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 Ladies and Gentlemen, UIE, the International Union 
for Electricity applications, celebrates this week its 
seventeenth quadrennial international congress. UIE has a 
history of more than half a century. This endurance of an 
international association on the topic of electricity 
applications in an ever changing world means that there has 
to be something promising, time and again, in the 
possibilities of electricity. The interaction of 
electromagnetic energy - of all frequencies - with materials 
- of all kinds -, is able to create added value in industrial 
production indeed. This has been clearly understood by 
UIE’s founding fathers, who organized the very first 
electroheat congress in the year 1936 as an endeavor to 
refuel the economy, so badly recovering after the Wall 
Street Stock Market Crash of 1929. The reconversion of a 
noble, intelligent, well organized energy, electricity, into 
the pure chaos of heat may seem a very bizarre idea from a 
thermodynamical point of view. The wide application of electricity in industrial processing, 
and especially in thermal processing, proves that electricity must be something more than just 
energy. The Electrotechnical University of Saint Petersburg played a major part in the 
discovery that a chaotic form of energy like heat, can be controlled by an electric parameter. 
The frequency of the electromagnetic energy wave controls the penetration depth of the 
heating effect indeed, and induction hardening has become nowadays a proven technology 
with worldwide applications. UIE is proud of being hosted for this congress by a genuine 
“electrotechnical” university that played and still plays a pioneering role in the smart 
application of electricity.  
 The congress program has a really multifarious composition. The objective of the 
promotion of electricity applications, which constitutes the core mission of UIE, will be 
perfectly met by the scientific contributions largely submitted by the different members of the 
Electrotechnical Academy of the Russian Federation. New and updated views on the issue of 
electricity and carbon savings by the use of Electromagnetic Processing techniques will be 
presented, summarizing the work achieved by the UIE “Electricity Applications” Working 
Group. The UIE “Education, Research, and Dissemination of Knowledge” Working Group 
organized another successful PhD course, preliminary to the congress. Where the defense of 
electricity is another component of the UIE mission, we are happy to have contributions from 
the UIE “Power Quality” Working Group on the topic of dip immunity of electrical 
equipment. A special session on safety of electricity installations will be organized by 
CONSUEL, member of UIE. 
 Ladies and gentlemen, UIE is very happy to have the opportunity to continue its long 
tradition on bringing people together for a fruitful exchange on electricity applications. When 
tsar Peter the Great founded Saint Petersburg in the beginning of the eighteenth century, his 
city was meant as a city of openness to other cultures. UIE humbly accepts the extended hand 
of the great tsar, and on its turn UIE is eager to learn from the Electrotechnical Academy of 
the Russian Federation and to become more acquainted with the vast Russian culture in its 
scientific as well as in its humane values. UIE can look back on a tradition of exchange and 
encounter. We never know, at least not in an exact, scientific way, what the future will bring. 
Let us continue to work together to put our insights in electricity and its applications to the 
benefit of mankind, enhancing the enjoyability of life for all people. If we don’t exactly know 
the future, we nevertheless can be confident that those that have a great past, will have a 
bright future. Therefore, as president of UIE, I am honored to open the seventeenth 
international UIE Congress, in Russia, in Saint Petersburg. 

R. Belmans, President UIE 



 
 
 
 
 
 
 
Dear ladies and gentlemen! 
On May, 21-25st, 2012 in St.-Petersburg (Russian 
Federation) the XVII Congress UIE (International Union 
for Electricity Applications) takes place. This major event 
for electrical engineers (particular by for 
electrotechnologists) takes part once in four years. For the 
first time for many decades the Congress will be in 
Russia. We consider it as recognition of achievement of 
Russian scientists and engineer who in the hardest 
conditions managed to keep and increase potential for 
development of our branch of industry.  
 During the Congress there will be a possibility to 
discuss the newest achievements of Russian and foreign 
experts, to plan ways of the further development of 
electrotechnologies. 
 Big help in Congress organization is provided by Academy of Electrotechnical 
sciences of the Russian Federation. Questions of formation and a high level professional are 
very important for science and industry. It isn’t strange that before ou congress the 
international school of young scientists «Actual problems of electromagnetic processing of 
materials» took place. 
 Close relations between universities of Europe and Russia in preparation of experts in 
electrotechnology takes place. 
 On behalf of organizing committee of the XVII Congress UIE I would like to express 
confidence in success of the Congress. I have no doubt that your visit to St.-Petersburg - one 
of the most beautiful cities of the world will be pleasant and useful, and we will make the best 
efforts, in order the Congress for a long time remained in your memory. 

 
Victor Demidovich 

Chairman UIE-2012 
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GRADUATE ELECTRICAL ENGINEERING EDUCATION IN RUSSIA 

P.A. Butyrin 

Academy of Electrotechnical Sciences of the Russian Federation 

   Training of  Electrical Engineers in Russia began with the opening in 1986 of three-year 
course at the St. Petersburg School of Post and Telegraph Office, renamed in 1891 in the 
Institute of Electrical Engineering. By the end of the XIX century higher Electrical 
Engineering education in Russia ahead of those in France - a country where it first appeared 
in Europe in 1880 and gave way to a German education (in quality and development of the 
education chain). It was promoted very decent level of pay for teaching work. The annual 
salary of the Rector (Grade 4 Table of Ranks) was 5000 rubles, professor - 3000 rubles, 
associate professor - 2000 rubles. For comparison, the Governor and major general in the 
army also had Grade 4 Table of Ranks, and an elementary school teacher salary does not 
exceed 365 rubles, an average income of  90 rubles. This ratio salaries of top officials to that 
of the rectors, professors and lecturers was maintained for over 100 years (except for certain 
periods of the state of  trouble), but ended with the beginning of restructuring. Currently, 
salaries of Rectors again increased, while the charge of the teaching corps unacceptably low, 
which led to his qualification, age, gender degradation. 
   By analyzing the evolution of higher education of electrical engineering in Russia, we select 
periods of transformation by linking them with the periods of state modernization ("Nicholas" 
and "Stalinist" boom, "Gorbachev" acceleration, restructuring and "Yeltsin" denationalization, 
"Medvedev" innovation development). 
   During the ascent of  Nicholas (1900-1913 years) expenditure on education rose from 1.8% 
to 4.3%, the number of school students increased by 2.5 times, students in 4 times (were 
prepared  the staff for the successful implementation of the plan state electrification of Russia 
- GOELRO Plan). Mainly in the humanitarian component of higher education has been the 
law of God (or theology), and Christian values. In the value orientations of high school 
student in the first place was the teaching profession. 
   During the period of Stalin's rise (1926-1932 years) education expenditures increased by 9.3 
times. (!) The number of school students only in 1930-1931 increased by 3 times and 2.2 
times the students, was opened several new schools - MEI, MAI, Moscow Institute of Steel, 
Leningrad Shipbuilding Institute, etc., which provided training for the subsequent 
implementation plan for the Unified Power System of the country - UPS USSR. The main 
component of the humanitarian education is a Marxist-Leninist doctrine with kvazi Christian 
values. In high school student of values in the first place there is the profession of engineer. 
   At the turn of the XIX-XX centuries reduced spending on education from 3.8% in 1994 to 
1.57% in 2012 of gross domestic product (GDP) despite the fact that in European countries, 
they account for 5-7% of GDP. Real wages, even professors (~ $ 600) is more than an order 
of magnitude less than the salaries of officials, managers of the educational process and is 
insufficient to support a family. The humanitarian component of the eclectic, values of high 
school student  far from the school teachers and engineering professions. In the Temple of 
technical education is thriving trade in educational services (two thousand years ago, such a 
conflict over the expulsion of selling and buying of the temple (see Matthew [21:12,13], John 
[2:14,15], Luke [19:45 , 46], Mark [11:15,17])). Began a sharp decline in electrical 
engineering education calls into question the realism of any implementation of the 
modernization of state plans and programs. 
   Current status of electrical engineering education in Russia due to a number of reasons - 
students receiving the results of bureaucratic testing (a single state examination); transition to 
a two-stage model of education: Bachelor - Master; rigid formalization of teaching activities 
and reporting on it (standards, testing, educational facilities); underfunding of academic work; 
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updating of computer and laboratory databases of best universities (federal and university 
research).

This creates a need to develop and promote the full information content of education - 
public education,  electronic education, etc. One of the priorities is the structuring of 
knowledge in the subjects, the creation of the corresponding data and knowledge bases. For 
example, knowledge of the theoretical foundations of electrical engineering - the basic 
discipline for electrical engineering education, life can be structured in the following areas: 
objectives, goals, language, mathematical tools, processes and phenomena, laws and 
equations, methods, objects, etc. Each of these blocks (ontology), in turn, can be ranked far 
enough. Since the block "language of theoretical electrical engineering" can be represented as 
blocks of letter, iconic, graphic symbols, terms and definitions of basic concepts, etc. The 
presence of such modern-organized database will allow teachers to quickly focus on the 
constantly changing demands on the organization of the educational process to prepare high 
quality educational publications, and provides an opportunity for students to teach themselves 
a subject in depth. Another priority - an introduction to the educational practices of 
information technology organization and maintenance of laboratory research, and technology 
training tasks to the computer processed, including familiarity with modern packages 
programmers at this treatment. Without addressing these and other challenges higher 
education in Russia Electrotechnical cease to be not only good, but generally adequate to the 
needs of Russia's development. 

REFERENCES
1. Butyrin P.A. The development of higher education in electrical engineering in Russia. 
Electricity, 2009,  8, p.6-11. 
2. Butyrin P.A. Power engineering and society:organic evolution. XII World 
Electrotecnical Congress: Collection of papes, 2011, p. 323-325. 
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ELECTRIC ARC FURNACES FOR FOUNDRY INDUSTRY 

M.G.Kuzmin, V.S.Cherednichenko  

JSC Sibelectrotherm 
51, Petukhova, str., Novosibirsk, 630088, Russia.

   It is known from the practice of foundry industry, from the end of the twentieth century to 
the beginning of the twenty-first century, that there is a great demand for dc and ac electric 
arc furnaces; their usage could be determined by the process requirements of the final product. 
The wide range of metals and alloys has specified the size spectrum of dc and ac electric 
furnaces designed and manufactured by JSC Sibelectrotherm. Tables 1 and 2 contain the 
specification of the electric furnaces comprising JSC Sibelectrotherm’s range of products 
supplied to foundry industry. The furnaces presented in Tables 1 and 2 are designated for 
carrying out the complete process cycle of producing the liquid melt with further casting into 
the moulds. 

Table 1 Parameters of dc electric arc furnaces   

Parameter  DPPT-
1.5

DPPT-
3.0

DPPT-
6.0

DPPT-
8

DPPT-
12

DPPT-
15

DPPT-
25

Rated capacity, ton 1.5 3.0 6.0 8.0 12.0 15.0 25.0
Rated supply power, kW 1200 2500 4000 6000 10000 12000 16000
Rated primary voltage, kV 6. 10 6. 10 6. 10 6. 10 6. 10 6. 10 10. 35
Number of roof electrodes 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2
Number of bottom 
electrodes 0, 1, 2 0, 1, 2 0, 2 0, 2 0, 2 0, 2 0, 3 

Diameter of roof electrode, 
mm 200 200 250 200.

300 300 400 400

Melting down duration, h 0.7 0.7 0.9 1.0 1.0 0.9 1.0

Table 2 Parameters of ac electric arc furnaces
Parameter DSP-0,5 DSP-1,5 DSP-3 DSP-6 DSP-12 DSP-25

Rated capacity, ton 0,5 1,5 3 6 12 25
Rated transformer power,
kVA 800 1600 2500 5000 8000,

12000 18000

Primary transformer
voltage, kV 6, 10 6, 10 6, 10 6, 10 6, 10 10, 35 

Secondary transformer
voltage, V 211 - 80 220 - 90 230 - 95 260 -

104
318 -
120

440 -
130

Electrode diameter, mm 200 200 250 300 350 400
On-load melting down 
duration, h 0.7 0.7 0.8 0.9 0.9 1.0 

   Recently, equipment complex was created for production of uninterruptedly-casted articles; 
the complex includes electric arc furnaces designated for making semi-product and ladle 
furnaces for further steel refining and finishing. These complexes are based on the electric arc 
furnaces of 12, 30 and 40 ton capacity and the corresponding 12, 30 and 40 ton ladle furnaces 
for refining steel in the ladles.  
   A dc electric arc furnace of 6 ton capacity is shown in fig.1 while fig.2 presents a view of an 
equipment complex including DSP-12 electric arc furnace and AKP-12 ladle furnace.  To 
increase dc furnaces manufacturing capability, the electric furnace of 6 ton capacity is 
equipped with a special electromagnetic device for additional liquid metal stirring. 
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Fig.1 DC electric arc furnace of 6 ton capacity 

a b
Fig.2 Equipment complex including DSP-12 electric arc furnace of 12 ton capacity (a)  and 

AKP-12 ladle furnace (b) 

   Innovative constructive approach and new efficient process solutions were developed for 
the equipment mentioned; the former provided for increasing the specific output, reducing 
power specific consumption and graphitized electrode consumption. The electric furnaces are 
complete with complex automated control systems and manufacturing equipment including 
ladles, charging and weighing systems and systems for transporting the charge, ladles and 
slag pots. If required, the electric furnaces are equipped with local high-efficient gas cleaning 
devices based on centrifugal bubbling units.  
   The peculiarity of steel making in foundry shops is that the metal is cast in small portions, 
the rhythm of casting being determined by the casting equipment type. Consequently, ladles 
with locking devices are used for casting in foundry shops. Special ladle furnaces are 
designed for such ladles; the metal is stirred by electromagnetic stators which enable to carry 
out the refining processes without gas stirring through porous plugs eliminating thus the 
necessity of using ladles equipped with slide gates. Nowadays, a tendency exists of discarding 
the conventional two-slag process in arc foundry furnaces and switching over to using the 
electric furnaces as melting units while the ladle furnaces serve as process installations. Such 
solutions enable to apply water cooling of the electric furnace side-walls, to reduce refractory 
consumption and to increase the equipment service life. The electric furnace roofs could be 
lined with bricks, provided with water-cooling or they may be combined. It is up to the 
Customer to choose the design while concluding a Contract for manufacturing the equipment.  

JSC Sibelectrotherm supplies the foundry industry with modern melting and process 
equipment. This enables solving the key engineering problems of making quality final 
products.  
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CURRENT STATE, PROBLEMS AND PROSPECTS OF HIGH-FREQUENCY 
ELECTROTECHNOLOGIES IN RUSSIA 

B.M. Nikitin, V.N. Ivanov, V.I. Chervinsky, V.B. Demidovich 
VNIITVCH

   65 years have passed from the moment when, on April 01, 1947, by Decree of Government 
of our country, the research institute for industrial application of high-frequency currents 
(NIITVCh), now called FGUP VNIITVCh, was established.  
   VNIITVCh has played an extremely important role in creation of both military and civil 
industry of the USSR. At present, it is impossible to imagine industrial production without 
high-frequency electrotechnologies – processes using impact of alternating magnetic fields on 
various materials and media. In realization of such processes, energy is released directly in 
materials being treated, without heat carriers. Energy density is higher by an order of 
magnitude than in other methods.  

Therefore, in all industries where high-frequency production processes have been 
implemented, better product quality, improved labour conditions, economy of material, labour 
and energy resources have been achieved. In a number of cases, high-frequency 
electrotechnologies have no alternative.  

Our country is rightly considered as the birth-place of industrial application of high-
frequency currents, and VNIITVCh has been the scientific centre of high-frequency 
technologies for more than 65 years.
   Before this significant date, V.P. Vologdin, the founder of the institute, and workers of his 
laboratory have carried out huge amount of work. 
   Beginning from 1916, V.P. Vologdin was engaged in development of machine frequency 
converters for powering navy radio stations, and studied specific features of high-frequency 
fields and opportunities of using them in creation of new technologies. 
   In 1935, V.P. Vologdin with D.N. Romanov as co-inventor applied for two patents:  
1. "Method for surface hardening of rails"  
2. "A device for hardening of crankshafts using high-frequency currents" 
The main line of work of V.P. Vologdin's laboratory became surface hardening. Therefore, 
the laboratory was transferred from Central Radio Laboratory to Leningrad Ulyanov (Lenin) 
Electric Engineering Institute (LETI).  
   Intensive practical work required theoretical support. A great contribution to development 
of induction heating theory and practice was made by Russians scientists: G.A. Razorenov, 
M.A. Spitsyn, A.A. Fogel, A.E. Slukhotsky, V.L. Sergiyevich, M.M. Verbitsky, D.I. 
Rudenko. Surface hardening with induction heating began displacing other hardening 
methods.

In pre-war years, high-frequency surface hardening was used on an industrial scale in 
automobile and tractor industries, in machine-tool building characterized by mass production. 
Prof. V.P. Vologdin's laboratory in LETI became virtually a scientific centre developing new 
ideas and providing concrete scientific, technical and organizational assistance to industry in 
implementation of high-frequency heating.
   LETI organized education of specialists in high-frequency electrothermics. The first cohort 
of engineers graduated in 1941.
   Then, when the Great Patriotic War broke out, V.P. Vologdin's laboratory was evacuated, 
together with Kirov tractor works, to Chelyabinsk, and was accommodated in buildings 
provided to the works.
   In late 1944, V.P. Vologdin's laboratory returned to Leningrad. Industry was changing over 
to peaceful production.

In 1946, a chair of high-frequency engineering was established in LETI; the chair was 
headed by Corresponding Member of Academy of Sciences of the USSR, Professor V.P. 
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Vologdin.  Finally, on April 1, 1947, Ministry of Automobile Industry, on the basis of Prof. 
V.P. Vologdin's laboratory, established Research Institute of industrial application of high-
frequency currents (NIITVCh).  
   From the moment of establishment of the Institute, it began purposeful research in effects of 
alternating electromagnetic fields on various materials and media – metals, semiconductors, 
dielectrics and ionized gases. As a result, new production processes were developed that 
defined the line of VNIITVCh's activities for many years. The Institute started working on 
creation of the theory of electrodynamic forces on materials being heated. Together with other 
organizations, it created special materials for high-frequency equipment, electrically 
insulating materials, heat-insulating conductors, magnetic conductors, etc. Production of 
power supply units for process plants was started.  
   By now, VNIITVCh, with assistance of the chair in SPbGETU, electrothermic equipment 
factories and factories producing special components and materials, has developed 
technologies and equipment for various processes. Among them: 

   Heat treatment of machine parts. 
   In Russia and CIS countries, more than 120 thousand hardening plants are in operation, 
more than 80% of all machine parts subject to hardening are quenched, tens thousand tons of 
rolled metal are heat-treated.  
   Among the latest achievements: 
 -  work package for railway transport having no counterparts in the world (heat treatment 
of rail head over entire length doubles service life; heat treatment of rail butts of continuously 
welded rails (in stationary position and on route);  heat treatment of rail ends; heat treatment 
of car wheel rims – increases service life 2-2 times);  
-  process and equipment for thermal hardening of heavily loaded machine parts (gears,  
racks, shafts, bearing rings, etc.) made of specially developed for this purpose steel of 
controlled hardenability;

An unparalleled machine for heat treatment of camshaft cams using a split contactless 
inductor was developed and implemented.

   High-frequency welding, brazing  and hard-facing of metals.
More than 260 units for high-frequency welding of tubes, cable sheaths, tube ribbing 

profiles are in operation in Russia, CIS and 10 other countries. 50% of all produced in Russia 
tubes by weight and 85% by length are manufactured on electric tube welding plants. 
   Now we can weld by the high-frequency method: 
- not only low-carbon steels (St.3,  St10,  St08 KP) but also 
- low-alloyed steels (17 G1 , 08G2SFB, 35G2;  22GYU) and 
- stainless steels (non-magnetic Cr18Ni10 and magnetic 1Cr13) 
- not only aluminium, copper and their alloys but also titanium. 
Thousands of plants for brazing and hard-facing in various areas of application are in 
operation in Russia and CIS.
   Among the latest achievements: 
-  hard-facing process was realized and facing material was created for recovery of heavily 
loaded parts of railway vehicles (increases service life 5-10 tines).  

   Induction heating of metals before pressure-forming.
More than 200 forgery shops, more than 40 powerful rolling mills, 60 die-forging product 

lines are operating  in Russia, CIS and 10 countries of the world. More than 60% of all billets 
before pressure-forming are heated by the induction method.  
   Among achievements, creation of the following should be mentioned: 
-  automatic machines including heaters and rolling mechanisms for production of bolts, 
nuts, screw nails for railways; 
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-  electric separator for processing of multi-component, non-ferrous, technogenic scrap 
and for separation: copper from lead, aluminium from copper and lead, aluminium, copper 
and lead from non-conducting materials of particle diameters above 2-3 mm; an output of up 
to 2 t/h;
-  process and equipment for powder parts sintering allowing replacement of two-stage 
process by one-stage process. 

   Dielectric heating of non-conductive materials.

More than 100 plants for drying of expensive ultra-pure powders including luminophors, 
more than 2000 plants for heating of tablets before pressing, more than 20 for drying and 
foaming of heat-insulating materials are in operation in Russia and CIS. 
   The achievements include : 
-  plants for destruction of hard rocks for taking ships afloat from sea  shoals; 
-  plants for disinfection and disposal of wastewater sediment; 
   Optimization of the process for compacting of radioactive waste to form ceramic blocks by 
MW heating is underway.

   High-frequency welding of polymer materials.
   More than 2000 plants are in operation in Russia and CIS. High-frequency welding is used 
in processing of 80% of all thermosetting plastics. Packages for consumer goods (food and 
non-food products) are welded, identification symbols and emblems for uniforms are made; 
battery tanks, fuel filters, design elements for car passenger compartments are produced for 
automobile industry.
   Among achievements, creation of the following should be mentioned: 
- plants for welding of disposable components of blood transfusion systems and blood 
pressure measurement systems (blood storage bags, components of heart-lung apparatus, etc.) 

