface of which forms an 

even number of symmetrically mixed volume resonators 2, connected to the 

interelectrode space by a slit gap. According to the principle of operation, a 

volume resonator is an oscillatory system with concentrated parameters. All 
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resonators are connected to each other, since the magnetic flux of one of them 

closes through neighboring ones. 

 

 
 

 

 Figure 4.17 - Anode block (a) of a magnetron, schematic diagram (b) of a 

microwave generator and thyristor control (C) of power: 1 - anode; 2 –volume 

resonator; 3 –energy output device; 4 –cathode; 5 –cathode circuit 

 

Power sources for magnetron microwave generators can be single - and 

three-phase. Figure 4.17 b shows the basic electrical diagram of the magnetron 

power supply, which includes a high-voltage transformer T1, a high-voltage 

rectifier VD1...VD4, a transformer T2 of the magnetron filament power supply 

and an electromagnet Y. 

 To simplify and reduce the cost of electrothermal microwave installations, 

alternating current is used to power magnetrons. This eliminates the need for 

rectifiers. Magnetrons are included in the secondary winding of a high-voltage 

transformer according to the two-period rectification scheme (figure 4.17, с). In 

this case, each of them runs one half-cycle. 

Regulating the power of a microwave power source increases its 

functionality, and in some technological processes it is simply necessary. 

Regulation can be discrete (stepwise) or smooth. Step – by-step control is 

performed by switching the terminals of a high-voltage transformer, and 
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smooth-by using full-water power regulators, as well as thyristor voltage 

regulators. 

In this case, two thyristors VS1 and VS2 are used, connected to each other 

in parallel and in series with the primary winding of the anode voltage 

transformer. Depending on the opening angle of the thyristors, the anode voltage 

of the magnetrons VI and V2 changes. consequently, the generated microwave 

power. The thyristor control signal is generated by a special unit. 

Microwave installations are used for heating and drying various 

agricultural materials, stimulating biological processes, destroying weeds and 

plant pests, sterilizing agricultural products, treating animals and poultry. 

 Dielectrics are heated due to dielectric losses. High-frequency heating 

units with a capacity of up to 60 kW are commercially available, and special 

units can reach a capacity of 1 MW. 

 

Table 4.1 -Technical data of installations for dielectric heating of various 

materials 
Material Frequency, 

MHz 

Electric field 

strength, kV/cm 

Specific 

power, W/cm
3
 

The duration of 

treatment 

Wood (drying) 0,3…0,75 0,1…1,0 0,003…0,05 8…30 w 

Wood (gluing) 5…30 1,5…2,5 Less than 12 15…80 sек 

Casting rods 

(drying) 

6…50       _ 1…3 2…20 min 

Sheet paper 

(drying) 

20…30 0,1…1,0 100…300 5…60 sек 

Plastic (roller 

welding) 

40…200 10…50 1000…1500 0,03…02 sек 

 

In dielectric heating installations, the processed material is placed between 

the coolers of the so-called working capacitor, to which high-frequency energy 

is supplied from the lamp generator, at f = 500...200,000 kHz. 

High-frequency and ultra-high-frequency installations for dielectric heating 

are used for various types of heat treatment of non-conductive materials (drying 

of wood, ceramics, fruit, etc., welding of thermoplastic materials, heating of 

thermosetting materials, gluing plywood, plastics, etc., heating of food products, 

etc.). 

According to the operating mode, there are installations for periodic and 

continuous dielectric heating, in the latter case, a conveyor is most often used. 
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5 SPECIAL SECURITY ISSUES 

 

5.1 Electromagnetic safety. Harmful factors of electromagnetic fields 

 

An induction electrothermal installation is a rather complex 

electrotechnological complex consisting of an inductive coil of a certain shape 

(inductor), a battery of compensating capacitors, and a power source. This 

installation is serviced by electrical personnel. From all the variety of dangerous 

and harmful factors, the characteristics of which are given in SUS 12.0.003-74, 

in this section, electromagnetic fields are selected, the risk of exposure to which 

should be assessed at the preliminary stage of plant design. Electromagnetic 

fields can be harmful factors, but under certain conditions they can also turn into 

a dangerous factor, as noted in the book [10]. 