   Purification and growth of valuable crystals.
More than 200 plants for purification and growth of single crystals of high-ohmic silicon 

and germanium by the crucibleless floating-zone method for semiconductor industry are in 
operation in Russia and CIS. Practically all high-ohmic silicon produced in Russia and CIS is 
made on VNIITVCh's plants. Entrance to the international market has shown that this silicon 
is comparable to the best specimens offered and is quite competitive.  
   The process and equipment were created for production of ultra-pure aluminium by zone 
melting in a quartz boat; this material is used for making substrates for semiconductor 
devices.
   By the method of melting in a water-cooled crucible, fused refractory oxides are produced 
that are used for manufactire of surgery tools, optical lenses, laser windows, high-temperature 
insulation, in jewelry industry. The water-cooled crucible melting is used for compacting 
(vitrifying) of radioactive waste before burial, for testing of stability of materials used in 
construction of nuclear power plants.  
   The process and equipment were created for production of thermoelectric crystals that can 
be used for manufacture of freon-free refrigerator and medical freezing chambers. These 
devices can be used in future power plants producing electricity from sea and ocean water due 
to temperature difference of water layers. 
   Two types of plants were created for distillation separation of rare-earth and valuable metals 
from natural rocks and technogenic scrap. 
   The process and equipment for production of critically important components  by high-rate 
directed crystallization were developed. 
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   Plasma technologies. 
Unique processes using high-frequency induction plasma were created and are used in 

industry for production of pigments (e.g. titanium dioxide), spattering of wear-resistant 
coatings on dies and cutting tools, production of spherical powder particles with specific 
properties for medicine and engineering, production of optical quartz glass blanks for 
manufacture of optical cable fibres.  
   Plants for surface fusion of concrete slabs were created. An experimental plant is operating 
in reinforced concrete works in Siberia. Such plants can be used for plasma painting on city 
buildings, metro, headstones at cemeteries.  

A world-unique plasma-membrane technology for processing of hydrogen sulphide 
containing natural gas is created. Instead of columns with sorbents for hydrogen sulphide 
separation from natural gas, a special membrane is used. Then hydrogen sulphide is 
decomposed to hydrogen (excellent fuel) and sulphur. Energy generated in hydrogen 
combustion is theoretically 6 12 times (and practically 3 6 times) greater than is required for 
hydrogen sulphide decomposition. The process was tried on 1000 kW, 440 kHz and 930 MHz 
plants.

   Ultrasonic processes. 
Using materials that change their volume under action of a magnetic or electric field, it is 

possible to convert high-frequency electric oscillation to mechanical vibrations and to use 
effects and phenomena that take place during propagation of ultrasonic mechanical vibrations.  
   Several devices were sold to Malaysia. 
   Powerful ultrasonic oscillations are used for welding, washing and cleaning of components, 
filters, dispersing, etc. 
   VNIITVCh carried out of very important works during the last years.  Among them: 

   Heat treatment of machine parts. 
   Processes were developed and plants were realized for hardening of: 

microshafts;
shafts;
gear shafts; 
bearing rings, 

a unique process and equipment were created for hardening of especially large-sized gears 
(pitch m=80 mm) for offshore drilling platforms. 
   Using the operating principles of the contactless split inductor for camshaft cams hardening, 
an inductor for hardening of journal and pins of the cranchaft of Ford car was created (an 
order for development was placed by Inductotherm company, USA).  

   High-frequency welding, brazing and hard-facing of metals.
   The process of high-frequency welding of tubes made of stainless non-magnetic Cr18Ni10 
and magnetic 1Cr13 steels was developed and optimized. 

A high-frequency welding monitoring and control system was developed and is being 
implemented.

   Dielectric heating of non-conductive materials.
A plant (11 kW, 27.12 MHz) for dielectric heating and adhesion of cellular packets for 

production of composite cellular packets was created and put into operation. The plant is 
being optimized on the basis of pilot operation at ONPO TECHNOLOGIA.  
   A system for drying and disinfection of valuable books and documents wetted during an 
accident (10 kW, 27 MHz) was created. 
   A plant (25 kW, 915 MHz) for liquid radioactive waste processing and compacting was 
created and put into operation.  Two 50 kW, 915 MHz plants are being developed.  
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   High-frequency welding of polymer materials.
   During recent years, VNIITVCh developed and realized plants for HF welding of: 

packets for security of especially valuable, important or secret documents during 
carriage (10 kW, 27 MHz, weld area 30 cm2)

elements of booms used for confinement of oil spills on water;  
envelopes of airships, mobile hospitals and other rooms for rescue service, etc. 

   Purification and growth of valuable crystals. 
   This line, the most labour-intensive for the Institute, lost practically all its orders after 1993, 
but the division managed to create, at minimum costs, a number of melting plants for 50 to 
250 kg of steel, cast iron, copper, aluminium, and a number of transistor power supply units 
of powers from 50 to 250 kW and frequencies of 2.5;  4.0; 8.0 and 10.0 kHz. This allowed 
VNIITVCh to manufacture more than 50 melting furnaces. 
   During recent years, VNIITVCh revised design documentation and manufactured a number 
of plants for: 

compacting of sapphire crystals for LED production (the demand rose sharply in 2007); 
metal melting in vacuum; 
vacuum evaporation of impurities for purification of valuable materials; 
production of easily dissociating materials; 
production of small silicon single crystals for evaluation of polycrystalline silicon 

quality.

   Plasma technologies
   During recent years, plants for modification and increase in adhesion of polymer films were 
created. One of them is operated at ONPO Technologia for manufacture of cellular packets. 
   Plasma plants for spheroidizing of various materials were developed and put into operation. 
Fulleren production processes were tried out.  
A set of plants for plasma heating TOKAMAK KTM  was developed and put into operation 
in Kurchatov (Kazakhstan) (4 plants, 2000 kW, 13 MHz each). 

   Ultrasonic processes 
   In 2006-2007, two types of unique modular-types units were created for cleaning aircraft 
filters produced by the powder metallurgy method. More than 50 such units are in operation 
in air force units.

A unique plant was created for extraction of useful substances from plants, including 
production of "Zosterin" food additive from eelgrass seaweed. Medical studies showed that 
Zosterin-ultra, if used regularly, binds and excretes from human organism heavy metals 
including radioactive metals.

   Also, a number of plants was created for: 
ultrasonic cleaning before assembly 
US welding 
Dispersing, etc. 

   Thus, despite difficult conditions of the last 20 years, VNIITVCh carried out many new, 
pioneer works under orders of science and industry. Surely, the institute used the backlog 
created during previous years. 
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TEMPUS PROJECT 511086 P4ER 
PHD EDUCATION IN ENERGY EFFICIENT ELECTROTECHNOLOGIES AT 

RUSSIAN UNIVERSITIES 

Bernard Nacke, Sebastian Wipprecht 

Institute of Electrotechnology, Leibniz Universität Hannover 
Wilhelm-Busch-Str. 4, D-30167 Hannover, Germany 

ABSTRACT. The Russian Federation (RF) has signed the Bologna declaration. Within the 
next years all Russian universities have to reform the PhD curricula according to the Bologna 
process. Several Russian universities offer a PhD education in Electrotechnology, main 
centres are ETU, NSTU, SibFU and SamSTU. However, actually specific courses in 
Electrotechnology are still not available for PhD students at RF universities. 

The aim of the project is to develop a new PhD curricula with new courses in all different 
fields of Electrotechnology especially for PhD students with the support of EU universities, 
which have already experience and knowledge in such courses. 

Additionally the actual existing laboratories of the RF universities will be updated 
especially taken into account the future PhD education. 

MOTIVATIONS AND CONTENTS OF THE PROJECT 
As it is well known, the use of electricity is the basis of modern industrial development of 

a country and plays an even increasing role in people welfare. But providing electric energy to 
the industry, with a high level of reliability and quality, is a costly operation. Due to the 
amount of energy required for electrotechnologies and the costs involved, even small 
increases in efficiency and small percental economic savings in the application of 
electrotechnologies represent large amount of saved costs. These economic savings can be 
accomplished by the rational use of modern electrotechnologies both at planning and 
operational level.  

Only through a quantified, well balanced analysis of electrotechnological processes and a 
constant awareness of the economical factors that they involve, the industry can stay 
competitive. Around 30% of overall electrical energy in the world is consumed by 
electrotechnological installations which realize different processes, for example, melting and 
heating of different metals, steel and non-ferrous metals, hardening and welding of metals, 
melting and heating of non-metallic materials. This large amount of energy has to be 
controlled and as much as possible reduced by high competitive specialists in this field. 
Russia in comparison to other countries is using a high amount of electrical energy in 
opposite to fuel energy for industrial heating. Moreover, a lot of installations in Russia are 
typically old and not energy efficient. Therefore there is a high potential for energy savings in 
Russia in the heat processing industry. 

Only the improvement of proper education and especially of the education of PhD students 
can solve this problem in Russia. By an excellent education in electrotechnologies taking into 
account their advantage to use energy very effectively, in many fields more effective than 
fuel-heated processes, high level specialists can be educated for working in industry or 
universities. 
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Today, the existing PhD study programs take 3 years. For Electrotechnology the programs 
are divided in two parts, an educational part which is realized usually during the first year and 
a scientific part which is realized during all three years. Within the educational part, the PhD 
students have 72 hours lectures in foreign languages, 144 hours in history and philosophy of 
science and about 144 hours in others expert subjects. Within the scientific part, the PhD 
students are doing only research and experiments, preparing their PhD thesis and pass PhD 
final exams.  

However there are no special obligatory courses for “Electrotechnology” for PhD students 
today, neither in the four partner universities nor in other Russian universities which educate 
PhD students in the field of Electrotechnology. 

The actual PhD education in Russia does not correspond to the objectives of the Bologna 
agreement which defines PhD studies as the 3rd cycle of education, including necessary 
special courses of Electrotechnology particularly for PhD students. The quality of the existing 
courses does not correspond to the increasing requirements for personnel qualifications in 
industry. 

Therefore, the applied project using the support of EU universities has the aim to develop 
and to implement proper PhD modular curricula in the field of Electrotechnology in RF. The 
main objectives of the project are: 

Development of a new PhD modular curricula 
Development of teaching materials for the courses of curricula in English and Russian 
Implementation of the new teaching plan for PhD student education 
Updating of laboratories in RF partner universities with modern equipment 
Training of young teachers for the courses of curricula in RF 
Mobilities of RF PhD students and young teachers to EU partner universities 

The project started after an excellent evaluation by the Tempus office on October 15, 2010, 
the planned duration is 3 years, therefore the closing date of the project will be October 14, 
2013. During the 3 years duration the project covers the typical 6 semesters of a PhD 
education, only that the internal project semesters are starting on October 15 and on April 15, 
while the university semesters starting on September 1 and February 1. Due to the 
organization of intensive courses with limited duration this fact had no major influence on the 
overall project organization. 

The overall budget is around 1,08 MioEUR including 400 kEUR for personal costs, 300 
kEUR for traveling and mobilities costs, 280 kEUR for new equipment at RF universities and 
20 kEUR for printing teaching materials. The grant of the European commission is 970 
kEUR, 110 kEUR (10%) of the overall budget have to be co-financed by the project partners. 

MEMBERS OF THE PROJECT 
The project consortium consists of 8 partner universities, 4 universities from West Europe 

(EU), 4 universities from Russian Federation (RF). In detail the partners are the following: 

EU Partners
Leibniz Universität Hannover (LUH, Germany, project coordinator) 
University of Padova (UniPD, Italy) 
University of Latvia (UL, Latvia) 
Silesian University of Technology (SUT, Poland) 

RF Partners
St. Petersburg State Electrotechnical University „LETI“ (ETU) 
Samara State Technical University (SamSTU) 
Novosibirsk State Technical University (NSTU) 
Siberian Federal University (SibFU) 
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LUH and UniPD as well as from Russian side ETU, SamSTU and NSTU have worked 
already together in previous Tempus projects. Due to the long cooperation between SUT and 
LUH and UniPD as well as between UL with LUH the new partners SUT and UL were 
selected to take part in the consortium. On Russian side SibFU was selected as a new partner 
in the Tempus project, because SibFU was a longterm cooperation partner of LUH and is well 
known by the Russian partners. 

SCIENTIFIC MANAGEMENT AND ACADEMIC COORDINATION OF THE 
PROJECT

The Tempus project is coordinated by the Project Coordinator who organizes coordination 
meetings each half year. The work of the Project Coordinator and the Tempus team is 
controlled and approved by the Steering Committee which consists of the project coordinator 
as the Head and one representative from each other partner university. The management 
organisation of the project is shown by the organisation chart (see Figure 1). 

Meetings of the Steering Committee are organized twice a year close to the time of the 
coordination meetings. In these meetings all important problems and proposals are discussed 
and approved. 

Coordination meetings with participation from teachers and staff members of all partner 
universities are mainly organized during the intensive courses. 

Figure 1. The organisation chart of the project organization 
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PLANED ACTIVITIES WITHIN THE PROJECT 
   The planned activities of the Tempus project are in details:  

 Development of the new modular PhD curricula. The detailed PhD curricula are  
proposed by the RF universities and developed with the support of EU universities.  

 Development of retraining plans of young teachers of each RF universities for each 
project year.  

 Development of teaching materials (lectures and books) in English for the following 
courses:  
Basic I (Fundamentals, principles and applications of Electrotechnology) 
Basic II (Power supplies, simulation, design and optimal control of processes) 
Specific  I (Induction heating) 
Specific II (Arc Furnace heating and melting) 
Specific III (Control systems in Electrotechnology) and 
Specific IV (Magnetohydrodynamics in Electrotechnology). 
   The books Basic I and II are planned to have 250 pages each, the books Specific I, II, III 
and IV 125 pages each. 
   The teaching materials are prepared and mainly written by the teachers from EU universities 
with support from Russian teaching experts for the specific teaching materials 

 Translation of teaching materials and books in Russian language by the RF partners. 
 Printing of books in Russian and English language at ETU. 
 The implementation of the new teaching plan for the PhD student education is realized by 

6 intensive courses at RF universities:  
2 two-weeks basic courses (Basic I and II) in 2nd and 3rd semester with 54 lecture hours each 
and 4 one-week specific courses (Specific I, II, III and IV) in 4th, 5th  and 6th semester with 27 
lecture hours each. 
   The next group of students will be taught by young RF teachers trained during the intensive 
course of the project. These courses and also courses after the project will be given in usual 
weekly lectures using the developed teaching materials. Therefore the intensive courses are 
not only for all PhD students involved in the project but also for training of young RF 
teachers (see below). 
   Beside the PhD students of the host university of the basic intensive courses around 10 PhD 
students of another RF university has participated at the basic intensive course, so 10 PhD 
students from SamSTU took part at the Basic course I at ETU and 10 PhD student from 
SibFU took part at the Basic course II at NSTU (see below). 

 Participation of RF PhD students at intensive courses from host universities,  additional 
participation of around 10 PhD students from SamSTU at intensive course Basic I and around 
10 PhD students from SibFU at intensive course Basic II 

 Training of 2 young teachers from each RF university at each intensive course 
 Training of 24 young RF teachers in EU universities. The training of young RF teachers 

is organized not only at intensive courses. Each EU university is training  2 young RF 
teachers every year during 1 month. Young teachers are attending courses for PhD students at 
EU universities and are trained by practical laboratory exercises. The retraining plan (see 
above) is developed for each project year in advance. 

 Mobility of 48 RF PhD students to EU partner universities. The improvement of 
education quality requires the participation of PhD students also in EU. Each semester 2 
excellent PhD students from each RF partner university will study abroad during 1 month in 
the different EU universities as well as in EU industrial companies. During the stay PhD 
students are trained in research and project management and work together with EU PhD 
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students. They are learning to carry out research and development projects and to organize 
work in research laboratories. 

 Purchase and implementation of equipment and software for the RF partner universities 
(from 2nd to 4th semester). The updating of laboratories of the RF partners is supported by the 
EU universities. The actual demand of the RF universities was proposed by the RF 
universities. Professors and staff members of the EU universities have working out concepts 
for the final update of RF partner labs and have supported RF partners before ordering 
equipment. After installation of equipment EU staff are supporting the RF partners with the 
implementation of the equipment. 

 Quality control (Steering Committee meetings, reports, audit, evaluated lists of PhD 
students, report of external expert). Quality insurance processes are organized by the 
involvement of leading experts from RF and EU partners in the development of new PhD 
curricula, of PhD courses and lecture materials, by expert reviews of the curricula and 
teaching materials, by cooperation with industry on the curricula development and by the 
evaluation of the new courses by the PhD students. 

 Dissemination activities: (homepage, articles, symposium, television, radio, advertising 
materials, teaching aids list of universities and enterprises, advertising materials and 
distributable list, advertisings in the media). The dissemination will be realized mainly 
directly, by mailing (not only under partners but also to other universities in RF and to 
companies in RF), by internet and website information and during different events (e.g. 
conferences, workshops) and meetings.  
   A symposium will be held at the end of the project in September 2013 at SamSTU where all 
project partners will be involved and other RF universities and enterprises are invited. On the 
symposium the implementation in the 4 RF partner universities and the overall results of the 
Tempus project will be presented. An outlook about the continuance of the achievement of 
the project will be given. 

 Sustainability activities: Statement on introduction of curricula in RF.  
   The new teaching materials in English and Russian will be distributed not only among 
participants of the intensive courses but also among RF universities which have studies in the 
field of Electrotechnology. Moreover for the project s publicity teaching materials will be 
mailed to big RF enterprises. 

 Management activities (Organization chart, 6 meetings of Steering Committee, kick-off 
meeting, 4 coordination meetings, final meeting, administration) 
RESULTS AND PROGRESS TO DATE  
   The project has reached now the midterm status, the activities done in the first 3 semesters 
of the project are in time. No major obstacles or shortcomings have been recorded. A positive 
intermediate field monitoring points out the high quality of the actual project status. The 
Russian partners, the young teachers and the PhD students have expressed positive remarks 
both on the teaching material preparation and the level of the courses. The actual status of 
theproject is as follows:  

 Development of new PhD modular curricula 
 Development of retraining plan of young teachers of each RF universities for 1st and 2nd 

project year 
 Development of teaching materials in English: for basic courses Basic I and II, materials 

for Specific I and II are in work 
 Translation of teaching materials and book Basic I in Russian language is nearly finished 

(writing books and translation of books took much more time than expected) 
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 Two-weeks intensive courses at RF universities: 2 basic courses have been realized 
(Basic I in 2nd semester at ETU in May 2011, Basic II in 3rd semester at NSTU in September 
2011) 
   The first one-week intensive is just running in the 4th semester at ETU in May 2012  

 Participation of RF PhD students at basic intensive courses from host universities and 
additional participation of 9 PhD students from SamSTU at intensive course Basic I and 10 
PhD students from SibFU at intensive course Basic II 

 Training of 2 young teachers from each RF university at intensive courses Basic I and 
Basic II 

 Training of 11 young RF teachers in EU universities 
 Mobility of 22 RF PhD students to EU partner universities 
 Purchase and implementation of equipment and software: for ETU first part done, second 

part ordered, for NSTU done, for SamSTU first part done, second part ordered, for SibFU 
first part on delivery  

 Quality control (intermediate report, evaluated lists of PhD students from courses  
 Basic I and Basic II, intermediate report of external expert, minutes of Steering 

Committee meetings) 
 Dissemination activities: (homepage in Russian language 

(http://ciu.nstu.ru/kaf/aetu/tempus), articles in newspapers, TV interview on TV MIR)  
 

 
Figure 2. The Tempus team at the intensive course Basic II at NSTU with teachers, young 
teachers and PhD students 
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Session B 

Melting of metals 





ENERGY FLOW CONTROL IN ELECTRIC ARC FURNACES, SUBMERGED ARC 
FURNACES AND ELECTROSLAG REMELTING FURNACES USING 

RECTIFICATION AND FREQUENCY CONTROL OF OPERATING CURRENT - AS 
ENERGY- AND RESOURCE-SAVING DIRECTION OF ELECTROMETALLURGY 

REALIZED BY RUSSIAN COMPANY “COMTERM” 

S.Nekhamin(1)

(1)Company “COMTERM” – 18, build. 1, Sokolinoy Gory 5-ja Str., Moscow, 105275, Russia, 
comterm@comterm.ru 

   Indicators of technological processes in electric furnaces are determined by the nature of the 
energy distribution in their workspace. Both in the processes of design and operation of 
electric arc furnaces, submerged arc furnaces (SAF)and electroslag remelting furnaces (ESR 
furnaces) it is necessary to provide for each process the optimal distribution of energy, as well 
as to provide an effective mechanism of energy redistribution in the changing external and 
internal (concerning the electric furnace) conditions during melting. 
   It is important to notice that it is not the issue of entering required power into the unit. It is 
also necessary to ensure the effective assimilation of the required power with maximum 
benefit to the technological process. 
   The use of the latest developments in the field of converter equipment for intended effect on 
the power distribution in the internal volume of the furnace allows to improve the 
effectiveness of existing and create new (not implemented previously) technological 
processes due to the newly discovered mechanisms for energy flow control in the inner space 
of the furnaces. 
   The use of semi-conductor power supply units has its own characteristics for each type of 
electric furnace. 
   In DC steel melting electric arc furnaces (DC EAF), working with the open burning arc, the 
positive effects are based on the following fundamental factors: 
- difference between DC arc and AC arc; 
- the flow of direct current through the entire depth of the liquid metal bath, in contrast 
to the local surface-circuit alternating current between the electrodes; 
- quick stabilization of the current by semi-conductor power supply unit. 
   Let’s pay attention to two essentially new aspects of DC EAF usage. 
   The first aspect relates to implementation of new technological processes not previously 
implemented in AC electric arc furnaces (AC EAF). Examples include the melting of 
aluminum, ferrovanadium, ferrochrome and ferromanganese screenings in DC EAF capacity 
from 0.3 to 12 tons. Low waste of leading elements (at 1%) and high capacity provide high 
economic efficiency of the mentioned remelting processes. And operational convenience of 
DC EAF allows to integrate them easily into a variety of product lines. 
   The second aspect to pay attention to is launching into market of DC EAF with rectifiers, 
based on IGBT-transistors. More than two years of operation, such a furnace with a capacity 
of 2 tons (DC EAF DP-2) at "VKM-Steel" Plant (Saransk, Russia) have shown high reliability 
and efficiency of this solution. Retaining all the known advantages of DC EAFs (low waste of 
electrodes and the charge, the magnetohydrodynamic mixing of the liquid-metal bath, eco-
friendly process), this solution makes it possible to fully automate the process of control of 
value and distribution of power in the working space of the furnace. This eliminates the need 
for steel-maker intervention into electric control mode, and allows to supply DC EAFs (up to 
6 tons) at the price of AC electric arc furnaces. 

In contrast to the above mentioned remelting processes, arc in submerged arc furnaces 
(SAF) burns in a closed space under a layer of charge, and the energy is partially released in 
the form of Joule heat in the active resistance of the charge, shunting the arc. As a 
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characteristic feature of SAF, raw material conduction currents to some extent hinder the 
melting process and lower the technical and economic indicators. The application of direct 
current flowing from the electrodes to the conductive hearth provides the required 
redistribution of power due to exclusion of currents, which in three-phase furnaces closed on 
the charge between the electrodes. Concentration of power control in the area of working ends 
of the electrodes is used by switching the polarity of the electrodes. Ten-year operating 
experience of a two-electrode furnace with capacity of 6.4 MW at "ZALK" Plant 
(Zaporozhye, Ukraine) for producing of technical silicon has shown the effectiveness of this 
method of regulation of energy (entered into a bath of SAF) which provides savings of charge 
materials and the electrodes and improving the quality of electricity consumed. The economic 
feasibility of direct current usage increases with increasing the unit capacity of SAF. 
   In multi-slag SAF there is no electric arc and the energy is released in a bath of molten slag 
in the form of Joule heat. Here, the useful effect of direct current is achieved by more uniform 
distribution of power than in three—phase AC arc furnaces, as well as operating 
magnetohydrodynamic mixing of the liquid metal bath. In addition, the electrochemical 
effects which manifests itself at the interface between the electrodes and the liquid slag help 
to remove harmful contaminants and more vigorous mixing of the slag bath. 
   The usage of low frequency (1-10 Hz) provides the special interest in electroslag remelting 
furnaces (ESR furnaces), intended for refining remelting of consumable electrodes into ingots 
with a uniform structure of the metal. Frequency regulation ensures redistribution of power 
between the consumable electrode and the slag bath, effectively influences the shape of the 
crystallization front of the formed ingot, and ultimately improves the quality of melted billets 
and creates the possibility of melting larger ingots. The imposition of a constant component to 
the low rate current further increases the flexibility of operating the energy flow, which is 
convenient to use in start mode and transient mode of remelting.  When the quality of the 
ingot is specified the rate of melting increases and specific power consumption is reduced. 
   The experience of the creation of electroslag remelting furnace, designed for smelt ingots 
weighing up to 120 tons, built at "ORMETO-YUMZ" Plant (Orsk, Russia), confirmed the 
feasibility and effectiveness of control power distribution in ESR furnace bath when smelting 
in solid and hollow ingots for power engineering.
   All the above mentioned electro-metallurgical furnaces have in common the inaccessible to 
external influence reaction zone which is directed from an external source under intended 
effect by the energy flow itself. Moreover, the control mechanism of energy flow is enclosed 
in the flow itself without entering into the working space of the furnace of foreign elements. 
Electric furnace power supplier receives from the control computer the information about the 
required impact on the technological process, converts it into the frequency and form of the 
furnace operating current, and directs modulated energy flow into the working space of the 
furnace. In the reaction zone of the furnace the informational component of the energy flow 
ensures the given redistribution of power, which allows without no visible interference to 
increase the effectiveness of the output and reduce electric power consumption. 

||||||||||

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

32 |||||||



NEW METHODS AND DEVICES FOR THE ELECTROMAGNETIC LEVITATION 
MELTING OF METALS 

The report presents the preliminary results of a German research project referring to the 
induction levitation melting of metals. The main object of the researches consists in the 
development of new methods for the drip- and leakage-free levitation melting of loads with 
larger weights. The applicability of the proposed methods was experimentally investigated 
and verified by laboratory tests using new devices as well as by MFD calculations. 
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ELECTROTECHNOLOGY AND EQUIPMENT FOR CONTINUOUS INGOT 
CASTING IN ELECTROMAGNETIC CRYSTALLIZER 

M.V. Pervukhin, V. . Timofeyev, M.Y. Khatsayuk, N.V. Sergeev  
Siberian Federal University 

26, Academician Kirensky street, Krasnoyarsk, Russia, 660074 

   Application of electrotechnologies at all stages of obtaining cast aluminum semi-finished 
products allows improving either the efficiency of the process equipment or the quality of 
molded products. 
   It is well known that the quality of aluminum ingots is largely determined by the conditions 
of their crystallization. First of all it refers to high-aluminum alloys, unique properties of 
which (high strength, corrosion resistance, electrical conductivity, heat resistance, etc.) are 
caused by the presence of refractory elements (manganese, chromium, titanium, iron, nickel, 
etc.), rare earth metals, etc. [1, 2]. However, all these components have low solubility in solid 
aluminum. Moreover, the presence of these additives in the alloys in amounts exceeding the 
solubility limit provides primary crystals of intermetallic compounds, which are located in the 
ingot in the form of rough, irregularly distributed inclusions which degrade the mechanical 
properties of cast semi-finished products. Therefore, the production of semi-finished products 
of these alloys requires special conditions for their crystallization. 
   As it is shown by the long-term studies, forced circulation of metal in the liquid phase of the 
crystallizing ingot and ingot formation at high cooling rates allow receiving the castings 
meeting the most stringent requirements imposed on physical and mechanical properties. 
   The mixing of the melt during the crystallization process increases the quality of cast billets 
due to melting and destruction of a moving stream of metal solidification front, as well as the 
expansion of super cooling of the liquid metal in the volume of the hole. The high cooling rate 
promotes the dispersion of the microstructure of the ingot, the expansion of concentration 
areas of solid solutions, crystallization in accordance with the meta-stable diagrams phase. 
   All currently existing crystallization technologies of high cooling rates are reduced to the 
dispersion of the melt, its cooling in water or gas and getting alloy pellets ranging in size from 
0.05 to 5 mm [1]. Their common disadvantages are: low productivity, low yield, instability of 

the physical and mechanical properties during 
further plastic processing of the alloy, etc. So 
now the actual task is the efficiency 
improvement of the process of obtaining 
high-aluminum alloys. 
   A promising solution of the problem is the 
technology of continuous ingots casting of 
small cross-section in the electromagnetic 
field, which is based on the way to the 
electromagnetic casting mold [3]. 

Sketch of the "inductor-ingot" 
electromagnetic mold is shown in Figure 1. 
The liquid metal 1by means of foundry 
equipment 2 is fed into the inductor 3. Under 
the influence of the electromagnetic field 
generated by an inductor in a liquid metal are 
induced eddy currents whose interaction with 
the electromagnetic field leads to volumed 
electrodynamic forces. These forces keep the 
liquid metal from spreading and produce 
magnetohydrodynamic flow. Under the 

Figure 1. Sketch of the "inductor-ingot" 
electromagnetic mold 
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influence of the cooling water coming from the cooler 4, the molten metal solidifies and is 
continuously pulled from the mold in a continuous billet 5. 
   Technology of casting in the electromagnetic mold is quite complex and its application is 
justified by the unique properties of the complex, which gets continuous casting ingot as a 
result of its application. The technology allows providing complex effect on crystallizing 
ingot of such factors as high speed cooling and magnetohydrodynamic mixing during the 
liquid phase. 
   The high rate of cooling is achieved by two factors. First, the bar has a small cross section 
(diameter 5 - 15 mm), which size is determined by the mark of the alloy, the required physical 
and mechanical properties of the ingot and the way its further plastic deformation.   Second, 
the cooling conditions in which the cooling water is supplied directly to the crystallizing melt, 
bypassing the intermediate devices, allow an intensive removal of heat from the ingot. 

Thus, the continuously crystallizing melt is under conditions close to those which are 
created by using grain technology. In addition to it the crystallization process is lapped over 
by the metal magnetohydrodynamic liquid flow in a liquid phase of the ingot influencing the 
crystallization front, the formation of the microstructure, physical and mechanical properties 
of the ingot. 

Investigation of the effectiveness of the proposed technology was carried out on high 
aluminum alloy 01417M, which includes: Al-base; La-3,0%; Ce-5,3%; Pr-0,015%; Fe-0,24%; 
Si-0,06%. Industrial alloys, based on Al-P3M, in particular the alloy 01417M, thanks to a 
combination of high electrical conductivity, strength and low specific weight, they have great 
potential as current-carrying elements in the aircraft industry. The structural features of these 
alloys are associated with the formation of inhomogeneous coarse eutectic components; it is a 
serious obstacle to the development of industrial technology for wire conductor with the 
diameter appointment 0,07 – 0,1 mm. The main task in obtaining ingots of alloys 01417M 
which are later used in for the manufacture of wires is the dispersion of the eutectic 
component and providing uniformity of its distribution over the cross section and length of 
the cast billets. 
   The processes occurring during the formation of an ingot in the electromagnetic field are 
determined by the energy flux density on the surface of the ingot, which provides retention 
and mixing of the liquid phase of the ingot due to electrodynamic forces and heating of the 
ingot due to internal heat sources. The pattern of physical processes in the liquid phase of the 
ingot was studied by the methods of mathematical modeling [4]. 
   Average value for the period of energy flux through the surface per unit of ingot volume is 

determined by the Poynting’s complex 
vector:  

*

2
1 HE . (1)

   The interaction of the magnetic field and 
eddy currents in the liquid phase of the ingot 
leads to appearance of electrodynamic forces 
holding the liquid metal from spreading and 
creating it magnetohydrodynamic flow. 
Average electrodynamic force for the period 
of specific unit per volume of the ingot is 
determined by the expression: 

zr fff Re
2
1

0

(2) 
   The electromagnetic pressure generated by 
the radial component of the electrodynamic 

Figure 2. Dependence of ingot diameter from 
inductor current at different heights of liquid 

ingot phase
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force rf , is determined from the expression: 
r

r drp
0

f (3) 

   Sustainable formation of an ingot of a given size in an electromagnetic field is possible with 
the condition: 

rpp (4) 

where p  - the hydrostatic pressure of a column of liquid phase, the surface tension; r - 
radius of the ingot. 

Two curves were obtained as a result of the equation (4) solution, establishing the 
relationship of the ingot diameter and current in the inductor at different height of the column 
of the ingot liquid phase (Fig. 2). 

   The cooling rate, which can be obtained by under consideration casting method for the bars 
with  a  diameter  of  5  mm  is  1000  K/s.  This  value  of  the  rate  of  cooling  corresponds  to  the  
lower range of velocities obtained by rapid solidification. With the increase in ingot diameter, 
cooling rate decreases in accordance with the schedule (Fig.3a). 
   The nature of thermal fields distribution in the liquid phase is determined by the intensity of 
the ingot metal magnetohydrodynamic circulation and the rate of extraction of the ingot mold. 
The main task in choosing the parameters of casting is to provide a flat shape of the 
crystallization front, when the metal is crystallized in the same thermal conditions throughout 
the ingot and the circulation of the metal has the greatest effect on the crystallization front. 
The dependence is calculated, which allows to pick up for different diameters of the ingot 
such speed drawing, in which the crystallization front is flat (Fig. 3 b). 
   An important characteristic of the flow of metal is its average linear velocity v   near the 
crystallization front. Calculations showed that the deepening of the wells with increasing 
liquid rate of withdrawal of the ingot reduces the rate of flow of the metal near the 
crystallization front (Fig. 4), while decreasing the surface area, which is affected by the 
moving metal. With the deepening of the liquid hole in the central regions of the ingot, 
crystallization occurs at the surface region of the "shadowing", where the velocity of metal 
circulation drops sharply. 

a) b) 
Figure 3. Dependence of the ingot cooling rate (a) and the rate of the ingot withdrawal 

(b) on its diameter
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For the pilot study of used technology 
experimental-industrial plant was established 
(Fig. 5), consisting of a casting machine 1, 
induction crucible furnace 2 for the 
preparation and holding of the melt, the 
mold 3, the power source and the matching 
circuit 4. Power for the mold is taken from 
the high frequency transistor oscillator 
voltage output which varies in the range 20 - 
60 kHz. 
   The most important factor determining the 
quality of the ingot is its rate of cooling. 
Figure 6 shows that with increasing cooling 
rate from 300 to 900 K/s, there is a natural 
refinement of aluminum as the primary 
crystals and eutectic component, and their 
distribution becomes more uniform, which 
has a positive effect on physical and 
mechanical properties of the ingot. 
   Crystal size and uniformity of aluminum 
distribution over the cross section of eutectic 
ingots at different cooling rates were 
estimated using the software AxioVision 
Rel.4.8. The measurements were performed 
on images of microstructures obtained with 
increasing × 3000 times, at several points 
along the diameter of the section of the 
samples. The average size of the eutectic 
component of the cast sample with diameter 
of 15 mm in the longitudinal section was 
13.2 µm, 2.5 µm in the transverse (Fig. 7 a). 
Reduction of the specimen diameter to 10 
mm leads to a refinement of the eutectic 
component in the longitudinal direction and 
12 µm in the transverse to 2 µm (Fig. 7 b). 
With a diameter of a sample 5 mm decreases 
the size of the eutectic component in the 
longitudinal direction up to 7 µm in the 
transverse and 1.5 µm (Fig. 7 b). Thus, with 

Figure 4. Rate of metal circulation near the 
crystallization front, depending on the rate of 

ingot withdrawal

a) b) 
Figure 6. Microstructure of samples obtained by crystallization in an electromagnetic 

field at cooling rates: a – 300, b - 900 K/s

1

2

3

4

Figure 5. xperimental-industrial plant
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decreasing diameter of the cast billet more homogeneous and fine structure is observed than 
that of cast billets with a large diameter. 

a) b) c)
Figure 7. Distribution of the size of eutectic component castings: a - Ø15 mm, b - Ø10 mm, c - 
Ø5 mm. N - total number of measurements, n - number of values of the structural component 

in a certain range of sizes

   Effect of pulling rate on the microstructure of the ingot is shown in Figure 8. The increase 
in the rate of withdrawal from 5 to 15 mm/s leads to an increase in the size of the eutectic 
component and its uneven distribution over the cross section of the ingot. 

It can be explained by the changes in the cooling conditions and the absence of 
electromagnetic stirring in the central part of the ingot due to the increase of the liquid depths 
of its hole. In addition, the approach of casting speed to 15 mm/s, leads to the formation of 
defects on the surface of the ingot, which leads to the cliffs with a further wire drawing. 

The microstructure of the samples obtained at different frequency voltages is shown in 
Figure 9. From the considered frequency range, at a frequency of 60 kHz the largest and most 
irregular structure is generated (Fig. 9 a). With decreasing frequency, phases become more 
dispersed and evenly distributed over the cross section of the sample with a small difference 
in size (Fig. 9 b). In this case, we can talk about crushing the primary crystals and eutectic 
aluminum component as a result of increasing the intensity of the circulation of metal in the 
liquid phase of the ingot associated with the increase in the penetration of the electromagnetic 
field in liquid metal. 

Investigation of physical and mechanical properties of cast sections showed that the 
technology allows the combination of strength and plastic properties, which makes it possible 
to deform the material with degrees of deformation up to 99% without intermediate annealing. 
The tests established the following pattern: the ingot structure with the diameter 5 mm is more 
homogeneous and disperse, the highest strength characteristics are achieved. With the 
increase in the ingot diameter the structure becomes less homogeneous and the grain size 
increases, with reduced strength characteristics and ductility increase (Table 1). The choice of 
the ratio between the parameters of the microstructure of the ingot and its physical and 
mechanical properties must be determined by the requirements for final products and 
technology of further processing of cast billets. 

a) b) 
Figure 8. Microstructure of the central part of the sample Ø10 mm at speeds of drawing: 

a - 5 mm/s, b - 15 mm/s
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Table 1. Physical and mechanical properties of alloy 01417M
Diameter of 

an ingot, mm
Pulling 

speed, mm/s
v, MPa, ,% ,% HV, kgf/mm2

5 10 235,9 4,69 5,8 56,36
10 7 211,96 5,64 6,15 61,26
15 5 205,31 9,24 10,15 54,28

As a result of research work industrial technology of manufacturing wires from alloy 
01417M was developed, which consisted of the following operations: receiving continuous 
cast billet with a diameter of 10 mm in an electromagnetic field; rotary forging in rod 8 mm in 
diameter; welding rods in a long length of the bay; drawing to a diameter of 2 mm; annealing; 
drawing to a diameter 0,5 mm; final annealing. 
   Table 2 compares the casting technological parameters derived from mathematical modeling 
and physical experiments on the alloy 01417M. In the numerator are shown the results of the 
calculation, and in the denominator - the results obtained on the physical installation. As it 
can be seen from the table, the deviation of certain theoretical parameters from the parameters 
derived as the result of experiment is within 15%. 

Based on these results, technical specifications for the round electrical wire made of 
aluminum alloy 01417M (TU18 1131-004-52766160-09) were developed. Specifications 
were registered in TC 462 of the Federal Agency for Technical Regulation and Metrology. 
REFERENCES
1. B.I. Bondarev, Y.V. Shmakov. Technology of production quickly crystallized aluminum 
alloys // M.: VILS, 1997. - 23 p. 
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a) b) 
Figure 9. Microstructure of specimens Ø10 mm, obtained at frequencies of the supply 

voltage: a – 60 kHz, b – 20 kHz

Table 2 Technological parameters of alloy ingots 01417M 

Casting temperature, Ingot diameter,
mm

Inductor current,
A

Pulling speed of the 
ingot, mm/s 

985
5 2850 12/(10-12)

10 2720 7,5/(6-8)
15 2570 5,5/(4-5)
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CONTROL OF THE FREE LIQUID METAL SURFACES IN HIGH-FREQUENCY 
MAGNETIC FIELDS

V. Minchenya(1), Ch. Karcher(1)

(1)Institute of Thermodynamics and Fluid Mechanics, Ilmenau University of Technology, PO 
Box 100565, D-98684 Ilmenau, Germany 

ABSTRACT 
 In this paper we discuss a newly developed control system on the basis of the local 

electromagnetic influence on the liquid metal surface to control its motion or instability in a 
high frequency magnetic field. The technique is based on introduction of the electromagnetic 
actuators in the primary alternating MF, which change the spatial distribution of the magnetic 
field in the vicinity of the liquid metal surface. It allows us to manipulate the liquid metal 
surfaces and other electrically conductive objects.  

1. INTRODUCTION 
The results presented here were achieved during investigation of the measures for the 

damping or partial suppression of the electromagnetically induced free liquid metal surface 
instabilities. Such instabilities arise when an electromagnetic shaping technique is applied to 
form a liquid metal charge, for instance in electron beam or levitation melting technologies [1, 
2]. In these processes a high frequency electromagnetic field  is imposed on a liquid metal 
with a free surface, causing eddy currents  generation (Faraday’s law). As a consequence, a 
Lorentz force will arise inside of the melt, as given by  

= × (1) 

   The high current frequency leads to a skin effect limiting the Lorentz force to the vicinity of 
the liquid metal surface 

= 2/ (2) 

where  is an approximate skin depth,  is electrical conductivity of the liquid metal, µ is a 
magnetic permeability, and  is a frequency of the applied magnetic field. As a first order 
approximation the skin depth can be taken 0 as  approaches infinity. In this case the force 
works basically as a magnetic pressure, which squeezes or supports the liquid meniscus of the 
melt [1, 2], as defined by 

= /(2 ). (3) 

   However, the liquid metal charge becomes unstable when such metallurgical process is up 
scaled, or when the magnetic pressure exceeds some certain critical limit. Results of the 
experimental studies of the instable behavior of the droplet were considered in works [3, 4, 5, 
6]. It was shown particularly, that the eigenmode oscillations of the droplet are set on if the 
induction of the applied AC magnetic field overcomes certain critical value, which strongly 
depends on the droplet volume. Moreover, it was shown, that the eigenmode oscillation 
frequency of the droplet can be described using theoretical prediction based on purely 
hydrodynamic approach given in [7]. Results of the numerical investigations of this 
phenomenon were presented in [8], analytical considerations were given in [9]. 
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   In work [10] it was investigated analytically, if the free surface instability can be suppressed 
using a static magnetic field. On the basis of Hele-Shaw cell configuration with magnetic 
field direction normal to the free surface, the linear stability analysis has been conducted. As a 
result, a stability diagram for different Hartmann numbers is obtained. The diagram shows 
how the growth rate of instability depends on wave number of the surface oscillation at 
different static magnetic field strength. It is also shown, that the conventional static magnetic 
field has weak damping effect on the instability. The experimental results of this investigation 
were given in [11]. An extensive theoretical investigation of the effect of a static magnetic 
field on the droplet eigenmode oscillations is given in [12]. 
   In work [13] a counteraction of the local inhomogeneity of the high-frequency magnetic 
field with the unstable azimuthal configuration of the liquid metal droplet was considered 
using the liquid metal disk approach. It was shown, that the local magnetic pressure generated 
by the actuator can counteract the instable motion of the free surface. Analytical calculations 
of the process parameters like magnetic induction of the actuator field have shown feasibility 
of this approach. 
   In the present paper a new control system is presented based on the principle discussed in 
[13], which utilizes a secondary alternating magnetic fields created by the localized short 
circuit actuators. Appropriate closed-loop control system EMFORSIS built at Ilmenau 
University of Technology is presented together with the experimental results of the system 
tests. 

2. INSTABLE LIQUID METAL DROPLET AS AN OBJECT OF CONTROL
   For the droplet identification as an object of control we consider its dynamic behaviour on 
the basis of the time-dependent azimuthal motion diagrams as well as its spectral 
characteristics. The aim is to obtain an adequate transfer function of the liquid metal droplet 
to introduce into the theoretical model of the closed-loop stabilization system. 
   The experiments on observations of the dynamic behaviour of the droplet were carried out 
using the liquid eutectic alloy Galinstan® positioned on the horizontal concave cooled glass 
in the middle of the AC inductor. High speed camera was used to register the azimuthal 
configuration of the droplet. In this work we consider azimuthal motion of the droplet in 
horizontal plane and 2D representation of the droplet contour as a basis for further 
considerations. 

Following characteristic parameters have been chosen in our experiments to obtain the 
dynamic characteristics of the droplet: 

Parameter Symbol Working range Uncertainty of 
Measurement

Mass of the droplet m 10 g ±0.01 g 
AC generator frequency fAC 30000-33000 Hz ±1 Hz 

AC current in the inductor IAC 100…200 A ±1 A 
Amplitude of the Nth mode 

of the instability 
AN 0…10 mm ±(0.25…1) mm 

Instability growth rate 0.4…2.4 s-1 ±15%

   There are four basic state variables which could uniquely identify the state of the droplet: 
amplitude of the eigenmode hn, phase of the eigenmode n, mean radius of the droplet ,
frequency of the eigenmode n. Our experiments have shown that after onset of the instability 
the amplitude of the eigenmode almost never equals zero. This means, that this phenomenon 
constitutes a traveling wave in fact. Hence, the phase angle definition has fundamental 
importance for correct control action if localized influences on the liquid metal surface are 
supposed to be used.  
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Figure 1. Diagram of evolution of the mean radius of the droplet in time during the 
electromagnetic forming at a given magnetic pressure (b). Asymptotic part of the curve 

corresponds to the instable state of the liquid metal droplet. 

   However, for the system of differential equations of the droplet dynamics we can omit the 
rotational effect using so called linearization by feedback [14]. This means, that the 
prospective feedback controller should account for the phase angle of the droplet oscillation 
and choose the right orientation of the coordinate system for the control action in the 
background. In this context the number of the state variables in the equations of the droplet 
dynamics is reduced to three. As the next step, mean radius of the droplet should be 
considered. In [6] it was shown that the mean radius of the droplet depends on an effective 
magnetic pressure developed by the primary magnetic field. In our experiments the magnetic 
field amplitude was kept constant during a process. As shown in Fig. 1, the mean radius of the 
droplet at supercritical state can also be considered as a constant.