Taking this into account, we have to talk about electromagnetic safety as a 

system of organizational and technical measures that ensure safety for the 

population from the negative effects of the electromagnetic field. It can be said 

that there are still certain problems associated with EMF of induction 

installations, and the situation in the field of electromagnetic safety is not always 

satisfactory. The main reasons for this are listed below: 

-high level of external electromagnetic fields from inductors due to high 

voltage and current strength; 

- use of medium and high frequencies when heating, at which the effect of 

induced currents in the human body is more pronounced than, for example, at a 

frequency of 50 or 60 Hz; 

-or lack of knowledge about the distribution of the external electromagnetic 

field in the surrounding space; 

-  lack of funds to conduct such research; lack of funds to purchase 

materials and manufacture protective equipment; lack of materials that have 

good magnetic properties and can withstand high temperatures; insufficiently 

strict rationing; 

-specialized calculation programs that take into account a wide variety of 

physical characteristics, such as the magnetic properties of magnetic circuit 

materials; lack of funds for the purchase of software and high-speed electronic 

computers capable of solving three-dimensional problems; organizational 

shortcomings, such as insufficient attention of managers of enterprises and 

workshops to existing problems, poor technological development of processes, 

and others[10]. 

 

5.2 Ensuring electromagnetic safety during operation of induction 

installations 

 

The safety of the test product must be ensured in accordance with SUS 

12.2.007.9–93 (IEC 519-1-84), SUS 12.2.007.9.1–95 (IEC 519-3-88), SUS 
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12.2.007.10–87, SUS 50014.3–92 (IEC 519-3-88) and other regulatory 

documents. Electromagnetic safety is ensured by meeting the requirements of 

SanPiN 2.2.4.1191-03. The main emitters of the electromagnetic field in 

induction installations are the power sources of the generator and the terminal 

device (inductor). Depending on the value, different components of the 

electromagnetic field appear in the power source and inductor. Thus, due to high 

voltages in the supply part of the generator, the electric field mainly prevails, 

while large currents supplied to the inductor form a magnetic field. 

The task of the inductor is to create an electromagnetic field for the 

subsequent transfer of magnetic field energy to heat, by means of heating the 

object with eddy currents. The EMF is formed in such a way that its main 

concentration is located inside the inductor. On the outside and in the end zones 

of the coil (inductor) on the path of closing the magnetic flux, there is an 

external electromagnetic field, which is less intense due to the larger 

propagation area. 

It is not useful, and it has to be fought both from the position of 

electromagnetic compatibility for radiated electromagnetic interference, and 

from the position of electromagnetic safety. The General principles of protection 

against harmful and dangerous factors characteristic of induction installations 

are based on the following: 

- the principle of rationing – prevention of exceeding the permissible 

limits of the impact of the factor in question; 

- the principle of justification – prohibition of work under the influence of a 

factor when the benefit to people and the public is not associated with an 

increased risk of the alleged negative impact that is caused by this factor; 

- the principle of optimization is to maintain the factor at the lowest 

possible and achievable level, taking into account economic and social 

opportunities. 

 

5.3 Evaluation of electromagnetic safety of the induction system 

 

The principles of rationing are based on the prevention of dangerous and 

harmful effects of EMF on humans according to the following two 

characteristics: 

- thermal threshold; 

- biological effects that can affect the cardiovascular and Central nervous 

systems in an unacceptable way. 

Normalization of human exposure is made depending on the type of EMF 

and frequency. At the frequency of electromagnetic radiation of the source up to 

10 MHz, the wavelength is more than 30 m, so the maintenance personnel of the 

induction unit, being in the induction zone, is usually exposed to only one 

predominant EMF component (magnetic or electric). In this case, the EMF is 

normalized separately by the strength of the magnetic and electric fields. The 
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maximum permissible values of the RF EMF parameters, which are not 

recommended to exceed even for a short time, are determined from the thermal 

threshold with certain reserve coefficients. 

At the same time, time-dependent EMF PDUs are determined based on the 

permissible absorbed energy (the principle of dosing in the form of energy load 

or energy exposure, similar to the dose or dose rate for ionizing radiation). As a 

basis for calculating the limits of professional exposure, a "safety multiplier" is 

adopted, which is determined mostly from the conditions that guarantee an 

acceptable risk of diseases from electromagnetic energy absorbed by the human 

body. In this case, the following factors may be taken into account: technically 

achievable capabilities at this stage of technology development that implement 

the principle of reducing the electromagnetic field from the equipment "as low 

as possible". [10] 

The main regulatory documents for limiting non-ionizing EMF in relation 

to the frequency range from 50 Hz to units of megahertz, in which induction 

installations operate, are SUS 12.1.002-84, SUS 12.1.006-84 and SanPiN 

2.2.4.1191-03. At the same time, the sanitary and epidemiological rules and 

regulations of SanPiN 2.2.4.1191-03 "Electromagnetic fields in industrial 

conditions", issued in 2003, are more detailed than state standards. 