3. THE CONTROL SYSTEM REALIZATION PRINCIPLES 
   The prototype of the actuator used in our control system can be found in patent [15]. The idea is 
to use the short circuit inductor to control the magnetic field distribution near the free liquid metal 
surface subject to high frequency magnetic field. We further develop the device by providing the 
control measure to the inductor so that at least active and passive mode of operation becomes 
possible thus providing a flexibility of the process control [16]. Fig. 2a shows the effect of 
introduction of the short-circuit inductor in the primary magnetic field in the vicinity of the 
droplet. If one changes the aspect ratio of the system (diameter of the actuator/diameter of the 
droplet), then a sucking effect can be observed: counter-field generated by the actuator produces a 
magnetic hole whereas the other part of the droplet is subject to the primary magnetic field 
working like a magnetic pressure. Hence, the droplet is attracted by the inductor. The repelling 
effect can also be achieved by special arrangement of the actuator. As can be seen in Fig. 2a, the 
resulting magnetic pressure change on the liquid metal surface causes the droplet mass transport 
directed along the actuator coil to the magnetic hole generated by the actuator. Such actuators, 
distributed in the space around the droplet, can cause significant local and global influence on its 
behavior as the experiments have shown. 
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a b
Figure 2: Control of the droplet behaviour using short-circuit actuator (a). Changing the 
primary field configuration using the short-circuit actuators causes significant effect on the 
droplet evolutions. The scheme of arrangement of the short circuit actuators in the 
stabilization system (b). 

Figure 3: The experimental results obtained on the free surface stabilization system 
EMFORSIS built at Ilmenau University of Technology. Experimental parameters can be seen 
in the table above.  

   The simplest action of such actuator can be realized in an impulse mode. More particular, 
the square impulses can be used to control active/passive mode of the actuator. In the active 
mode the actuator produces high frequency alternating magnetic field, which can be taken as 
its constant root mean square value (RMS). Its effect, however, strongly depends on the 
distance between the droplet surface and the actuator. The system can work in an open- and 
closed-loop control mode, whereas the feedback from the droplet geometry identification 
system can be deactivated or activated respectively. The control effect obtained in the 
experiment on an oscillating liquid metal droplet can be seen in Fig. 3.  
   Very important positive property of the EMFORSIS system is its intrinsically low energy 
consumption. To control a 10 g liquid metal droplet in the magnetic field created by the 
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primary inductor with 2500 W power we needed only 1.5 W (one point five Watt) power 
supply for the control system, which is more than 1000 times less.  

4. CONCLUSIONS 
In this work a newly developed concept of the control system for the moving free liquid metal 
surface subject to a high frequency magnetic field is presented. Short-circuit actuators have 
been considered, which can significantly influence the behavior of the liquid metal by 
redistributing the primary magnetic field locally in the vicinity of its surface.  
The experimental results are presented showing the stabilization effect on an oscillating liquid 
metal droplet. The disclosed control system has very high energy saving potential. Using the 
free (or unused) energy of the primary magnetic field, it needs at least 1000 times less power 
for its operation than the primary magnetic field generation system.  
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INDUCTION FURNACE WITH COLD CRUCIBLE AS AN INSTRUMMENT FOR 
IINVESTIGATION OF HIGH TEMPERATURE MELTS 
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(3) Nuclear Research Institute Rez plc, Husinec-Rez 130, 250 68 Rez, Czech Republic 

(4) St. Petersburg Electrotechnical University, Prof. Popov str., 5, 197376, St. Petersburg, 
Russia  

ABSTRACT. Some results of investigations at the installation COMETA (Nuclear Research 
Institut Rez, Czech Republic) and ICCF (St.-Petersburg State Electrotechnical University, 
Russia) are presented. The main directions of investigation are study of phase diagrams 
(ZrO2-Al2O3, U-Zr-Fe-Ca-Si-Al-O systems), investigation of interaction of corium melt with 
sacrificial materials, definition of electrical resistivity of melts, measure of thermal 
conductivity of high temperature melts. Mathematical modelling and numerical simulation of 
electromagnetic problems of induction furnace with cold crucible systems are presented too. 

INTRODUCTION
Method of induction melting of materials in cold crucibles is known more than 70 years. 

Main advantages of this method are non-polluting of the melt material and possibility to reach 
and keep the melt with high temperature (more than 3000 C). Basic technologies which use 
induction melting in cold crucible are: high temperature synthesis of functional materials; 
hrystal grow; temperature treatment and purification of materials; investigation of physical 
properties of high temperature melts; investigation of phase diagrams; modeling of serve 
accidents at nuclear power stations. 

PHASE DIAGRAM INVESTIGATION 
Prior to the present investigation, the ZrO2  Al2O3 system has been repeatedly studied 

experimentally. The phase diagram for the system has been typed as eutectic, with the 
following eutectic point positions: 60% ZrO2 (wt.% here and further in text) at 1830 C [1]; 
45% ZrO2 at 1900 C [2]; and 42,6% ZrO2 at 1710 C [3]. Monotectic transformations in the 
system have been recently reported in [4] to have the following parameters: 1871 ± 6 C and 
melt compositions with ZrO2 content ranging from 45 to 58%. The eutectic point corresponds 
to 40% ZrO2 at 1861 C. These contradictory data have urged the authors to perform research 
the ZrO2 - Al2O3 system. The results of the first experimental series were published in [5], in 
which a version of the diagram is shown at Figure. 1. 

The subject of investigation was a phenomenon leading to formation of liquid 
heterogeneous states, i.e. separation of melts into two liquid phases. The reasons causing 
immiscibility gap phenomenon (IGP) are thoroughly discussed in [6] on the basis of the 
coordination theory of phase separation in oxidic melts. 

Melt of the ZrO2  Al2O3 system were received by means of induction melting in cold 
crucible [7] using facilities COMETA Nuclear Research Institute Rez, ICCF St.-Petersburg 
State Electrotechnical University and the Institute of Electrothermal Processes (University of 
Hannover, Germany) [8].  
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Figure 1. Variant of ZrO2-Al2O3 phase diagram 

The experiment has been realized according to the method to investigate the IGP described 
in [5]. Cooling of melt in the rod samples at a rate of about 1000 K/s corresponds to the 
quenching mode. Rod samples were taken from the melt under different temperature 
(1890 2600 C) and further examined with the raster electron microscope, Figure 2 shows 
rod samples of the melt taken at the different temperature.  

35 Al2O3 – 65 ZrO2
Tmelt = 2500 °C 

75 Al2O3 – 25 ZrO2
Tmelt = 2300 °C 

Figure 2. Cross-section of rod samples from melt at the different temperature 

In [9] found that in melt UO2-ZrO2-Fe2O3 system with iron oxide content of more than 
wt. 10%, and zirconium oxide over wt. 65% the melt is prone to phase separation. Two 
systems U30 and U34 in the field of primary crystallization of zirconium oxide (Figure 3) 
were melted in a cold crucible at installation COMETA. In the process were selected samples 
of the melt. Samples were analyzed at the bars and the scanning electron microscope SEM XL 
30 Philips CP detector ROBINSON (RBS). In the process of equilibrium cooling of the melt 
composition U30 and U34 and by quenching formed morphologically the same type of 
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structure shown in Figure 4 and 5, respectively. These structures consist of large rounded 
crystals of solid solution of uranium and zirconium oxide of variable composition (phases 1 
and 2 in Figure 4 and Table 1), the characteristic regions of the "rod" eutectic (phase 3 in 
Figure 4 and Figure 5 Phase 2) , globular structures with central dark inclusions (phase 1 
Figure 5). 

Figure 3. Calculated diagram of the system UO2-ZrO2-Fe2O3
(calculation by programm DIATRIS) 

1 - composition of the melt U30; 2 – composition of the complex kind , at the melt U30; 
3 - composition of the melt U34; 4 - composition of the complex kind , at the melt U34; 

5- the projection area of the ingot U34, containing 12,1% SiO2 on the concentration triangle 
of the system UO2-ZrO2-Fe2O3.

Figure  4. The morphology of the melt quenched samples U30 

||||||||||
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Table 1.These electron microprobe analysis of quenched samples U30 (Figure  3.) 

Site analysis The composition in terms of oxides, %
UO2 ZrO2 Fe3O4

1
2
3

27,1
44,1
24,6

58,4
31,3
16,2

14,5
24,6
59,2

A projection of quenched samples in the second triangle of compositions of the system UO2 
- ZrO2 - Fe2O3 (point 5 in Figure 3) shows that the composition of this sample is similar to 
the chemical composition of the complexes of type A. However, the morphology of these 
samples has changed dramatically: in the presence of 3,1% SiO2 is completely no 
crystallization products of the complexes of type A and B, which existed at low silica content 
(around 0.02%). 

Figure 5. The morphology of the melt quenched samples U34 
(average composition 0,02 % SiO2–0,002% CaO–44,5% Fe3O4–22,2% UO2,66–33,3% ZrO2)

The phase composition of the solid phase: 27,9% U1-yZryO2-, 25,7% UO2 -
28.3% magnetite - 11,9% wustite

INVERS PROBLEM TECHNIQUE 
Oxides and its combinations form classes of major technical materials, which determine 

stage of development of energetic, metallurgy, mechanical engineering, communication and 
so on. Different processes of melting are widely used for oxides materials synthesis. 
However, induction melting in cold crucibles is beyond compare the best technology for 
producing high pure materials [10-12]. 

Since connection between thermal and electrical properties of melt and melting parameters 
is obvious fact, periodically appears proposals to use of working parameters for estimating of 
melts properties [11, 13]. However, this activity is devoted to solution of tasks for design of 
specific technological processes but not for investigation of melt properties. There was as rule 
attempts to solve inverse problem relative electrical resistivity of melt, however, there was not 
analysis of methodological and systematical accuracy [14]. More completed method of 
electrical resistivity estimation of oxides melts in air and received results are presented in 
[11]. Comparative analysis of received data [11] shows that some times, e.g., during melting 
of stabilized zirconium oxide [15], the method error is more then declared 20% in several 
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times. 
In case when melt resistivity is unknown it takes to find a solution of inverse problem. 

Inverse problem technique is based on functional minimization where parametric function is 
electromagnetic equation and power balance requirement.  

e
sh

e
cov

e
melt

e
cc

e
bot

t
sh

t
cov

t
cc

t
bot PPPPPPPPP ,

were, t
botP  - measures total power in the bottom; t

ccP - measures total power in the crucible; 
t

covP  - measures total power in the cover; t
shP  - measures total power in the shaft; e

botP  - electrical 
losses in the crucible bottom; e

ccP  - electrical losses in the crucible; e
meltP  - power in the melt; 

e
covP  - electrical losses in the cover; e

shP  - electrical losses in the shaft, figure. 6. 
Simplicity of measuring of power characteristics of the induction system defined the using 

of power balance concept a the problem approach. For providing of one-valuedness solution 
of the received system (1), for instance, area 2 at figure. 7, additionally used of inductor 
voltage and current values as input data. Inverse problem is coefficient one [16-18] relatively 
electrical conductivity at suggested approach. In this connection, by definition, the value of 
electrical conductivity is uniform for all power distribution area. This statement is assumption 
at discussed approach; therefore, it takes to estimate deviation between values as differential 
equitation coefficient and real electrical conductivity distribution values. 

Moreover it needs accuracy analysis causing by hardware during primary acquisition. The 
systematic error values and possible neglected losses, which can arise as a result of 
imperfection design of the induction system is presented at table 2. 

Figure  6. Scheme of the induction system. 

ePmelt

Cover

Shaft
Crucible

Bottom

Inductor

Quartz

||||||||||

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

56 |||||||



6

3

1

2
0

2
3

2

22

322

2

2

2

0

2
2

2

222

2

2

2

0

11

2
1

2

122

2

2

2

0

11

0

11

11

21

21

21

i
imeme

e
me

me
kkme

ind
ind

llind

me

ind
S

ilikk
S

ijjii

e
me

me
kkme

me

ind
S

ilikk
S

ijj

e
me

me
kkme

me

ind
S

ilikk
S

ij

.

j

.

ii

min

PVA

PVA

Aj
R
A

z
A

R
A

RR
A

UMMIjMIjIr

PVA

Aj
R
A

z
A

R
A

RR
A

IZUMMIjMIj

PVA

Aj
R
A

z
A

R
A

RR
A

UMMIjMIjIr

(1)

There are two possible states of induction system (points 1 and 2, see Figure  7) where 
thermal balance condition is realized. Accuracy analysis of suggested method shows that 
estimation resistivity errors will less at point 2. Presence of hardware systematic errors 
produces the area of possible solutions around investigated point, Figure 8. 

Figure 8 shows that total measurement error of power losses at the induction system causes 
error of the electrical resistivity estimation method no more than 8% without accounting 
errors of the mathematical model. 

The results analyses of physical and numerical experiments show that power sources in 
oxides melt are distributed in area without heavy temperature gradients. 

Table 2.Measuring errors 

Hardware Error, % 
Flowmeter 0.5 
Thermocouple 0.25
Analog-to-digit converter 0.30

Systematic error of calorimetry 1.05
Additional neglected power losses 1.00

Total error of calorimetry 2.05
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Figure  7. Search on solution on the base of 
thermal balance. 

Figure  8. Decision area investigation. 

RESULTS
For estimation of electrical resistivity value of aluminium oxide melt series meltings were 

done. Basic dimensions of induction systems, experimental data and results of numerical 
analysis two of tests are presented in table 3, were h  - melt pool depth, r  - melt pool radius, 
hind - inductor high rind - internal radius of the inductor. There was investigated "pure" 
aluminium oxide for the melt temperature up to 2950 C.

The values of the melt electrical resistivity are average one and they are related to the 
temperature on the melt surface. 

CONCLUSION
For estimation of electrical resistivity of oxides melts on the base of induction furnace with 

cold crucible the complex of hard and software was designed. Noncontact investigation of 
melts electrical resistivity of oxides, carbides, nitrides, borides, metals and so on in wide 
temperature range is advantage of the proposed method. 

This method can be applied to investigation of melt singular points too [19, 20]. 

Table 3. Phisical and numerical data results 

Basic
dimensions, 

cm 
meltT ,
C

f ,
MHz 

indU ,
kV

tP ,
kW

t
indP ,

kW

e
indP ,

kW

e
meltP ,

kW

e
melt

e PP ,
kW

,
Ohm cm

Experimental data Calculation data 
h =7.20
r =2.65
h =6.50
r =4.70

2950 1.830 2.86 19.79 2.22 2.31 17.68 2.11 0.61

h =11.10
r =7.60
h =8.60
r =10.9

2300 1.853 3.44 37.71 0.90 0.81 35.11 2.60 2.13

* Brightness temperature ( =0.65 m) 
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The induction channel furnace (ICF) is industrial metallurgical equipment with high 
electrical and thermal efficiency and is used for melting, holding and casting of metals and 
alloys. 

Damages like erosion, clogging and infiltration of the ceramic lining in the channel as well 
as local overheating in the channel may lower the cleanness of the processed melt as well as 
the effectiveness and safety of ICF operation. 

The way to minimize these known problems is the choice of efficient regimes of melt 
circulation in ICF channel to provide controlled intensification of turbulent heat exchange 
between channel and throat. 

1. Temperature maximum and its position in ICF channel 

The current paper presents the further development of long-term computations [1–5] for 
industrial ICF. The target is large time scale processes in the flow. 

The considered ICF models have identical electrical induced power in the melt ( 215kW)
and geometry, which differs from the original design [4] with two symmetric branches of the 
channel (Figure 1a) as follows: 

Model (i) with widened channel branch (Figure 1b) has gradual expansion of left channel 
branch from 100% to 200% of cross-sectional area at the junction to the throat [4]. 

Model (ii) with moved iron yoke (Figure 1c) is a modification of the model (i) with 
widened channel branch. It is introduced by a clockwise rotation by 90º angle of iron yoke 
from the original position, which is located around the right branch of channel at an angle 

 = – 45 , to the new one  = 45 .

a b c
Figure 1. Original design of ICF with symmetrical channel (a). Geometry of ICF with left widened branch of 
channel for EM modelling: (b) original position (  = –45º) of iron yoke; (c) moved iron yoke (  = 45º). 
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To retrace, the top part of ICF is a large cylindrical melt vessel or bath (Figure 1a), which is 
taken into account only in hydrodynamic (HD) and thermal modelling. The bottom part of 
ICF consists of channel, throat, inductor and iron yoke (Figures 1b, 1c), which are taken into 
account in electromagnetic (EM) modelling. The origin of Cartesian coordinate system is 
placed at the geometrical centre of the ICF channel loop, where x-axis corresponds to the long 
side of the channel, y-axis – to the short, z-axis – to the vertical direction. The central angle 
is counting clockwise as shown in the Figures 1b, 1c starting with an intersection of two 
perpendicular cross-sections y = 0 and x = 0. 

The numerical simulations are performed using commercial software packages ANSYS for 
EM field and FLUENT for HD and temperature field. The initial distributions of the melt 
velocity and temperature are obtained using steady state 3D standard k-  model. For further 
computations the transient 3D Large Eddy Simulation (LES) model of turbulence is used. The 
mesh for HD computations consists of approximately 6 million elements. The time step for 
transient HD computations is chosen as 0.005 sec. Computation time to obtain 1 sec of 
physical flow at PC cluster with 16 processor cores is 36–54 hours. For post-processing of 
profile files prepared by FLUENT an own developed code is used [2]. 

The validity of LES approach has been verified by means of experimental and 
computational results’ comparison obtained using experimental setups and ICF models. Then 
verified LES approach has been applied for long-term computations of industrial ICF 
properties [1–5]. 

The peculiarities of model (ii). The long-term oscillations of temperature maximum in the 
channel Tmax and its position  for original model with symmetrical branches (Figure 1a) and 
model (i) with widened left channel branch (Figure 1b) are considered in details in [2,5]. 

The main idea of model (ii) with moved position of iron yoke (Figure 1c) is a combination 
of two factors which influence the value and position of temperature maximum in ICF 
channel: 

 the widening of the left channel branch (Figure 1b) of ICF ensures the better conditions 
for thermal-gravitational convection (TGC) development in comparison with the ICF design 
with symmetrical channel branches (Figure 1a) and, consequently, the possibility for more 
intensive heat exchange in this branch of channel; 

 the position of moved iron yoke of inductor (Figure 1c) ensures that maxima of EM force 
and Joule heat density (see Figure 5 in [5]) are obtained in the widened branch of channel 
with better conditions for TGC development. 

Therefore both non-symmetrical factors are combined now in one channel branch. 

The choice of initial conditions for the model (ii). The distributions of HD and thermal fields 
for ICF with widened channel branch and original yoke position for the flow time t = 63 sec 
(Figure 2a) have been chosen as the initial conditions. The reasons for the choice are the 
following – the flow time point t = 63 sec corresponds to the local maximal value of Tmax and 
belongs to the range of flow time, which is the quasi-stable for position of Tmax in the channel. 

Comparison of results for models (ii) and (i) are shown in Figure 2, which are plotted using 
23 000 points, i.e. every 0.005 sec of the flow time in the range 60–175 sec. 

The estimated time, when a model (ii) has “forgotten” about its initial conditions used from 
the basic model (i), is t ~ 75 sec. 

The value Tmax of temperature maximum for the model (ii). The value of Tmax is oscillating 
around time-averaged temperature aver

maxT  ~1803.1 K with deviations ±5.35 K for flow time 
t = 65–175 sec with main period of oscillations maxT

oscilt ~ 55 sec. 
The obtained Tmax extremes are the following – the maximum ~1807.7 K at t  116 sec and 

the minimum ~1797 K at t  139 sec (Figure 2b). 
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The position  of temperature maximum for the model (ii). The Tmax position is mainly in 
the channel branch with largest cross-section area – the maximum value of the angle is 

max ~ 134º. 
The permanent presence of Tmax position for the flow times period t ~ 105–115 sec as well 

as short presence for flow time periods t ~ 93–105 and 145–160 sec is obtained in the right 
branch of channel with the range of  from 0º till 55º (Figure 2b). 

The averaged value of angle is aver ~ 44.5º. 
The periods of the low-frequency oscillations of position  of Tmax is oscilt ~ 55 sec, that is 

the same with maxT
oscilt .

a

b
Figure 2. Maximal temperature Tmax and angle  of its position in ICF with widened channel (y = 0) for flow 

time t = 60–175 sec: (a) original yoke  = –45º; (b) moved yoke  = 45º. 
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Time delay between extremes of Tmax position  and  Tmax itself for the model (ii). The 
analysis of both curves in Figure 2b shows the time delay of  extremes (both maxima and 
minima) relative to according Tmax extremes. The time delay value is  ~ 14 sec for the flow 
time after 100 sec as well as  ~ 20 sec for interval of flow time from 60 sec till 100 sec. 

The explanation of this phenomenon is concerned with inertia of melt reaction to increasing 
of buoyancy force at higher temperature differences or decreasing of buoyancy force at lower 
temperature differences – displacement of more heated melt closer to outlet of channel’s left 
branch or displacement of less heated melt closer to channel loop’s lower region. 

Differences in results for model (ii) and model (i). The comparison of results for ICF with 
moved iron yoke (Figure 2b) and for ICF with a widened channel branch (Figure 2a) show the 
following: 

 The main periods of oscillations of Tmax and  are equal ~ 55 sec for both models; 
 Time delays between extremes of Tmax position  and Tmax itself are equal ~ 14 sec for 

both models for the flow time interval after 90–100 sec, but for flow time interval from 60 sec 
till 90–100 sec time delay for model (ii) is 2 times greater than for model (i) – compare 20 sec 
and 8 sec (Figure 2). 

 Time-averaged temperature aver
maxT ~1802.7 K for model (ii) is slightly less than time-

averaged temperature aver
maxT ~1804.9 K for model (i). 

Deviations of temperature during oscillations for time flow interval from 60 sec till 160 sec 
are greater for model (ii) than for model (i) – compare ±5.35 K and ±2.6 K. If time flow 
interval from 160 sec till 175 sec is taken into account, the deviations of temperature for 
model (i) increase till ±5.15 K and became similar to model (ii).   

Conclusions: 
– ICF construction with moved yoke provides the smaller overheating temperature in the 

channel in comparison with the basic model with the original yoke position. 
– The combination of both non-symmetrical factors (channel branch widening as well as iron 

yoke position changing) in one channel branch results the long-term pulsations with more 
regular amplitude for all considered flow time interval. 

2. Influence of ICF clogging on velocity and temperature field 

During the long-term operation of ICF the formation of non-conductive sediments on 
different ICF construction elements occurs. These sediments noticeably change the furnace 
geometry. This is the cause of prolongation of induced current loops in the melt as well as is 
the cause of changes of hydraulic resistance. 

In order to illustrate the influence of non-conductive sediments on velocity and temperature 
field several models of ICF with sediments on the bottom of throat are chosen. 

The considered ICF models have identical current in inductor (1850 A) and are built on the 
base of original model of ICF with symmetrical channel and iron yoke position at  =  45º  
(Figure 3a): 

IFC with sediments at bottom of throat in form of “hill” (Figure 3b) – model (1);
IFC with sediments at bottom of throat in form of “bank” (Figure 3c) – model (2).

The introduction of Cartesian coordinate system is described above.  

The numerical simulations are performed using commercial software packages ANSYS for 
EM field and CFX for HD and temperature field. Melt velocity and temperature are obtained 
using 3D Shear Stress Transport (SST) k -  model of turbulence. The y=0 plane is 
considered as symmetry plane, thus EM and HD computations are performed for the half of 
ICF geometry. The mesh for ED computations consists of 300–350 hundred elements, the 
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mesh for HD computations – 1–1.5 million elements. Computations have been performed 
using 4–6 processor cores of desktop PC or 8 cores of PC cluster. 

a b c
Figure 3. Original model of ICF with symmetrical channel and iron yoke position at  =  45º (a). Model 1 
with sediments in form of “hill” (b). Model 2 with sediments in form of “bank” (c). 

Joule heat. The distribution of the Joule heat in the channel loop is similar for all three 
models (Figure 4a, 4b, 4c). The values of Joule heat density at bottom of inner surface of 
channel loop are very closed (Table 1). 

a b c

d e f
Figure 4. Joule heat power density distribution for original model (a,d), model 1 (b,e) and model 2 (c,f) for 
cross-sections y=0 (a,b,c) as well as for cross-section x=0 (d,e,f) in zone of throat with sediments. 

The distributions in side cross-section x=0 show the concentration of Joule heat at the 
bottom of the interface of sediments and slant surface of throat of model 1 (Figure 4e). 
Maximal value of Joule heat density 1.9·107 W/m3 is  13% greater in comparison with 
original model (Table 1). 

The greatest integral value of Joule heat power in the melt 236.6 kW (Table 1) is for 
model 1 – it is for 2% greater than for original model. The smallest one is for model 2 – it is 

 1.7% smaller than for original model. 
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Table 1. Characteristic parameter of models 

Model 

Integral 
Joule 
heat 

power 
[kW] 

Joule heat power density 
[107·W/m3] Velocity maximum [m/s] 

Temperature 
maximum [K] bottom of 

channel 
loop inner 

surface 

maximum 
at x=0 in ICF Channel 

outlet 

Interface 
of throat 
and bath 

Original 231.5 1.52 1.69 1.71 1.7 1.5 1805
1 236.6 1.50 1.90 1.69 1.5 1.3 1827
2 227.7 1.60 1.64 1.69 1.7 1.4 1810

Velocity profiles. The steady-state velocity distributions in channel loop are similar (Figures 
5a, 5b, 5c) and maximal values of velocity are very close (Table 1) for all three models. It is 
clear because there are no changes of geometry in considered element of ICF construction. 

a b c

d e f

g h i
Figure 5. Steady-state velocity vectors distribution for original model (a,d,g), model 1 (b,e,h) and model 2 (c,f,i) 
for cross-sections y=0 (a,b,c), horizontal cross-sections z=0.395 (d), z=0.45 (e), z=0.515 (f) as well as for cross-
section x=0 (g,h,i) in zone of throat with sediments. 

Flow patterns in horizontal cross-sections, which intersect “hill” (model 1) and “bank” 
(model 2) zones (see for example Figure 5e) are similar to zones of channel outlets z=0.395 
(Figure 5d). Thus these zones of sediments in the throat bottom may be considered as channel 
extension. 
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Flow patterns above clogging zones (Figure 5 ) are similar to flow patterns above channel 
outlets for original model [2] with characteristic four contours of circulation or two contours 
of circulation if computed model represent only half of ICF symmetrical geometry. 

For the “hill” there is roundabout way for stream lines (Figure 5h). For the “bank” the 
closure of flow patterns is performed in smaller volume (Figure 5i).   

For the side cross-sections, which are close to slant surface of the throat, the horizontal 
component of velocity is increasing in comparison to vertical component. This may be 
explained by closeness of channel outlet with its characteristic circulation (Figure 5d). 

Figures 5a, 5b, 5c show, that HD field, obtained with SST k -  model of turbulence, has 
the regular structure of different intensities’ flow patterns in cross-sections, which are 
perpendicular to channel longitudinal axis. The step of flow structures’ repetition is 
approximately  ~ 20º–25º. As similar structures are not obtained with experimentally 
verified LES model (see, for example [2]), it is the illustration, that two parameter model of 
turbulence cannot represent proper detailed spatial structure of substantially transient 
turbulent flow. 

The comparison of computationally obtained (Figure 5) and experimentally measured [6] 
(Figure 6) velocity vectors show qualitative similarity of flow patterns: 

– the direction of circulation 
– number of circulation contours. 
Such qualitative comparison is quite acceptable for ICF with single induction unit despite of 

difference of geometry parameters.    

°c

a b d
Figure 6. Measured velocity vectors distribution for experimental setup [6]: frontal cross-section of ICF (a), side 
cross-section of throat and bath (b); cross-section of channel outlet (c), horizontal cross-section of throat (d). 

Temperature field. The positions of temperature maximum for original model and model 1 
are in the right channel branch – opposite to position of Joule heat maximum in the left 
channel branch. The temperature maximum for model 1 is for 20K greater in comparison with 
original model. The cause of local overheating for model 1 is the concentration of Joule heat 
power in zone of “hill” base (Figure 4e). 

As to model 2 the maximum of temperature is shifted to the outlet of the left channel zone 
(Figure 7), the value of temperature maximum is for 5K greater than in original model despite 
of the smaller integral Joule heat power (Table 1). This may be explained with the 
considerably changed thermal exchange in throat with sediments with the form of “bank” 
because of smaller depth of the throat. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

66 |||||||



a b c
Figure 7. Temperature steady-state distributions for original model (a), model 1 (b) and model 2 (c)

Conclusions:
– The clogging of throat bottom may be cause of noticeable concentration of Joule heat 

power in zones near sediments and thus may be cause of re-distribution of integral Joule heat 
power between various ICF zones. 

– The non-conductive sediments at the throat bottom may be cause of noticeable local 
overheating of melt, which may shorten the effective operation period of industrial ICF.  

– The computations of ICFs with clogging are to be continued especially for the cases with 
ICF channel with sediments as the presented results for melt flow and temperature field are 
only the initial trials of computational models for ICF with clogging. 

– For melt flow and thermal field modelling LES approach is to be applied as two-
dimensional model make possible only qualitative estimations of integral HD and thermal 
parameters of industrial ICF. 
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ABSTRACT.
   The present article describes a way to receive a homogeneous structure through the whole 
melt volume in the toroidal channel part of the induction channel furnace by using MHD-
stirring. The article shows the results of the numerical experiment to investigate the influence 
of a channel shape on the character of the hydrodynamic processes taking place in the bath 
volume. 

1. MACROSCOPIC AND MICROSCOPIC INHOMOGENEITIES. In the process of 
preparation of multi-component alloys, stirring of alloys plays an important role in order to 
even its composition and temperature in the whole bath volume. Magneto-hydrodynamic 
(MHD) stirring technologies have lately become very popular. Stirring is considered to be 
effective if it enables to eliminate all types of homogeneity in the alloy and create a 
homogeneous structure through the whole bath volume.   

The homogeneity can be said to be macroscopic and microscopic. Macroscopic 
homogeneity can in its turn be divided into natural and artificial. The first one is stipulated by 
gravity forces, causing liquation of components in density and processes of thermal diffusion 
in the corresponding zones occurring between different temperature zones.  
The second one is stipulated by construction and scale peculiarities of the devices leading to 
formation of stagnant zones and presence of modifying alloying components in the alloy. For 
example, in furnaces and mixers with a rectangular bath, MHD-stirrers are usually located 
from the side wall or under the bath bottom. Stirring is carried out with a vertical current 
formed in the melt next to the inductor and even despite a large amount of the electric energy 
taken from the electric mains there are some stagnant zones with weak stirring capability in 
the bath with melt. 
   Microscopic inhomogeneity is genetically connected with a microheterogeneous structure of 
the melt and increasing assortment of elements applied to prepare alloys. Microscopic 
inhomogeniety has a very stable character. 

In order to eliminate macroscopic and microscopic inhomogeneities MHD-stirrer should 
provide for agitation of large-scale laminar and coherent vortex movements in conjunction 
with small-scale pulsations for formation of associated formations in the melt. The present 
article describes a way to get such a character of MHD-stirring in the induction furnace with 
the toroidal channel part. 

2. ORGANIZATION OF AN INDUCTION CHANNEL FURNACE WITH A 
TOROIDAL CHANNEL PART.

Figure 1 shows the section of an induction furnace [1]. The induction channel furnace has a 
-magnetic wire 1 with the main winding 2 wound onto the central core. Two additional 

windings 3 are located above the main winding – one on top and the other one from the 
bottom of the channel 4. The channel part is made of refractory material 5 and has a shape of 
a torus with elliptical section filled in with the melt.   
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Figure 1 – A cross-section of an induction channel furnace. 

  The principle of operation of an induction channel furnace is as follows. When the main 
winding 2 is connected to the source of alternating voltage, the alternating electric current  I1,
appears which creates an alternating magnetic field 1. A part of this alternating magnetic 
field 10 is closed within the magnetic wire and induces the electrical current I2 into the 
channel with the melt. The other part of the magnetic current 1 presents a magnetic leakage 
flux 1 , penetrating the channel in the vertical plane. 

As we know a transformator has large magnetic leakage fields in a short circuit mode 
(secondary winding is short-circuited). The leakage fields are mostly concentrated in the 
primary and secondary windings outside the magnetic wire.  The induction channel furnace is 
similar to the operation of a short-circuited transformator which has an annular channel with 
liquid metal as the secondary winding.   
   When additional coils 3 are connected to the outer power source, there occurs an electric 
current creating its magnetic field ac, which penetrates the channel with melt in the 
horizontal plane. As a result of superposition of the magnetic fields 1  and ac,  which are 
placed relative to each other in phase and space, a rotating magnetic field occurs. The value of 
the rotary moment and consequently the rotary speed of molten metal depend on the current 
value in the additional coils 3 and its phase shift relative to the current I1 of the main coil 2. 
As the channel part presenting a toroid with melt is located symmetrically relative to the 
central core of the magnetic wire 1, there is the same rotary moment generated in any of its 
cross-sections. 
   The cross-section of a toroidal channel can be either round (ra=rb=r) or elliptical (ra rb). 
Here ra and rb are a small and large ellipse axes. 

3. MATHEMATIC MODELLING OF MHD-PROCESSED IN A TOROIDAL BATH. 
  Picture 2 shows a 3D model of the induction channel furnace with a toroidal channel part. In 
order to carry out a numerical experiment we were using the software products ANSYS 
Classic and ANSYS Fluent with an additional module for transfer and interpolation of source 
members of movement equations [2]. 
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Figure 2 – Calculation model 3D of an induction channel furnace. 

   In order to analyze electromagnetic and hydrodynamic fields we were solving the equations 
of Maxwell and Navier-Stokes. The electromagnetic field was calculated through a vector-
potential of the magnetic field in an integrated form.  The preliminary estimation shows that 
the value of the Reynolds number for melt in the channel with a radius of 50 mm will be about 
10000, which means that the melt current will be turbulent and as such the LES turbulent 
model has been chosen to simulate hydrodynamic fields.  We have chosen liquid aluminum 
with the electric conductivity =3,36 106 ( ·m)-1, density =2370 kg/m3, dynamic viscosity 

=0,001 Pa·s as simulating metal filling the channel. 

Figure 3 – System of directions and marks in a toroid. 

   As a toroid is characterized with two radiuses we will use a system of directions and marks 
shown in Figure 3 to describe the results.   
   Here  – is the direction of the rotation in the plane of the generating surface with the radius 
r1,  – the rotation direction around the axis z-z of the generating surface located at the 
distance r2.
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(a) (b) 
Figure 4 – Distribution in the channel of the magnetic induction component without the 
influence (a) and with the influence (b) of an additional coil creating the rotation field 

   Figure 4 shows the pictures of the magnetic induction distribution in the channel. The Pic. 
4(a) shows the distribution of the real induction component without current in the additional 
coils Iac*=0. The Pic.4(b) shows that there is the relative current Iac*=1 going through the 
additional coils with the phase shift by -90° and 90° correspondingly in the upper and lower 
winds relatively to the main coil, which means that the magnetic field turns into a rotating one  
in the direction of the cylindrical coils axes. Here Iac*=Iac / I1.
   As we can see from the pictures presented, where there is no current in the additional coil 
(Iac*=0) the distribution of the magnetic induction is symmetrical relative to the horizontal 
plane of the channel part. When an additional coil is connected to the voltage source (Iac 0), 
the asymmetry is disturbed. 

Figure 5 – The velocity field in the toroid with a round (on the left) and elliptical (on the 
right) cross-sections. 
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   The creation of the rotating field in the channel with a round cross-section enables to create 
a single-circuit circulation of the melt, the direction of which is defined by the direction of the 
magnetic field maximal displacement on the toroid surface and contributes to more complex 
features of the movement in the channel with the elliptic cross-section.   
   Figure 5 shows the velocity field of vectors in the melt established for a round toroid (on the 
left) and elliptical cross-section (on the right), received during the analysis of the results of the 
magneto-hydrodynamic calculation.  

The presented velocity distributions show that there is a dominating component of the 
velocity v  in the toroid creating a static single-circuit flow in the plane parallel to the one 
creating the surface toroid. At that the flow in the elliptic cross-section toroid has a distinct 
turbulence along the whole volume. 

Figure 6 shows the dynamics of the velocity vector dynamics v  and v  in a randomly 
chosen point for a toroid with a round (a) and elliptic (b) cross-sections.   

(a)

(b)

Figure 6 – The dynamics of the component v  (dotted curve) and v  (solid curve) of the 
velocity vector for a toroid with a round (a) and elliptical (b) cross-section. 

  The diagrams show that pulsations fade at a certain point of time for a toroid with a round 
cross-section, the flow turns into a laminar one, the velocity component v  disappears 
completely. There are constant pulsations in the toroid with an elliptical cross-section, there is 
the velocity component v  of the variable direction present but at that the velocity component 
v  reduces by three times.  
   The addition of the input and output conditions on the opposite ends of the toroid to the 
calculation model has enabled to solve the task to define the velocity field from the pressure 
influence on the output and electromagnetic pressure.   
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Figure 7 – The trajectory of randomly taken particles from the inlet to the outlet in the 
electromagnetic field.   

   Figure 7 shows a way to control the particles by increasing pressure at the inlet with the 
constant electromagnetic pressure.   
   Thus changing the pressure at the inlet and the electromagnetic pressure we can control the 
character of the particles moving and time of their presence in the toroid.      
   The above device with MHD-stirring enables to obtain such a melt movement character in a 
toroidal bath where the velocity components v  and v  enable to eliminate macroscopic 
inhomogeneity and their pulsations eliminate microscopic inhomogeneity in the whole bath 
volume.   

REFERENCES
1. Timofeev V.N., Timofeev N.V., Sergeev N.V., Induction hot air furnace, license RU 
2438272 C1 
2. Khatsayuk M.Y., Pervukhin M.V., Program for importing and interpolation of source 
terms of momentum and energy equation to solve 3D problem in Fluent, license 2011619130 
RU

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

73 |||||||



A UNIQUE MULTIPURPOSE ELECTROSLAG REMELTING FURNACE FOR 
PRODUCTION OF LARGE SOLID AND HOLLOW BILLETS OF LARGE UNIT 

MASS HAS BEEN CREATED IN RUSSIA 

.Dub(1), V.Dub(1), L.Levkov(1), S.Orlov(1)

M.Kisselman(2), S.Nekhamin(2), A.Chernyak(2), A.Dednev(2)

A.Bessonov(3), S.Kamantsev(3), A.Krasovskiy(3)

(1)Open joint-stock company «Research-and-production association «CNIITMASH», 
4, Sharikopodshipnikovskaya str., 115088, Moscow, Russia 

(2)Company “COMTERM” – 18, build. 1, Sokolinoy Gory 5-ja Str., Moscow, 105275, Russia, 
comterm@comterm.ru

(3)JSC «Heavy Engineering ORMETO–YUMZ», 
12, Prospect Mira, 462403, Orsk, Orenburg Region, Russia 

No new electro-thermal equipment for production of large mass steel billets using the 
method of electroslag remelting has been created in Russia for more than the last 40 years. 
Until now the largest electroslag remelting furnace producing the ingots weighing up to 60 
tons was the OKB-1111 furnace, which was put into operation at "Izhorsky plant" in 1969. 
   However, in the previous decade there is a tendency to raise the level of technological base 
achieved by 80–90-es of last century due to the increasing requirements of energy engineering 
(one of the primary consumers of electroslag metal in the country) to semi-finished products 
quality. 

In particular, it had led to the investment project, which is directed to create new 
multipurpose ESR furnace for production of steel and alloys billets in the long view weighing 
up to 120 tons. The project provided that the technology of melting of high-quality solid and 
hollow billets from high-alloy, including high-chromium, ferritic and ferritomartensitic steels 
would be developed in parallel with equipment. 
   The main method to provide high quality of metal during remelting is to create possibility to 
influence on the configuration of a liquid metal bath. Fundamentally new possibilities to 
control the quality of melting billets were the bottom line of new ESR furnace development. 
This applied both directly to the furnace design, and to its units and systems. 
   The technical solutions, which were used during new furnace equipment creation, provide 
the following: 

implementation of monofilar (“electrode - base plate”) and bifilar (“electrode - electrode”) 
electrical circuits of remelting process; 

the use of modern power supply to regulate the alternating current frequency within the 
range 0.1 - 10 Hz, and also to conduct remelting process at constant current of "direct" and 
"reverse" polarity; 

reliable control system of mutual movement process of consumable electrode, melting billet 
and/or mold; 

movement speed control of consumable electrode through the use of intelligent controller to 
keep up required by technological indications values of operating current and voltage on slag 
bath and the most effective power distribution exuded in it; 

express control and possibility to correct composition of slag, metal and protective 
atmosphere during remelting. 

New ESR furnace has a two-column design. The model of the furnace is represented in 
fig.1. Columns geometry provides steadiness to turnover and their mechanical strength, which 
is corresponded to affecting loads on them. Overall height of the columns is 24.3 m, and 
embedding is 10.8 m below ground level. Two columns are joined and formed a common 
support construction in order to melt billets of maximum weight. 
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   ESR furnace is completed with production tool set (molds, mandrels, base plates), which is 
necessary for production of required nomenclature of billets. Design feature of this equipment 
is that, for example, the same mold can be used for both ingots production, and for hollow 
billets smelting. 
   The model of production tool set for melting of ingots diam. 550 mm and hollow billets 
diam. 550/55 mm, as an example, is represented in fig.2.    
Each mold consists of two parts with different functions. Top is an extended part, where 
during melting process, basically, slag bath concentrates and consumable electrode melts. 
Bottom is a forming part, where crystallizing metal gets a shape of product with required 
geometry. 

Fig. 1 The model of multipurpose electroslag remelting furnace ESR-15/30U. 1. Supporting 
column. 2. Top platform. 3. Electrode holder. 4. Operating platform. 5. Bunker for bulk 
solids. 6. Crucible-ladle. 7. Billet. 8. Rectifier 9. Low-voltage circuit. 

   The forming part of molds represents copper panels set with duct cooling system. Control 
system detector of "slag-metal" interface is placed in the top panel of the forming part of 
mold. Cooling system of the top extended part of mold is realized according to «the closed 
water cavity» scheme. Both mold parts connect mechanically and form common workspace. 
   Mandrel design is traditional and fundamentally similar to design of extended part of mold. 
The main difference is that mold has internal functional surface, and mandrel - external. Top 
bridge is applied to provide synchronous movement of mold and mandrel regardless of their 
design features.  Top bridge unites mold and mandrel mechanically. Cooling water is 
delivered in mandrel through top bridge.  
   Base plate design for ingots smelting is traditional and represents a cylindrical water-cooled 
copper plate mounted on a steel framework, and for hollow billets - a copper water-cooled 
ring, which is placed in gap between mold and mandrel before the beginning of melt. 
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Individual base plate is provided for each standard size of ingot and hollow billet.  

Fig. 2 The model of production tool set for melting of hollow billets diam. 550/55 mm. 
1.Mold (forming part). 2. Mold (extended part). 3. Detector. 4. Mandrel (top bridge). 
5.Conductor. 6. Consumable electrode.7. Support plate. 

   Furnace design provides possibility of melting in a fixed mold. 
   ESR  furnace  is  completed  with  two  electrode  holders  in  order  to  have  possibility  to  melt  
using each column individually. Electrode holder design is realized to provide safe "hanging 
up" and reliable holding of consumable electrode, and also stable current supply to it 
according to chosen electric power supply circuit (monofilar or bifilar) during the whole 
melting period. Strain sensors of weight measuring system are fixed under support foot of 
electrode holder, which is used to control weight changing of consumable electrode during 
melting process. 
   If during melting process there is one mold with using of two columns at the same time, 
electrode holder is applied to hold consumable electrode. Electrode holder is mounted on a 
top bridge, which unites upper movable carriages of both columns. Mold is installed on a top 
bridge, which unites lower movable carriages of columns.  
   The requirement of universality imposed to new ESR furnace has led to the necessity to  
equip it with electrical equipment, which allows to change a wide range of the basic 
technological parameters of remelting process. The essential set of characteristics can be 
provided by power supply unit, which includes thyristor converter of alternating current 
frequency. It supplies the required flexibility of power circuit, high power parameters, the 
possibility of wide tuning control and precise regulation of the electrical mode. 

This power supply unit offers a number of advantages in comparison with single-phase 
transformers usually used in ESR furnaces, and makes possible the following: 

to make continuously controlled and three-phase load of supply line with power factor 
more than 0.8; 

to optimize the shape of metal bath by controlling the frequency of power supply, 
providing quality improving of the lateral ingot surface, homogeneity and dispersion of metal 
structure. 
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   New furnace is equipped with dual power supply units. It allows melting on each column 
individually in combination with a single power supply. Maximum current of each power 
supply is 37.5 kA, voltage - 75 V. In case of need to use both columns for melting at one time, 
the power supply units can be connected in parallel. 