They include a range from 10 to 60 kHz, and have a remote control of the 

industrial frequency magnetic field strength, which was previously absent.  

Table 5.1 shows the limits on energy exposures, the maximum permissible 

EMF levels for short-term exposure, and the maximum permissible EMF levels 

for an 8-hour working day for the industrial frequency of 50 Hz and the 

frequency range of 10 kHz...10 MHz that are currently in effect in Kazakhstan. 

 

Table 5.1 – Remote control for short-term exposure and an 8-hour working day 

Current 

frequency, f 

Еmax 

(EPDY).B/m 

EEPD(B/m
2
)h Hmax(HPDY).A/m EEH(A/m)

2
h 

50 Hz 25000(5000) - 1600(80) - 

1-30 kHz 1000(500) - 100(50) - 

0,03-3 MHz 500(50) 20000 50(5) 200 

3-10 MHz 300(30) 7000 - - 

 

Note to the table: the maximum value of the parameters corresponds to the 

exposure time of no more than 1 hour (*), no more than 2 hours (**) per shift. In 

parentheses are the remote controls for 8 hours. 

For comparison, table 5.2 shows the recommendations of the international 

Commission for protection against non-ionizing radiation ICNIRP. 
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Table 5.3 – Recommendations ICNIRP 

Current frequency, ƒ Е, В/м Н, А/м В, мкТл 

8…25 Hz 2000 2·10
4
/ƒ 2,5·10

4
/ƒ 

0,025…0,82 к Hz 500/ƒ 20/ƒ 25/ƒ 

0,82…65 к Hz 610 24,4 30,7 

0,065 …1М Hz 610 1,6/ƒ 2/ƒ 

1…10М Hz 610/ƒ 1,6/ƒ 2/ƒ 

 

 

5.4 Analysis of dangerous and harmful factors during operation, 

testing and adjustment of the product 

 

In accordance with SUS 12.0.003-74 ( Hazardous and harmful production 

factors. Classification ) the main dangerous and harmful factors (O and VF) are: 

- physical: high or low temperature, excess voltage in the electrical 

network, exceeded the permissible level of electromagnetic radiation, lack or 

lack of daylight or artificial lighting, exceeded noise level and what can lead to a 

fire (very high temperature, sparks); 

- psychological: physical overload (static) and neuropsychic overload. 

 

5.5 Protection from hazardous and harmful production factors 

 

Installation safety must be provided in accordance with SUS 12.2.007.9–93 

и SUS 12.2.007.9.1–95 Safety of electrothermal equipment (General and 

specific requirements). 

All equipment must be assembled and installed so that it is stable during 

use in any position that it can be. Handles, working levers, toggle switches and 

similar devices need to be tightly secured. 

The movements of the handles and levers must be the same as the direction 

of the mechanical movements that they report. There should be a light 

notification on the boards and control panels that helps to determine whether the 

equipment and its components are turned on or off. 

 

5.6 Fire safety 

 

Fire safety of the structure with its elements must be observed in both 

normal and emergency modes of operation. Reducing the fire hazard of 

electrical devices and their components is achieved by: 

- refusal to use highly flammable materials in the device in accordance with 

SUS 12.1.044389. The fire safety of the product and its elements must be 

maintained in both normal and emergency operation modes (short circuit, 

overload, bad contact, and so on.); 
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- maintaining the norm of mass of combustible materials, and replacing 

them with more heat-resistant according to SUS 8865-93; 

- reduce the possibility of penetration of combustible materials (substances) 

from the outside to the fire-hazardous components of electrical products; 

- the use of steel cabinets and water-cooled walls, lead to a reduction in the 

release of hot and (or) hot particles; 

- introduction into the installation design of means and elements of 

electrical protection that reduce the possibility of fire, in accordance with the 

standards that are prescribed in SUS 12.1.004591; 

- bringing the value of transient resistances in contact connections to the 

level that is set in the norms for certain components; 

- refusal to use structures that can emit harmful and dangerous combustion 

products in quantities that pose a danger to human life and health Gorenje; 

- use of means and (or) elements that are necessary for automatic shutdown 

of equipment in emergency mode (overload, overheating, short circuit, etc.) and 

prevent fire of parts of structures made of electrical insulation materials. 