Two-level automatic control system (ACS) is used in ESR furnace and provides 
achievement of the main technological advantages of new furnace by performing the 
following functions: 

differentiated control of electric and slag modes; 
automatic keeping of electric set point according to the program or in accordance with 

the assignment, including current frequency control of power supply; 
weight measurement of electrodes and remelting rate control; 
control of "slag-metal" interface position; 
gathering and processing of information from external measurement devices (sensors) 

and control of process parameters. 
   Electroslag remelting furnace is equipped by the systems, which are directly connected with 
ACS and provide its stable work and performing technological operations specified by 
technical requirements. Among these are: 

Control system of metal bath position («slag - metal» interface). The primary element 
is a contactless positional level meter, which registers changes of material characteristics 
inside mold by definition of power capacity changes of gamma-ray dose in interface zone. 

Video control system. It provides remote viewing and furnace condition control, 
including fixing of worst-case situation occurrence directly in the furnace and on its service 
area and warning of operating personnel.   

Control system of position of slag bath upper bound. 
Metering system of alloys, deoxidizers and fluxes. It is necessary to provide 

differentiated deoxidation, modification and micro alloying during melting process and also to 
compensate natural losses of slag.  

Furnace gas disposal system. 
In addition, ESR furnace will be equipped with the following: 

Control system of composition and pressure of protective atmosphere over slag.   
System of heat losses decreasing from lateral billet surface to environment. 

   The main indicators of technical characteristics of furnace are shown in table below. 

Technical characteristics Value
1. Rated power of the main transformer (TNDPU-12500/10), kVA 3570
2. Maximum current of  one transformer, A 37500
3. Secondary voltage of transformer, Volt 0 75
4. Type of current alternating
5. Current frequency, Hz 0,1 10,0
6. Nominal billet (cast) weight, kg:
- melting on one column; 
- melting on two columns at one time.

15000
30000

7. Cooling water consumption, m3/hour, no more 560
8. Pressure of cooling water, P , not less 0,4
9. Productivity (for billet with maximum size), kg/hour to 1500,0

   During process and according to results of cold and hot tests of furnace ESR-15/30U object 
tuning of automatic control system has been made and its technical documentation has been 
corrected. 

Technology and software of ACS ESR provide its functioning during ingots and hollow 
billets melting both at technological process realization on each of two furnace columns 
separately, and on two columns in common. 
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   The main energy indicators reached as a result of hot tests during ingots and hollow billets 
melting in furnace ESR-15/30U are as follows: 

the electric power consumption during ingots melting was 1280 - 1700 K.W.H./ton, and 
during hollow billets melting – 1400-1500 K.W.H./ton; 

cos  during ingots melting was 0,7 - 0,9, and during hollow billets melting - 0,88 - 
0,92.
   The project, regarding its scale, has been realized in a short period of time (according to 
Russian measures). In 27 months after its start the first stage of its realization was completed 
and the ESR furnace was put into operation for the production of ingots diam. 550 mm 
weighing up to 8000 kg and of hollow billets diam. 550/55 mm weighing up to 4000 kg. In 
2011 assimilation of production of 30 tons ingots has begun. 
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Introduction 

   In the induction heating of nonmagnetic materials with low resistivity (aluminum, copper, 
brass), the total efficiency of the heating system is often low, around 50%.  The ways adopted 
up to now for improving efficiency, e.g. Litz-wire cables, multi-layer coils, allow to reach 
values of 60 65%. [1,2] 
   Recently new approaches have been proposed for improving these efficiency values. 

Among them, the rotation of the workpiece to be heated in a constant magnetic field 
produced by superconducting coils looks very promising. The efficiency of the heating 
process is determined in this case mainly by the losses in the motor drive and can reach 
90%. [3-10] The main drawback is the installation cost because it requires an adequate 
refrigerating system for maintaining the coils at cryogenic temperature.  
   This drawback is overcome in installations in which the workpiece is rotated in a magnetic 
field produced by permanent magnets. [11-13] 

However, the study of the electromagnetic phenomena in induction heating installations 
with permanent magnets are currently at a very early stage and is still an actual problem. 
Figure 1 shows an induction heating system of this type for cylindrical workpieces, 
constituted by a multi-polar system of permanent magnets located externally to a rotating 
load.  
   Installations in which the magnets rotate around a still load are also currently studied. 

Fig. 1 – Induction heating system with stator ( ), permanent magnets ( ) and 
rotation of the billet ( a)

This installation can be considered an electrical machine of unconventional design for 
heating applications. 

Well established planar and cylindrical layered models can be used for carrying out 
calculations of electric machines. [14-17]   

1 This work was developed as part of the departmental target program "Development of Scientific Potential of 
Higher Education (2009-2011)", Project 2.1.2 / 11 94
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The sources of the exciting EM  field may be electrical currents flowing in appropriate 
windings or permanent magnets. 
   In some cases, the equations describing the EM field in each  region of the machine can be 
reduced to equations of  two-port  circuits; by taking into account the continuity of the 
components of the field on the boundaries of adjacent areas,  the equivalent circuit of the 
whole machine can be derived as a cascade of simple two-port circuits.  
   This paper focuses on a simplified plane layered model of the electromagnetic field of the 
induction heating installation.  
   Figure 2 shows a three-layer planar system constituted by magnets, air gap and load.  The 
active area of the model contains an opposite-pole permanent magnet structure and a 
conductive non-magnetic medium (load) which is separated from the active zone by an air 
gap, in the following called “working air gap” .
   The length of the model in the z direction is infinitely long. 

Fig. 2 - Planar scheme of the system constituted by magnets,  air gap  and load 
=magnets; =air gap;  =load; =stator yoke] 

A-H model of the  "slot -magnet" structure 

The development of an active four-pole model of the electro-magnetic field generated 
by a series of "slot - magnet" system, is based on the following assumption.  
The magnetization curve of the permanent magnets is represented by the linear relationship: 

r
r

c

B
B B H

H
, (1) 

with rB , cH  – residual induction and coercitive magnetic force. 
The spatial distribution of the residual induction of the magnets in the slot -magnet" 

structure is given by the function rB x  (Fig. 3a). 
   In the direction of magnetization, the magnetic permeability of the magnet is: 

r
i

c

B
H

. (2) 
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In the direction perpendicular to the magnetization, the magnetic permeability of the 
magnet is given by the magnetic permeability of vacuum 0 .

) b) 
Fig. 3. - Spatial distribution of residual induction ( ) and magnetic permeability (b) in the 
"slot -magnet" structure 

   If the investigated area of the model is represented as a piecewise-homogeneous medium, 
then the residual induction of the magnet and the magnetic permeability in the direction of 
the oy axis  is mathematically defined by the piecewise functions (see Fig.3): 

magnettheinB
slotthein0

)x(B
r

r   ;
magnetthein
slotthein

)x(
i

0
y   (3) 

   The components of the magnetic induction vector in the "slot -magnet" structure are linked 
to the magnetic field intensity by the relations: 

0, ,x xB x y H x y , (4) 

, ,y r y yB x y B x x H x y . (5) 

   The basic laws of magnetostatics 
rot 0H , (6) 

rotB A . (7) 
allow to obtain the following inhomogeneous differential equation for the magnetic vector 
potential: 

2 2
0 0

2 2
r

y y

B xA A
x x xx y

. (8) 

   The solution of this equation may be obtained on the basis of piecewise continuous eigen 
functions of the Sturm-Liouville problem in the form of an infinite series [15, 16].  
   The experience in the calculation of the magnetic field in electric machines shows that the 
magnetic field can be sufficiently approximated by only the first term of the series. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

83 |||||||



   Thus, as shown in [6],  the approximate solution of equation (8) has the form: 

1 2

0

cos , 0
2

, ch ch
sin , .

2 2 2

r
i

b
nx x

A x y B x dx C ny C n h y b
K n x x

,  (9) 

where n is the first positive root  of the transcendental equation: 

0 0
ctg tg

2 2
i ib b

n n , (10)

and the coefficient K satisfies the relation: 
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b
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K
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n
. (11)

For deriving the cascade equivalent circuit of electrical machines in case of 
sinusoidal harmonic traveling electromagnetic field, the solution (9) can be expanded in a 
Fourier series.  Moreover, If we assume that the "slot -magnet" structure moves in the 
direction of the decreasing x coordinate with velocity V, then each harmonic of the field will 
be seen by a stationary observer  as a traveling wave: 

, sink k k k kf x t F t x , (12)

with k
k V ; k

k
; 1, 3, 5,...k

Turning to the symbolic representation of traveling sinusoidal waves, we can obtain the 
expression for the complex amplitude of the k-th harmonic of the magnetic vector potential: 

1 22 2
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, (13)

where 
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   In the following  we shall denote it as 0kA .
   The tangential component of the magnetic field intensity is equal to: 

1 2
0 0

1 sh shk k
xk

A nQ
H j C ny C n h y

y
. (15)

   If on the boundaries of the “slot-magnet" regions (for 0y  and y h , see Fig. 2) are 
given the values of the tangential components of the magnetic field intensity 1kH  and 2kH ,
then the transformation of eqns. (13) and (15) leads to a system of equations for the active 
four-pole circuit, where the analog of the voltage is the magnetic vector potential and the 
analog of the current is the tangential component of the magnetic field intensity: 
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with 1kA  and 2kA  – values of the magnetic vector potential  at 0y  and y h .

Fig. 4.  A-H equivalent scheme of the discrete homogeneous  "slot -magnet" structure 

Thus, a moving "slot-magnet" structure  with permanent magnets, according to the 
theory of the electrical circuits, can be described by  the equivalent circuit of figure 4, with 
the following parameters: 

0
1 2 th

2k k
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Z Z
n

; 0
3 shkZ

n nh
; (17)
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Cascade A-H equivalent circuit of the system "magnets-air gap-load"

   The system "magnets-air gap-load" (Fig. 2) consists of three structural zones: the zone of 
magnets, the working air gap and the load. In the A-H cascade scheme to 
each zone corresponds a four-pole circuit.  

In figure 5, from the left to the right, are shown three four-pole circuits: the first one 
(active) corresponds to the magnet zone, the second and the third (passive) to the working air 
gap and load.  
   The impedances of these two passive four-poles circuits are given by [15]: 
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with: Alh  – calculation thickness of the conductive layer, m; Alkp  – root of the 
characteristic equation, given by 
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2

Al 0k k
kp j ; (21)

 – electrical conductivity of the load material, 1.1 mohm .

Fig. 5. - Cascade equivalent A-H circuit of the “magnets–air gap–load” system 

The yoke, on which are located the permanent magnets, is made of ideal ferromagnetic 
material; at its surface the tangential component of the magnetic field intensity vector is zero. 
Therefore, the first four-input terminals corresponding to the surface of the yoke, are open.  
   The value of Alh  is chosen with the assumption that the penetration depth of the 
electromagnetic wave corresponds to a strong surface effect. In this hypothesis also 
the output terminals of the third quadrupole are open.  

The A-H cascade circuit can be solved by the methods of the circuit theory. The 
calculation gives the tangential components of the magnetic vector potential and the magnetic 
field intensity at the boundaries.  
   The following step of the calculation is the determination of the electric field intensity and 
the normal components of the magnetic induction vector: 

k k k k
k VE j A j A ; yk k k k

kB j A j A . (22)

   For a fixed system (i.e. 0V ) no electric  field is induced and the A-H cascade scheme 
describes the stationary magnetic field in the "magnets-air gap-load" system. 

Calculation of a "permanent magnets - aluminum load" system  

   To validate the calculation method presented in the paper,  a series of calculations of the 
electromagnetic field of a "permanent magnets – aluminum load" system has been carried out 
with the analytical cascade scheme and by numerical methods.  
   The first numerical calculations has been done with ELCUT 5.5 software (St. Petersburg). 
In these numerical calculations the moving permanent magnets are replaced by a distributed 
multi-phase system of currents, separately calculated for each  harmonic of the field. This 
calculation algorithm allowed us  to compare the numerical and analytical results for each 
harmonic individually, and to verify the hypothesis that the electromagnetic field can be 
sufficiently well determined by the first harmonic. 
   In the cascade analytical calculation and in the numerical one the normal component of the 
magnetic induction vector and the electric field intensity on the surface of the load have been 
evaluated with the following initial data: pole pitch 20 mm; width of the magnet 10 mm; 
height of the magnet 25 mm; working air gap 5 mm; depth of the  aluminum layer 10 mm; 
conductivity of aluminum 1171044,3 mohm ; relative permeability of the magnet in the 
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“radial” direction 1.083; residual induction of the magnet 1 T; rate of displacement of the 
magnets 15,71 and 31,42 s/m .

)    b)
Fig. 6. - Calculated electromagnetic field distribution on the load surface: ) electric field 
intensity vector; b) normal component of the magnetic induction vector. 
( — calculation with  the cascade scheme;  - - - numerical calculation) 

)    b) 
Fig. 7.  - Calculated electromagnetic field distributions on the load surface as a function of 
the rotation rate: ) electrical field intensity; b) normal component of magnetic induction 
vector; 
[ — V = 0; -¤-¤-¤- V = 15.71 m/s; - - - V = 31.42 m/s] 

   Figure 6 shows the distribution of the components of the field vectors on the surface of the 
load, obtained with three harmonics ( 1, 3, 5k ) as follows:  

First, the complex amplitudes of the first, third and fifth harmonic components of the 
vectors zE  and yB  have been calculated (with the A-H equivalent circuit and numerically).   
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   Then the corresponding traveling waves have been evaluated by eqns. (12) , and finally  the 
total curves of ( )zE x and ( )yB x  for the time 0t  have been obtained.
   The curves of figure 7, always calculated by means of the cascade circuit,  give a visual 
representation of the effect of the rotation rate of the load  on the vectors components. 

The proposed calculation procedure has been further verified by means of some 
computations developed by  the commercial FEM code FLUX. These  numerical solutions 
have been obtained for  two different geometries: a 2D planar model, built with the same 
geometrical and physical characteristics of the one used in the calculations with the  proposed 
equivalent circuit procedure, and a circular model,  more representative of the rotating billet 
system. 

Figure 8 represents the planar model with an aluminum load bar which moves 
horizontally with respect to the polar system; the color map shows the calculated induced 
current distribution in the aluminum bar  at a linear speed of 15.71 m/s. 

Fig. 8 – Planar 2D model: the color map represents the induced current distribution on the 
aluminum bar  moving below the permanent magnets at linear speed  15.71 m/s. The lines 
show the equi-flux  lines of  the induction field. 

   The circular model, shown in Fig. 9, represents a stator with 6 permanent magnets with the 
same dimensions used in the planar model , i.e.  with a pole pitch of  20 mm along the air-gap 
circumference. The solution of the induced  current has been carried out by means of time 
dependent models with movement whit a  rotational speed  chosen in order to have the same 
linear velocity on the external surface of the aluminium billet. 

)  b)  
Fig. 9 – a) Geometry of the FEM circular model: stator  with 6 permanent magnets of section  
10 x 25 mm ;  aluminum billet radius  14.35 mm;  air-gap 5 mm. b) equi-flux lines and color 
map of induced currents at 10.450 rpm corresponding  to 15,71 m/s at the billet surface 
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Fig. 10 - Component of B normal to the external surface of the aluminum load computed in 
static conditions. 

Fig. 11 – Induced electric field at the surface of the aluminum load : dotted line calculated 
with proposed model at  speed 15.7 m/s;  solid thick line  obtained by the planar FEM model 
at the same velocity; solid thin line by the circular FEM model. 

   Figure 10 shows the comparison of the calculated normal component of the B field. The 
curves show that the circular model gives higher values of induction field, while the values 
obtained with the planar FEM geometry are in very good agreement with the results  given by 
the proposed method..  
   Figure 11 gives the induced electric field on the surface of the aluminum load ;  it shows  
that the proposed model (dotted line) gives results  in a very good agreement with those 
obtained by the planar FEM one at the same velocity (solid thick line), while the circular 
FEM model (solid thin line) gives higher values of the induced electric field. 

Conclusions 

   The following conclusions can be made : 
1. In this paper, the calculation of the electromagnetic field in the induction heating with 
permanent magnets is achieved by a relatively simple analytical solution through an 
equivalent cascade circuit.  
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2. The results of the proposed analytical method agree well with the results of numerical 
calculations and can be used for a rough preliminary estimation of the field distribution 
3. The comparison of the results obtained with a planar model and a circular one with 
the same field velocity at the surface of the load has shown that in the planar configuration 
the intensity of the induction field is considerably lower in comparison to the circular one. 
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OPTIMIZATION DESIGN OF INDUCTION HEATERS IN THE FIELD OF 
ROTATING  PERMANENT MAGNETS WITH CYLINDRICAL LOAD OF NON-

FERROUS METALS 

 E. Golovenko, I. Gudkov, V. Goremykin, K. Michailov, E. Kinev 

“Dioton” Ltd., 75 ProspectSvobodnyStr., of.4-15 
Krasnoyarsk, 660074, Russia 

   For quite a long time the various research teams in Europe are trying to solve the problem 
of low energy efficiency of induction heating non-ferrous metals through the development 
of the installation of induction heating in a magnetic field of permanent magnets or 
electromagnets.For example, the patent number 609718 of 1945 year, by ABB company, 
shows heating process by the rotating cylinder with electromagnets around load.At this 
device, they show a method where two rotors with electromagnetsrotate to  meeting each 
otherin order to compensate for the electromagnetic torque acting on theload. 

The logical continuation of ABB developing, was ALUHEAT project development by 
Consortium research centers and industries plant of Germany, Italy, Finland, Poland, Norway 
with the head office in Institute of Electrothermal Processes (ETP)  of Leibniz University in 
Hannover, the Coordinator of all project was SINTEF Energy Research (Norway). From 2005 
to 2008, Consortium  developed a technique of induction heating in the field of 
permanent electromagnet with a superconducting coil for aluminum load / 1 /.SINTEF Energy 
Research has US6730893B1andUS20060157476A1 patents nowadays. As a result of 
ALUHEATproject, heating efficiency has been achieved over 90% with no metal 
intoxication.The technology involves the rotation of the workpiece in the gap of an 
electromagnetwith a superconducting coil.In the process of heating, 
the billet temperature come close to the temperature of the plastic deformation of 
the workpiece and it’s hard to kept workpiece without any deformation, cause the 
electromagnetic braking torqueeffect. In addition, the system has a strong thermal short 
circuit through the mechanical grips which heated rotating workpiece in a transverse 
magnetic field.Another limitation of the use of technology is a relatively low rate of heating 
with a small number of poles and limited download speed, and also it’s hard to find industry 
application of an electromagnet with a superconducting coil. According to the authors of this 
article the most promising for patent US 2006/0157476 A1  is the permanent magnets uses.  
   Another interesting idea proposed by the Finnish developer Suominen Pekka in 2009/3/.   
His patent WO 2010/100082 A2  for method and device described combination of previously 
known methods of heating and construction of permanent magnet high torque motor. The 
rotating magnetic field is generated by the stationary part of the electric motor, runs 
through the working gap of the motor, through the rotor with the magnets and penetrate into 
the heated boot.  
   All technical solutions has no address to the issue of the magnetic poles on the inner surface 
of the rotor magnets. In a technical device by SINTEF Energy Research has suggestion 
about some form of poles, for example, four, so the magnetic flux penetrated the boot through 
the perimeter for a few times along.As a result of increasing the number of poles,  withthe 
same rotation speed of the magnets, according to the law of electromagnetic induction, the 
electromotive force increases in load  proportional, also 
eddy currents and power in load increases. But if the number of poles will be very large and 
the distance between them significantly reduced, the magnetic flux will close in the 
gap between the sources of the magnetic field (permanent magnet or electromagnet poles) and 
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the heated object will reduce heating efficiency. This means that  there exists an optimal value 
of the distance between the poles (pole pitch), which is characterized for a certain diameter of 
billet and certain working gapbetween the sources of magnetic fields and heatedobject.It is 
also important to form a hub of the magnetic flux between the magnetic field sources to 
maximize the magnetic flux. 

In this way, the authors collective set out task for  further synthesis 
and parametric optimization of the induction heating device for steel and nonferrous metals, 
while maintaining the following decisions: 
- heated non-ferrous metal workpiece is stationary, the rotor with magnets rotates 
around a heated boot, and a steady position billets provided by a counter movement to 
the rotormagnets along the length of loading; 
- Number of poles and magnets is limited only by the size of the rotor and the 
workpiece, as well as the allowable size of the magnet. 

References for publication: 
1. Patent  609718 of 1945 year by  company 
2. http://www.sintef.no/home/SINTEF-Energy-Research/Electric-Power-
Technology/Applied-superconductivity/DC-rotating-billet-superconducting-induction-heater/ 
3. Patent  WO 2010/100082 A2 by Suominen Pekka released 10.09.2010 by 
4. Synopsis of Mikhailov thesis. http://research.sfu-kras.ru/sites/research.sfu-
kras.ru/files/Mikhaylov_Mihaylov_07.pdf 
ORIGINAL TECHNOLOGY AND OPTIMIZATION SEARCH 
The proposed technical plan assumes that permanent magnets 2 rotate around the 
heated cylinder 1 (Fig.1), magnets located in the grooves 3 of the rotor 4. The rotor 4 is 
rotated by an electric motor 6 by means of mechanical transmission 7. The insulation 5 is 
situated in the inner surface of the rotor 4. 

Figure 1 – Installation of the heating with motor and belt-driven rotation. 

   As a heated object was adopted aluminum cylinder with a diameter of 60 mm and a height 
of 60 mm. The inner diameter of the rotor with magnets is 60 mm. The rotor has 
16 slots 10  10 mm with a range of possible pairs of poles from p = 1 to p = 8. By analogy 
with the two-phase windings (m = 2) the width of the phase zone was1800. The number 
of rotor slots z corresponds to the number of magnets. The number of slots (magnet) per one 
phase zone q = z/2p. For example, for a rotor with Z = 16 in Fig. 1, may be 4 
different placement of the magnets on the number of poles: 2p = 2, q  8, 2p = 4, q  4, 2p = 
8, q  2, 2p = 16, q = 1. 

The authors involved one another parameter which characterized the placement of the 
magnets; it is the polarization angle . If the plane of the magnetization of the permanent 
magnet  passes through the center of rotor rotation   (Fig. 3), the angle of the 
magnetization =900. If the plane of the magnetization is along the tangent to the path of 
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rotation (Fig. 2 and Fig. 4), =00. Due to development the angle of the magnetization  adjusted 
from  = 00 and =900, which can be realized in the manufacture of permanent magnets. 
Usually the rotors permanent magnet motors are made of aluminum. Aluminum has high 
thermal conductivity; it is a weak paramagnet and has highmechanical properties.For the 
magnetic flux density is appropriate to use ferromagnetic inserts on the part of the tooth, 
as it shown in Fig. 4. 