If there is a fire source, fire protection must be provided by the use of fire 

extinguishing equipment. Fire extinguishing agents are powder fire 

extinguishers, fire auto fire suppression, the protection of people in case of fire. 

The necessary level of fire safety of the population using these systems 

must be at least 0, 999999 to prevent exposure to dangerous factors for a 

calendar year, taking into account each person, while the fire hazard limit for 

people can not be lower 10-6 effects of harmful fire factors that exceed the 

possible normalized values and parameters per year per person. Fires in a 

laboratory furnace can occur as a result of: strong heating and radiation of the 

heat of the melt, which can ignite nearby objects made of flammable materials; 

passing through transformers, chokes and resistors of an electric current 

exceeding the permissible value; violation of the insulation of connecting wires, 

breakdown of capacitors, short circuit, resulting in breakdown of parts. 

The temperature on the surface of the controls that are necessary for 

performing operations without the use of personal protective equipment for 

hands and KST, including for performing operations in emergency situations in 

all cases, should not exceed 40 ° C for controls that are made of any steel, and 

45 °C for those made of materials with low thermal conductivity. 

To analyze electromagnetic safety from EMF, we used a 3- dimensional 

induction system for heating thick tape created in the commercial package 

Ansys multiphysics. The rated current of the inductor is 1200 A, and its 

frequency is 500 Hz. 
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CONCLUSION            

 

The analysis of modern technological techniques shows the essence of this 

method, which consists in the fact that an electric current passing through the 

winding causes induction (eddy) currents that create heat in metal masses, which 

is used for drying. Induction currents very quickly give off heat to the product, 

so this method is faster than all other methods in terms of heating and drying. 

Induction heating is carried out in an alternating magnetic field. Conductors 

placed in the field are heated by eddy currents induced in them according to the 

laws of electromagnetic induction. 

Intensive heating can be obtained only in magnetic fields of high intensity 

and frequency, which are created by special devices - inductors (induction 

heaters), powered by a network or individual high-frequency current generators. 

The inductor is like the primary winding of an air transformer, the secondary 

winding of which is the heated body. 

Grain drying and specific features of the use of induction heating showed 

that despite the results achieved, it is necessary to conduct comprehensive 

research with the development of physical and mathematical models that allow 

us to qualitatively and quantitatively assess the effectiveness of grain drying 

using induction heaters. Increasing the efficiency of the wheat grain drying 

process is provided by induction heating and grain movement along the helical 

surface. 

The dependences of the physical-mechanical and thermophysical properties 

of grain on the temperature, heating time, and speed of movement of the grain 

mass in the drying chamber at the outlet of the drying plant are established. The 

values of the angles and coefficients of grain friction were 400 and 300, which 

made it possible to determine the angle of the helical (helical) surface in the 

drying unit. A new device for drying grain with a screw conveyor 

(Fig.tins'.patent,2015/0736.1). 

The obtained mathematical model of grain movement on a helical (helical) 

surface with variable pitch in a drying plant reflects the dependence of grain 

humidity on the screw parameters. 

Based on the results of multi-factor planning of the experiment by 

computer simulation program Statistica 10, a mathematical model of the drying 

process is constructed, which is a regression function of the humidity 

dependence on the drying temperature, the thickness of the grain layer and the 

heating time in the drying chamber. At the same time,the optimal parameters of 

the grain drying process are: heating temperature τ=52 ° C, grain heating time 

t=26 min, layer thickness h=5 cm, specific energy consumption of the process is 

4.1 kWh/t. 

As a result of tests of a model established that the capacity of a single 

drying unit will be 40kg/h, the unit cost of heat for the evaporation process of 
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moisture is equal to 3.2-3.6 MJ/kg at a voltage of 220V, the load current 4.5 A, 

frequency Converter to 30 MHz. 

 Taking this into account, we have to talk about electromagnetic 

safety as a system of organizational and technical measures that ensure safety 

for the population from the negative effects of the electromagnetic field. It can 

be said that there are still certain problems related to the EMF of induction 

installations, and the situation in the field of electromagnetic safety is not always 

satisfactory. 

The experimental installation eliminates emissions of harmful substances 

into the atmosphere. 
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