In the traditional induction heating usually select the optimum frequency for supplying 
inductor, this frequency little higher than industry frequency. With heating load by the 
proposed method,  to increase the speed of magnetic field besides increasing the number 
of rotor poles also we can increase the speed of the rotor with the use 
of overdrive manual transmission and variable-frequency drive. But it is necessary to 
choose both an electric motor, the source of his power, and mechanical transmission, 
which would improve the efficiency of converting electrical energy into heat. For this 
purpose, the calculations must take into account not only the electromagnetic processes in the 
system "load - rotor with magnets," but also the processes ofelectric drive.Operational 
parameters of the electric linked related with the electromagnetic torque and rotor speed. 

Figure 2- 
Magnetization is along the 

tangent  

Figure 3– 
Magnetization goes  
through the center 

Figure 4 - 
Magnetization is along the 
tangent with ferromagnetic 

inserts 

   The nature of the electromagnetic field in the proposed installation related to the field of 
collector permanent magnet motor, where the rotor rotates inside the stator windings with 
permanent magnets. Known calculation methods in the theory of electrical machines based on 
analytical expressions has little use to calculate the heater on permanent magnets. 
First, electromagnetic and thermal processes in a continuous magnetic loadingdiffer 
substantially from the processes in the winding, laid in the grooves. Second, between 
the load 1 and magnets 2 (see Figure 1) operation gap can reach  20 mm to accommodate 
the insulation 5. Therefore we decided to create three-dimensional numerical model in 
ANSYS software. In model constructing it is necessary to harmonize the 
electromagnetic parameters of the rotating load (speed, electromagnetic torque and power on 
the rotor shaft) with the performance of the drive. 

The mathematical model for analyzing the electromagnetic and thermal processes in the 
system "load - rotor with magnets," and the dynamic model of the electrical machine, like a 
system of integral and differential equations should describe the change in the state of the 
electromechanicalobject in the process of electro-heating load due to the temperature 
dependence of physical properties heated metal. The mathematical model was developed in 
the software package ANSYS Multiphysics,  where the ANSYS Electromagnetic module was 
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used for   electromagnetic problems and ANSYS Thermal Module was used to solve the heat 
problem. In the analysis of the "induction motor - rotor with magnets," used in the 
mechanical characteristics of the engine and the equation of dynamic equilibrium of 
moments. In the analysis of the "induction motor - rotor with magnets," used in the 
mechanical characteristics of the engine and the equation of dynamic equilibrium of 
moments. 
Necessity to consider the thermal field and determination of the rotational speed of the 
rotor induction motor n2 (rotor magnets n1) is caused by the fact that heating of the 
ingot from 20 0  to 400 0  (in the middle of the cylindrical load on the generator - the point 
1 in Fig. 6) rotor speed n1, measured experimentally, increased from 6550 rev / min 
to 6750 rev / min. 

The phenomenon of increasing the rotor 
speed was observed in the mathematical 
modeling. 
   In Fig. 6 shows: mechanical characteristics 
of an induction motor n2 = f ( ),the 
rotor magnets taking into account losses in 
the power transmission belt, 

)/()( 22 kMfknMfn

where, RMM  loading at 20 0

-1 PMfn1 ; and the 
specific electrical conductivity 20° =36,9·1
06 ohm • M-1 ; load at 400 ° C 
and conductivity 400° =13·106 -1

PMfn1 .
Figure 6 – Mechanical characteristics 

   Fig. 6 shows that with the heating process, moment balance point A  in "cold mode" comes 
point B in the "hot mode". For adoption of technical solutions is an important determination 
of integral parameters, effective output to load, depending on the design parameters, or on the 
speed of the rotor with the magnets.The dependence of the active power of the frequency 
of the rotor with the magnets is shown in Fig. 7.It shows that the useful power, increases with 
the rotational speed increasing. To determine the frequency of rotation of the rotor with 
magnets it must be take into account the necessary full capacity, the uniformity 
of heating over the cross section and the permissible thermal stresses. 
   The original authors hypothesis,  shows another important design parameter for the design 
of the device, it is the angle of polarization of the magnets.Depending on the angle of the 
polarization effect of magnets on the energy efficiency of heating of a 
cylindrical loading shown in Fig. 9.The graph shows that the best angle of polarization in the 
system is 900, that is, the poles of permanent magnets should be directed to the axis 
of rotation of the rotor and load, respectively. 
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Figure 7- useful power of the speed rotation Figure 8 – useful power of the 
polarization angle 

   Fig. 9 and Fig. 10 shows the results of calculation of the various embodimentsof the rotor at 
Z = 16, q = 1, p = 8, n1 = 8000 rev / min.Namely, Fig. 9 shows the net power released in 
the boot of the pitch of the magnetic ( = 200) inserted in the ferromagnetic 
and paramagnetic material of the back of the rotor and the magnets for the polarization 

angle 900, as shown in Fig. 10 shows bHfP2  of the angle of polarization of the 
magnets for  = 00.

Figure 9 – useful power of the pitch insert
= 900

Figure 10 - – useful power of the pitch insert 
 = 00

Based on the charts, the best option is to use a non-magnetic (aluminum) rotor 
magnet polarization tangential to the rotation axis (  = 00) and a magnetic insert to mid-
height of the magnet in the radial direction of b (Fig. 4).  
The method of parametric optimization for the installation of induction through 
heating load in a rotating magnetic field allows you to optimize the induction system based on 
the properties of the material loading and its geometrical dimensions, performance 
requirements and quality of heating.As an optimization algorithm was selected  the Holland 
genetic algorithm.  Its advantage lies in the reliability of finding the global optimum in the 
presence oflocal minima.The technique worked out in an apparatus for heating a 
cylindrical aluminumloading diameter of 175 mm and a length of 438 mm. 
   The need for optimal search of the embodiment of the inductor is that the calculation of a 
pilot plant and the use of technological solutions used in the development of a 
laboratory setting, the efficiency of the installation was about19%.Duringthe optimization   a 
theoretical efficiency was about 85%.   Thus, the parametric optimization of the design of the 
proposed class devices should be a mandatory event for the design. 
   As the optimized parameters was used: the number of pole pairs p = 1 ÷ 25, the number 
of magnets per phase q = 1 ÷ 25, the angle of polarization of  the magnets,  = - 90 ÷ 
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+90, width of the magnets, a = 3 ÷ 50 mm, height of the magnets in the radial direction b = 
3 ÷ 50 mm, the relative permeability of insertionon the floor of the magnet height H = b / 2 - 

b = 1 ÷ 1000, the rate of rotation.Limitations: The number of magnets
3min

2

a
dz ,

where  - the height of a non-magnetic gap, amin+3 - the minimum length of the phase zone. 
As the object of the optimization search was selected analogue of induction 
heater brandOKB894A for crimping cables with a diameter download d2 = 175 mm, length l2 
=438 mm, the net power of 80 kW. 

The following table shows the results of the parametric optimization of the heating for 
different objective function. 

Table 1 – Results of optimizing research

Parameter, value name The range of 
variation 

Option 
Before 

optimization  1 2 3

1 2 3 4 5 6 7

The value of weighting 
coefficients 

k1
k2
k3

-
1
0
0

0,95
0

0,05

0,8 
0,1 
0,1 

The height of the magnet, 
mm b [3÷50] 10 25 25 23,7 

The weight of the magnet, 
mm a [3÷50] 10 25 25 25

Numberof magnets Z [2÷50] 40 20 20 24
Numberof poles p [1÷25] 20 5 5 6
The angle of the 
polarization, degree. [-90÷90] 0 -90 -90 -90 

The magnetic permeability 
of the back, H / m µ [1÷1000] 200 200 200 200 

The magnetic permeability 
of the wave, H / m µ [1÷1000] 200 123 300 1

The height of the wave, mm Hb [0÷50] 10 25 25 23,7 
Rotorspeed, rev / min. n [1000÷6000] 6000 6000 3600 2920
Power, kW P – 20 150 80 114 

    The table shows that the conduct of search optimization has increased the active power that 
is allocated to the load by 5.5 times, while maintaining the desirednon-magnetic gap and the 
initial parameters of the permanent magnets.It is also able to reduce the rotor 
speed to 2920 rev / min, which eliminates step-up gear drive and belt drive, and, 
consequently, increase the efficiency of the system. It is evident that significant improvements 
in energy efficiency of converting electrical energy into thermal energy is the use of non-
magnetic rotor teeth with permeability  = 1 and the ferromagnetic rotor back to the 
relative magnetic permeability  is not less than 200 relative units. This criterion corresponds 
to almost any structural steel.  

In conclusion of parametric search, the dependence of the sensitivity of the 
solution sequence of the angle of polarization of the magnet and the relative permeability 
of insertion was investigated (Fig. 11 and Fig. 12), since these parameters affect 
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themanufacturability of the rotor with the magnets.The use of a magnet with  = 90 ° 
and inserted between the poles of  = 1 leadsto an increase in capacity of 24 kW. 

Figure 11 –
useful power of the polarization degree and 

speed rotation

Figure 12 –
– useful power of relativepermeability 

of insertion

The research results was applied in the design of the induction heater like OKB894A which 
works ob JSC "Irkutsk cable plant."
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ABSTRACT 
At the Institute of Electrotechnology (ETP) a model for the calculation of complex 

induction hardening processes was developed which can successfully simulate the full 
instationary heating process [1]. The model allows the solution of the coupled non-linear 
electromagnetic and thermal fields taking into account the temperature dependencies of the 
material properties. A method to simulate the heating process with two simultaneous 
frequencies was implemented as well. Therefore, the simulation program is able to investigate 
the influence of different hardening parameters on the heat profile within the work piece and 
to optimize the hardening process. To improve the accuracy of the transient simulation results, 
a method to consider the field dependency of the relative magnetic permeability was 
developed for basic 1D investigations [2]. 
   In this paper, two improvements to the existing ETP model will be introduced. The first is a 
new method of taking into account two simultaneous frequencies. The second is the 
implementation of the relative magnetic permeability as a function of temperature and 
magnetic field intensity in the model for complex 3D geometries. The simulation of a 
standard gear will be used to demonstrate the capabilities and advantages of the two new 
modules. 
INTRODUCTION

Induction surface hardening is an innovative electro-thermal process for improving the 
quality of mechanical components in terms of abrasion resistance while preserving core 
ductility. The main advantages are a very short hardening time, high power densities, low 
distortion and low space requirements. Therefore, subsequent machining can often be 
eliminated and an integration of the process into production lines can be achieved easily [3]. 
   The design of induction hardening devices, especially the inductor geometry and the choice 
of the hardening parameters like inductor current and power, are actually carried out by 
experience and experimentation. However, there are limits to this approach if complex work 
piece geometries have to be handled or if the hardening parameters become more complex, 
for example when two simultaneous frequencies are used. 
   The numerical simulation of induction heating processes offers new opportunities for the 
design of induction hardening devices with complex geometries and time regimes. At ETP, 
the commercial finite element method tool ANSYS is commonly used for the computation of 
such processes, because of its capabilities to calculate the solution to coupled electromagnetic 
and thermal problems. This software package can take into account all important temperature-
dependent material parameters such as relative magnetic permeability and specific resistivity 
in electromagnetic calculations, or specific heat capacity and thermal conductivity in thermal 
calculations. Beyond that, relative magnetic permeability also strongly depends on magnetic 
field intensity. Induction hardening processes, with their short heating times and large power 
densities usually face time-varying magnetic field intensities. In many processes the time until 
a generator reaches the desired output power level can be easily 50% of the overall heating 
time. During that time, the magnetic field intensity, and hence, the relative magnetic 
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permeability, change over time. Due to the strong dependency of the relative permeability on 
the power induced within the work piece, the permeability has to be taken into account not 
only as a function of temperature, but as a function of the magnetic field intensity as well. 
   This can only be achieved by using user-defined subroutines. The basic concept is based on 
the idea of implementing a family of curves µH(T) for different values of the magnetic field 
intensity [2]. During the transient heating process, those curves have to be reassigned 
whenever the magnitude of the magnetic field intensity changes. As the magnetic field 
intensity is not constant within the work piece due to the skin effect, it is also necessary to 
assign different µH(T) curves locally within the work piece. 
PREVIOUSLY USED CALCULATION ALGORITHM 
   All prior models for the simulation of induction heating processes developed at ETP are 
based on a harmonic electromagnetic calculation coupled with a transient thermal calculation. 
The transient heating process is divided into several time steps, with 25 steps being a typical 
number for hardening processes. The electromagnetic calculation of the first time step is 
performed with material parameters of the work piece at room temperature. The Joule Heat 
distribution within the work piece as the result of the electromagnetic calculation is then 
imported as heat sources in the subsequent transient thermal calculation. This sequence is 
repeated for each time step. The temperature distribution at the end of each time step is used 
to adjust the material parameters for the next electromagnetic calculation. However, this 
calculation method does not take into account the dependency of the magnetic field intensity 
on the permeability, which can lead to inaccurate results. 

Furthermore, the existing model is capable of calculating induction hardening processes 
with two simultaneous frequencies. Such processes usually use a medium frequency (MF) of 
several 10’s of kHz and a high frequency (HF) of several 100’s of kHz. A sequential method 
is used to compute the transient heating process in this case. Initially, the harmonic 
electromagnetic calculation is performed for one of the two frequencies. In the associated 
transient thermal calculation, only the power induced by that frequency is considered. In the 
following time step the harmonic electromagnetic and transient thermal calculation are 
performed for the second frequency. As only a single frequency is active during one step, the 
power induced into the work piece has to be corrected when using this method. Therefore, the 
Joule Heat belonging to the active frequency is doubled in the thermal calculation. With this 
procedure, an accurate temperature distribution at the end of the heating process can be 
calculated. However, the temperature over time is afflicted with an error. The temperature at 
the end of a time step is either lower or higher than the real temperature. The number of time 
steps has to be twice as big compared to a process with a single frequency, which also doubles 
the overall calculation time of the electromagnetic analysis. 
IMPROVED CALCULATION ALGORITHM 
   The calculation method of the improved model is shown in Figure 1. First, the calculation 
domain is created. It includes the electromagnetic and thermal environment, all boundary 
conditions and all process and material parameters. Subsequently, the current providing the 
electrical power is defined for the first time step. The model can be used for the simulation of 
real processes that are current controlled, as well as for processes that are power controlled. In 
both cases the transient coil current has to be known. In a current-controlled process the 
inductor current is constant after the generator reaches the set current value. While the work 
piece temperature increases, less Joule Heat is induced due to unfavorable values of material 
parameters at higher temperatures. Therefore, the current still increases after reaching the 
preset power level in a power-controlled process. 
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After defining the current, the 
harmonic electromagnetic 
calculation is performed. In this 
calculation the relative magnetic 
permeability is corrected in a loop 
and afterwards the Joule Heat as 
input data for the thermal analysis 
is calculated. The electromagnetic 
calculation is performed for the 
medium and high frequency 
separately. Then the absolute 
values of the magnetic field of 
both calculations are 
superimposed for each element of 
the model to receive the resulting 
overall field intensity. Depending 
on the magnitude of the magnetic 
field, a µH(T) curve is assigned to 
each element. The loop cycle of 
calculating the field intensity and 
correcting the relative 
permeability ends when the 
overall electrical power of 
inductor and work piece does not 
change more than 2% compared 
to the previous calculation. In the 
first time step usually more loop 
runs are required, because only a 
single µH(H) curve is assigned to 
the whole work piece initially. If 
the 2% criterion is fulfilled, the 
heat sources for the thermal 
analysis are calculated by 
superimposing the Joule Heat of 
the final MF and HF run. Several 
simulations have shown that it 
usually  takes  between  3  and  5  
loop runs until the criterion is 
fulfilled for a typical hardening 
process. It is therefore possible 
that 10 harmonic analyses per 
time step have to be performed, 

when two simultaneous frequencies are used. The improved accuracy of the new algorithm 
comes at the expense of higher overall calculation times. In contrast to the sequential method, 
the calculated heat sources represent the actual power induced during the time step. The 
thermal calculation then is performed. In the next time step, the current is changed and the 
material parameters are adjusted to values at the current work piece temperature for the next 
electromagnetic calculation. 

Figure 1: Improved calculation algorithm
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EXPERIMENTAL SETUP 
   The model was verified with the help of the German company ELDEC, which conducted 
some experiments with their patented SDF® technology. A standard straight-cut gear was 
hardened at the ELDEC site in Dornstetten. A MF of 12 kHz and a HF of 287 kHz were 
chosen to heat up the tooth root and the tooth tip respectively. The process was power 
controlled with a MF power of 465 kW and a HF power of 450 kW. The settling time of the 
generator was 30ms for HF and 70ms for MF. The current over time is not known and will be 
recorded in future experiments. Therefore, a few assumptions concerning the inductor current, 
which is needed in the new model, have to be made. These assumptions are described in the 
following section. 
   The gear was made of alloyed heat-treatable steel 42CrMo4. The diameter of the work piece 
is 78mm, the height of a tooth is about 6mm. The gear was heated with a single shot of 150ms 
and quenched afterwards. Micro sections of the gear were then made available so a 
verification of the simulation model could be done. 
NUMERICAL MODEL 
   For the numerical model the actual gear of the experimental setup was simplified to only 
one quarter of a single tooth by exploiting the symmetry of the work piece. Accordingly, only 
a segment of the inductor and the flux concentrator were added to the model. 
   Ten µH(T) curves for different magnetic field intensities were implemented in the model. 
Figure 2 shows four of these curves for different values of the magnetic field intensity. All 
curves have a common characteristic. Below Curie temperature, the permeability is 
decreasing while the magnetic field intensity is increasing. Above Curie temperature, the 
permeability is always unity. 

Figure 2: µH(T) for different magnetic field intensities Figure 3: Inductor current over time 

   To take into account the inductor current in the model correctly, the following assumptions 
have been made: 

- During settling time the current increases linearly. 
- The ratio of the electrical HF and MF power in the simulation is the same as the ratio 

of the HF and MF generator power in the experiment. 
- After passing the settling time of the MF current, the HF current has to be increased by 

1.5% in each time step to keep that ratio nearly constant. 
- To be able to compare the numerical model to the micro sections received from the 

experiment, the magnitude of the current has to be adjusted. 
The inductor current over time is shown in Figure 3. The frequency values used in the 
experiment were also used in the simulation. 

0

20

40

60

80

100

0 200 400 600 800 1000

16 kA/m

24 kA/m

40 kA/m

160 kA/m

T [°C]

µ H
(T

)

0

1

2

3

4

5

6

7

0 50 100 150

Current MF

Current HFI[
kA

]

t [ms]

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

101 |||||||



   Figure 4a exemplarily shows the distribution of the magnetic field intensity of the gear right 
after the MF current reaches its maximum value. All runs of the loop correcting the magnetic 
permeability have been performed for this time step. Therefore, a µH(T) curve is assigned to 
each element according to the magnetic field intensity. Figure 4b illustrates which elements 
use the same µH(T) curve (every color stands for another curve). Since the magnetic field 
distribution changes each time step, the relative magnetic permeability has to be recalculated 
in the next time step as well. 

RESULTS
   The temperature distribution at the end of the heating process calculated with the numerical 
model can be seen in Figure 5a. As shown in [1] this temperature profile can be directly 
compared with a micro section of a hardened work piece. If a work piece reaches the 
necessary target temperature and is quenched sufficiently, a Martensite microstructure is 
usually obtained. In this case the target temperature was 920°C. When compared, a good 
correlation between the calculated result and the micro section of the real work piece can be 
seen. However, to fully validate the model and the improved algorithm, it is necessary to 
compute the heating process with the actual MF and HF current over time. 

Figure 4: (a) Absolute value of the magn. field intensity in A/m and (b) illustration of areas with different µH(T)
curves 

6mm

Figure 5: (a) Temperature distribution in °C at the end of the heating process and (b) micro section of a hardened 
gear 

tooth tip 0,8 mm 

tooth tip 1,6 mm 

tooth root 0,8 mm 
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   The temperature progression of three different points of the gear is shown in Figure 6 (the 
locations from where the temperatures were taken are marked in Figure 5a). The transient 
temperature curve has a smooth shape and does not oscillate around the correct temperature 
like in the previous model (compare [1]). 

Figure 6: Temperature over time for three locations within the work piece

CONCLUSION AND FUTURE WORK 
In this paper an improved numerical model for calculating complex induction hardening 

processes has been introduced. The relative magnetic permeability as a function of 
temperature and magnetic field intensity was implemented in the model. An algorithm taking 
into account the induced power of two simultaneous frequencies correctly at all times was 
developed. The new model can be used for 3D geometries of high complexity. The model was 
verified by comparing simulation results to a micro section of a hardened straight-cut gear. 
   However, to make full use of the potential of the model, it is also necessary to implement 
the relative permeability as a function of temperature and magnetic field intensity for flux 
concentrators, which are typically used in induction hardening applications. Due to the high 
magnetic field intensities it is likely that the flux concentrator’s relative permeability is driven 
to smaller values than the nominal. The influence of the flux concentrator’s permeability on 
the accuracy of the calculated results has to be investigated in the next step. 
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STRESSES AND DISTORTIONS DURING SCAN INDUCTION CASE 
HARDENING OF THICK TUBE 
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 (1)Fluxtrol, Inc., 1388 Atlantic Blvd., Auburn Hills, MI 48386, USA 

(2)Deformation Control Technology, Inc., Cleveland, OH, USA

ABSTRACT 
   Simulation of stresses during induction heat treating is a very complicated task. There are 
many studies of residual stresses and distortions for single shot case hardening and very few 
for scan hardening. This article continues a presentation of the authors at ASM conference in 
Cincinnati in October 2011 devoted to stress and deformation evolution for a single shot 
hardening of internal and external surfaces of a thick tube. Such model studies allow us to 
analyze the influence of basic task parameters on formation of stresses and deformation. 
Results of such study can help us predict and control stresses and deformations, reduce the 
risk of irreparable defects such as cracks, and optimize the entire process. A method of 
coupled simulation between electromagnetic, thermal, structural, stress and deformation 
phenomena during induction tube hardening is described. Software package ELTA is used to 
calculate the power density distribution in the load resulting from the induction heating 
process. The program DANTE is used to predict temperature distribution, phase 
transformations, stress state and deformation. Presented results demonstrate not only the 
residual stresses but also evolution of stresses and deformations in the process of heat 
treatment. 

INTRODUCTION
   Stress formation during induction hardening is more complicated than after furnace heating 
because of selective heating with high temperature gradients and a rigid core of unheated 
material.  Scan hardening has a greater number of variables than single-shot and the process 
of stress and strain formation is more complicated due to accumulation of their values during 
the treatment process. Possibility of stress and strain simulation allows us to predict final 
results and optimize the induction hardening process. 
   Stresses and distortions during induction treatment have been under study from the very 
beginning of development and industrial application of this method (middle of 1930’s) [1, 2]. 
Multiple studies have been made since that time [3-10]. For steel parts the common finding is 
that induction surface hardening gives compressive stresses in the martensite layer. These 
stresses are beneficial for component service and increase the bending strength of the part and 
its wear resistance [11]. 
   However, in some cases tensile stresses may develop that reduce service properties of the 
component and even cause local micro or macro cracks.  High stresses also lead to 
dimensional changes and distortions of the component. Typically these changes are 
undesirable, but in some cases they may be beneficial. An example of a positive role is to 
provide structure or size correction from induction heating, such as shrink fitting or induction 
straightening of large assemblies of parts [12].  
   Traditional descriptions of residual stress distribution after surface induction hardening of a 
steel bar is illustrated by Fig. 1 [13]. It shows all three components of residual stresses: radial, 
axial and hoop, as well as hardness distribution. In this typical case, radial stresses ( r) are 
much smaller than axial ( a) and hoop ( t) stresses. Hoop stresses are typically the highest 
and they are mainly considered in analysis. In this example, they have a maximum value of 
about 700 MPa (compressive) on the surface, drop to zero at the distance approximately 
corresponding to the case depth, change sign, reach a value of approximately 300 MPa 
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(tensile) at half the radius, and then drop to zero at the bar center. Tensile radial stresses may 
cause circular internal cracks, separating the hardened layer from the part core.   
   Stress evolution during heat treatment is a very complicated process and there have been no 
analytical methods to predict it accurately. Only experimental methods have been used, and 
these include dissection, x-ray, neutron, or ultrasound, all of which are labor consuming and 
expensive [14].  Also, methods can be applied only after process completion and important 
factors and effects that can occur during the process are missed.   

   Development of internal stresses and distortions resulting from induction processing has a   
few root causes. In the block diagram of induction heat treatment process (Fig. 2), stress and 
distortion blocks are at the end of a long chain of mutually coupled phenomena. The main 
sources of stress are mechanical, electromagnetic, thermal and microstructural. Stresses 
appear from the very beginning of heating due to thermal expansion of the surface layer and 
electrodynamic forces created by electromagnetic field on the part surface. Stresses and 
distortions due to electromagnetic forces are usually small compared to thermal and 
structural, and may be neglected except in the case of heating flat surfaces or thin long parts. 
   Computer simulation has been used for electromagnetic and thermal analysis for almost 40 
years and has become a standard procedure for induction system design and optimization in 
recent years. There are multiple packages for induction system simulation. Fluxtrol, Inc. uses 
several programs, from the relatively simple Elta to the more complex Flux 2D/3D Finite-
Element package. In combination with structural analysis, using such program as DANTE, 
computer simulation offers a less expensive and time consuming method for tool and process 
development.  The accuracy of simulation and completeness of predicted information allows 
us to term this development procedure as “Virtual Prototyping of Induction Heat 
Treating”[15].  
   Simulation of stresses and deformation is an emerging technology, especially when dealing 
with induction, which started to be used for this purposes approximately 20 years ago [16-
21]. Besides the variety and complexity of simulation algorithms, stress simulation requires 
large databases of thermal, metallurgical and mechanical properties of materials over the 
entire range of temperatures used during processing.  

Figure 1: Typical residual stresses after 
hardening of steel 1045; cylinder OD is 
65 mm; t - hoop, r – radial and a - 
axial stresses; case depth is app. 6 mm.

Figure 2: Chain of mutually coupled pheno-
mena in the process of induction treatment.
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Figure 3: Color map of temperature in the 
surface layer of 36 mm

SIMULATION PROGRAMS 
   In the present study the induction heating software Elta was used for electromagnetic and 
thermal simulation and the DANTE package was used for thermal, structural, stress and 
distortion simulation. DANTE is finite element based software, which may be used for a 
complete analysis of a variety of heat treatment processes such as gear hardening after 
carburizing and furnace heating, quenching after furnace heating, etc. DANTE has no 
electromagnetic block; therefore the combination with other programs is required for 
simulation of the processes that contain induction heating.  The DANTE software includes 
subroutines that mathematically describe the mechanical, thermal and metallurgical phase 
transformations that occur during heating and quenching of steel components so that phase 
fractions, hardness, dimensional change and residual stress can be predicted during the entire 
thermal treatment.  DANTE includes a database of steel alloys that cover the common 
carburizing and through-hardening grades of steel. It also includes data for surface heat 
transfer coefficients for more commonly used quenchants and quenching methods.  
References [22, 23] contain more detailed information on DANTE. 

Elta [24] is a program based on 1D Finite-Difference electro-thermal simulation of 
induction heating systems with analytical accounts for finite lengths of the part and induction 
coil. Elta has a database for electromagnetic and thermal properties of different materials and 
temperature-dependent heat transfer coefficients for a variety of quenchants. There is a 
special block for progressive (scan) induction heating. 

SELECTION OF CASE STUDY 
   To minimize the number of variables and have the possibility to make a general analysis of 
stress and deformation evolution during heat treatment, it was decided to select a case of OD 
and ID induction hardening of a thick walled tube. A 4140 steel tube with an outer diameter 
of 28 cm, inner diameter of 16 cm and a length of 16 cm was heat treated by the scanning 
process using an induction coil with the length of 25 mm moving along the outer (case 1) or 
internal (case 2) surfaces. The heating and quenching processes were designed using Elta. 
The goal was to obtain a case depth of about 6-7 mm while not exceeding a maximum 
surface temperature of 1100°C. Optimal frequency for this hardness depth is in a range of 1-3 
kHz and a frequency of 2 kHz was chosen. Calculations showed that the required heating 
time must be about 18 seconds which corresponds to a scanning speed of 1.39 mm/sec. 
Simulation showed that under these conditions the hardness depth, corresponding to a 
temperature of approximately 800 °C, was 6 mm for ID heating and 6.8 mm for OD heating. 
Process schedules are given in Table 1 and a color map of temperature distribution in the 
surface layer of 36 mm for outer surface is presented on Fig. 3.  

*12% PAG polymer solution 

Step Time 
sec 

Frequency 
Hz 

Power, 
kW 

OD ID 
Heating 18.0 2000 100 60 
Hold 3.6 - - -
Spray
Quench* 

100 - - -

Cooling 200 - - -

Table 1:  Induction hardening process 
schedule
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Figure 4: Temperature, austenite and 
martensite history from DANTE.

Figure 5: Snap-shot of temperature (left), 
martensite layer and hoop stress distribution. 

Figure 6: Distribution of martensite, hoop 
and axial stresses at the end of OD treatment. 
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INDUCTION HARDENING OF TUBE OUTER SURFACE 
   The outer diameter surface heating example was examined first. At present time it is not 
possible to transfer results directly from Elta simulation into the DANTE program. The 
power distribution predicted by Elta was used in the DANTE model for temperature, stress, 
displacement and hardness calculations. A history plot of surface temperature, austenite and 
martensite phase fractions for a given point on the surface in the central part of the tube OD is 
shown in Fig. 4 from the program DANTE. Temperature fields calculated by DANTE and 
Elta were very similar, which confirms the accuracy of thermal blocks of both programs. 
The selected point of the surface enters under the inductor face at the 52nd second after the 

beginning of the process and. temperature 
rises quickly up to approximately 1100  C 
during the 18-second heating time. Then 
tempera-ture drops due to heat soaking for 
3.2 seconds before the surface point enters 
into the spray quenching zone. After 10 
seconds of quenching the surface enters in a 
low intensity cooling zone, after which the 
final water cooling takes place. Formation of 
austenite occurs almost instantaneously when 

the surface temperature exceeds Ac3 point.  
   Conversion of austenite to martensite starts 

when the surface temperature drops below 
Ms point (about 350 C).  As  a  result  the  
fraction of austenite quickly drops with 
corresponding growth of the martensite 
fraction. The corresponding distributions of 
temperature, martensite and hoop stress are 
presented in Fig. 5.  

The thinner layer of martensite at the 
start of hardening is due to the influence of 
axial heat transfer because of slow 
scanning speed. This non-uniformity may 
be easily corrected by power and scanning 
speed variation at the beginning of heating. 
   The development of hoop stress is rather 
complicated. There is a zone of strong 
compressive stress above and under the 
moving heated area. In the lower portion 
of the part (hardened zone), stress 
distribution is typical for induction surface 
hardening, i.e. compressive stresses on the 
surface followed by high tensile stresses in 
excess of 700 MPa. There are moderate 
tensile stresses on the part ID in its middle 
zone. 

A picture of stresses changes 
significantly during the scanning process. 
The  distribution  of  martensite,  hoop  and  

axial stresses at the end of treatment of OD 
surface is presented in Figure 6. The thicker 
layer of martensite at the part top is due to 
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Figure 7: Evolution of temperature and hoop 
stresses on the part OD surface in the middle cross-
section. 

Figure 8: Distribution of temperature, marten-
site and hoop stresses at the middle of treatment. 

heat accumulation during the slow scanning. The hardness depth there may be corrected by 
control of power and scan speed. Hoop stresses near the top are higher than in the tube body, 
where stress distribution is typical for the surface scan hardening. Axial stresses are generally 
uniform in the part length, except of the very ends where they are zero due to boundary 
conditions.  
   It is important to understand stress 
evolution during heat treatment, 
especially on the part surface where 
tendency for cracking is highest. 
Figure 7 shows variation of 
temperature and hoop stresses on the 
OD surface in the middle cross-
section of the parts. Rapid surface 
heating causes strong compressive 
stresses which reach -550 MPa. 
These stresses dissipate when the 
surface layer gets hot, and then 
become tensile (up to 200 MPa) in 
the process of austenite cooling 
before formation of martensite, 
which results in fast reversal of 
stress to compression. Penetration of 
a phase transformation front into the 
depth and thermal expansion of the 
rigid internal layers below the austenite layer due to further heat soaking cause the surface 
stress to again become tensile (the second peak in a positive range). Further variations of 
surface stresses are due to the overall temperature distribution in the part wall. Residual 
stresses on the OD surface are compressive (close to -280 MPa), which is a positive factor for 
the part operation in service.

INDUCTION SCAN HARDENING OF INTERNAL SURFACE 
   The temperature distribution map at the middle of the ID scanning cycle is displayed in Fig. 
8, along with the corresponding stress and martensite distributions. A large layer of 
compressive stress appears above and outside of the formed austenite.  This compressive 
zone moves upward ahead of the hot zone as scanning takes place. Outside of the newly 
formed martensite layer is a zone of high tensile hoop stress.    
  The temperature, martensite and hoop stress distributions are shown in Fig. 9 at a scan time 
just prior to the hot zone reaching the top of the tube.  The large internal compressive stress 

zone has reached the top ID corner.  The 
hoop stress at the bottom ID corner has 
become compressive, but the hoop stress 
in the martensite at mid-height is tensile, 
with a high tensile stress being present 
just below the hardened case. The final 
stress distributions after ID quenching 
and cooling are displayed in Fig. 10. A 
layer of tensile hoop stress is present over 
the mid-section of the tube ID to roughly 
the case depth.  The hoop stress at the 
bottom and top ID sections is 
compressive.  The axial stress on the ID 
is compressive, except at the tube ends 
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Figure 11: Evolution of temperature and
hoop stresses on the part surface in the  
middle cross-section. 

where it is zero. Both hoop and axial 
stresses are distributed along the tube 
non-uniformly.  Similar to the OD 
scanning case, Figure 10 shows that the 
martensite thickness is increased at the 
top corner of the ID. 

The compressive axial stress layer 
and the tensile hoop stress at mid-
height on the bore of the tube is 
immediately backed by a layer of 
significant tensile stresses at depths 
from 7 to 15 mm. The remainder of the 
body maintains a slight state of hoop 
compression and mild axial tension.   

Figure 11 shows temperature and 
hoop stress histories at mid-height of 
the bore of the tube throughout the ID 
scanning process.  After about 50 
seconds this location begins to heat and 
the region transitions into deep 
compression (-700 MPa) as thermal 
expansion is restricted.   As austenite 
forms, the compression is relieved due 
to the crystal structure change. The 
austenite is stretched in tension by 
neighboring and underlying material 
expansion. Martensite formation 
quickly imposes hoop compression 
during spray cooling, but neighbor and 
subsurface influences reinstitute tensile 

stress.  This bore section remains in 
hoop tension of about 100 MPa after 
process completion.  This is 
considerably different than OD scan 
hardening which produced hoop surface 
compression. 

Dimensional Changes 
Figure 12 shows cross sectional 

comparisons of the predicted radial 
displacements for both OD and ID 
hardening using the single shot method 
and the scanning method.  Parts A and 
B are for OD hardening, and parts C 
and D are for ID hardening.  Parts A 

and C are for scan hardening, and B and 
D are for single shot hardening.  The 
dimensional changes in these figures have 

been magnified twenty times so it is easier to identify the shape distortion.  First looking at 
OD hardening, Figures 12 A & B show that the general rule is that the tube shrinks radially 
for both single shot and scan hardening.  This makes sense in that the OD hoop stress for both  

Figure 10: Distribution of martensite, hoop and 
axial stresses at the end of treatment.
(Dimensional change is magnified 10X) 

Figure 9: Distribution of temperature, marten-
site and axial stresses at the end of heating stage. 
(Dimensional change is magnified 10X)

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

109 |||||||



cases is compressive.  Single shot hardening of the OD surface, Figure 12 B, produces 
dimensional change that is symmetric from bottom to top and non-symmetric for scanning 
(Fig. 12A).  Comparison of the contour patterns and the OD corner feature bears this out.  
The OD surface for single shot bulges more that the scan hardened OD surface, and actually 
is predicted to grow about 7 microns while the tube body shrinks. 
   For tube ID hardening, both the bore and the OD are predicted to shrink in comparison to 
the starting dimensions, see Figures 12 C and D. For single shot hardening, part D, the radial 
shrinkage of the bore is predicted to be -0.146 mm and for the outer wall it is -0.058 mm.  
The most significant shrinkage is predicted at mid-height of the tube ID, and this is 
approximately two times the radial shrinkage at the tube ends. This is also true for ID scan 
hardening.  As for OD hardening, scan ID hardening produces non-symmetric dimensional 
change in the tube length.

CONCLUSIONS
   Internal stresses due to temperature variation and structural transformation during induction 
processing may be positive (shrink-fitting, bending strength improvement) or 
detrimental/negative (deformations, cracks, service properties reduction). In order to achieve 
the desired final properties of a material, the phenomena that occurs during the cycle needs to 
be understood and predictable. Residual stresses and part deformation after induction surface 
hardening depend upon many factors: part geometry, alloy chemistry and initial 
microstructure of the material, case depth, heating and quenching parameters. It is very 
difficult to study the interaction of all these factors by empirical methods alone. Because of 
the many stress reversals that accompany hardening, intuition is easily fooled.  Computer 
simulation is a powerful tool for analysis of stresses and deformation evolution during the 
entire processing cycle. 
   This study of a thick-wall tube induction treatment using the Elta and DANTE programs 
showed that the final stress distribution is different for ID and OD surface hardening. Hoop 
stress distribution along the part length is not uniform with hoop stress concentration near the 
tube ends for ID hardening and in the central zone for OD hardening. Dimensional distortion 
of the part may be significant during the treatment process even if the final deformation is 
small. Stress evolution shows a reversal behavior with a possibility of high tensile stresses 
during the martensite formation, which can lead to quenching cracks. This effect is stronger 
for ID hardening than for OD hardening. 
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HIGH POWER ZONE CONTROLLED INDUCTION SYSTEMS FOR FORGE 
HEATING

Mr. Sheshadri Bhusan Chanda 
Megatherm electronics pvt. Ltd. 

Kolkata, india. 

ABSTRACT
   High power current source inverters used for mass heating application offers a high degree 
of reliability but suffers from power factor problem when they are regulated to operate at 
lower power. This prevents such topologies to be deployed in applications requiring 
independent zone controls.
   We have supplied a 3000KW induction heating line to Tata Motors, Jamshedpur, India for 
their truck front axle beam forging unit. Two current source inverters each of 1500 KW rating 
fed from DC Choppers has been used to overcome the problems of power factor, vis-à-vis 
zone control, while maintaining the high degree of reliability of current source inverter, at 
high power application.
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(1)Institute for Electrophysics and Electric Power of Russian Academy of Sciences,  
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1. Introduction 
Recent years have seen increased interest in the development of new methods of 

decontamination and treatment of waste all over the world. Waste can be divided into two 
basic categories: hazardous (toxic) and low toxic organic (biomass). Hazardous wastes 
include polychlorobifinyls, freons, medical, military and radioactive waste. They are 
subjected to disinfection. Household and agricultural waste, waste of woodwork industry, car 
tyres, sludge, etc are classified as low toxic organic-containing. Their treatment is of great 
interest from the point of view of power engineering as a source of renewable energy. The 
available renewable energy supply is 14% of world power engineering, including 11% 
producible from biomass. The world biomass energy supply is 1700–2900 million of TJ/year. 
Technical resources of biomass are currently 92 million TJ/year. According to estimates of 
the use of biomass energy, it is possible to produce 92–140 million TJ/year by 2025 and 114–
280 million TJ/year by 2050. The existing methods for processing these resources, however, 
are unsatisfactory. Plasma treatment is moving in one of the most auspicious directions. The 
method of plasma pyrolysis and gasification produces combustible syngas from organic-
containing waste at oxygen deficiency. The combustible syngas can be used as a raw material 
for power generation. A high temperature mineralization method is useful for the treatment of 
toxic and hazardous waste. Its basis is also the use of low temperature (thermal) plasma as an 
additional source of thermal energy [1–6]. High current electric arcs or electric arc plasma 
torches are used practically in all plasma installations for waste treatment, as only they are 
capable of providing the required density of energy at sufficiently high power [7–10]. In the 
discharge chamber of a plasma torch, the electrical energy input into the arc is transformed by 
means of heat exchange to the internal energy of the working gas. The use of plasma torches 
to resolve the given problems has many advantages. It is well-known that plasma ions are 
chemically active and capable of generating chemically reactive particles (radicals) during 
interaction with neutral molecules [1]. This results in an intensification of the chemical 
processes. Use of plasma torches in technological installations offers a chance to provide 
processes of temperature above 1200 °C, practically avoiding the formation of such especially 
hazardous emissions as dioxins, cyanides and furans (the temperature range of destruction 
processes at which especially hazardous emissions are intensively formed is from 800 to 
1000 °C). In some cases, the use of electric power is more profitable from a cost point of view, 
for example, for individual installations of small productivity the application of electric power 
eliminates the problems of delivery, storage and fuel supply and increases the safety of the 
incineration process. The high temperature obtained can be used for high speed quenching, 
creating meta-stable and non-equilibrium states. The application of plasma generators 
simplifies temperature mode control at the expense of the thermal power variation of the 
plasma jet [11]. 
   Between the 1970s and 1990s, Russia [7, 8], the United States [12] and France [13] carried 
out a large volume of research and development and design efforts on the creation of powerful 
ac plasma torches. For the creation of modern techniques, however, it is necessary to promote 
the technique of dense thermal plasma [11] with the following key parameters: pressure 1–20 
atm, density of normal atoms 1019–1020 cm 3, electron density 1016–1018 cm 3, arc 
current up to 2000A and average mass temperature 0.2–4 eV. It is important to stress that 
plasma generators, interesting from the point of view of technological applications, should 
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first of all have good operational and economic performances. In our opinion, the most 
prospective for the implementation of technological applications is the use of multiphase 
single-chamber plasma torches. Several ac arcs burn simultaneously in the discharge chamber 
of such plasma torches, allowing electric current power to be converted into thermal power 
with high efficiency 0.8–0.9. Above all oxidative media, ac plasma torches with power up to 
500kW are capable of working permanently on different media. The lifetime of plasma 
torches is thousands of hours, while the electrodes are replaced after hundreds of hours. The 
development and research of a plasma torch with power 2MWis now under way. 

2. Plasma torches 
   Nitrogen, hydrogen and inert gases were used as a plasma forming gas in earlier researches. 
   Electrodes were made of tungsten alloys. That is why the diffuse mode of arc burning was 
realized in comparatively small volumes by evaporation of the electrode material and vapour 
ionization and also by the diffusion of the charge carriers from the nearby arcs. Electron 
concentration was 1014–1015 cm 3 [8]. There was then a necessity to operate in the 
oxidative media, first of all in the air that had made tungsten application impossible. This 
resulted in the use of electrodes from fusible materials (e.g. copper and materials based on 
copper, Cu + Fe). In order to ensure, under these conditions, the possibility of a diffuse 
combustion of the arcs and a smooth transition of the current through zero, an injection of 
charge carriers into the working volume of the discharge chamber of the plasma torch from 
the exterior source was used. The density of electrons was thus in the same range of 1014–1015

cm3.
Heat exchange takes place most effectively in a turbulent flow, where the dissociation 

energy is freed on the extinguishing of vortex energy. The power multiphase single chamber 
plasma torch is shown in figure 1. The principle of the electrodynamic movement of the arcs 
in the self-current field is the basis of the plasma torch operation (rail-gun effect). This plasma 
torch includes a single-phase high voltage plasma torch of low power (up to 10 kW) as the 
injector.  

Figure 1. Three-phase ac plasma torch. (a) Diagram of a three-phase ac plasma torch: 1—
injector; 2—electrode; 3—insulator; 4—terminal; 5—cooling jacket and 6—loop of working 
gas supply. (b) Power 500kW, working gas–air. 
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Figure 2. Three-phase ac plasma torch of average power: power 30kW, working gas–air. 

The injector creates a plasma flow with electron concentration ne  1013–1014 cm 3,
sufficient for smooth ignition of strong current arcs at start up and after current transition 
through zero. The arcs are initiated between the basic electrodes in an area of minimal 
distance, while the arc attachments move along the surfaces of the divergent electrodes. The 
rapid movement of the arc attachment point along the electrode under the impact of 
electrodynamic and gas dynamic forces distributes the heat load. It permits the use of water-
cooled electrodes made from fusible material with a high thermal conductivity, capable of 
working on oxidizing media. The three-phase average power plasma torch is shown in figure 
2. This is a high voltage plasma torch up to 50kW with rod electrodes positioned in 
cylindrical channels. With a power supply, the arcs are initiated in the areas of minimal 
distance between the electrodes and walls of the case, blown by gas and closed at the exit 
from channels. Three conductive plasma columns are formed. The non-load voltage of the 
power supply source is Unv = 6 kV. The value of voltage drop on the arcs, dependent on the 
gas flow rate, is about 0.8–2 kV. The plasma torch is stationary for hundreds of hours and its 
case and electrodes are cooled by water. Its thermal efficiency is 80–95%. The average mass 
temperature of gas at operation on air can be controlled within a range of 1500–6000 K, 
which is sufficient for most technical proposals. 

3. Power supply source 
The power supply system of multiphase, electric-arc ac plasma torches with tube (rail) 

electrodes reflects the specific features of the operation of this type of plasma torch. It is 
intended to ensure a reliable switch-on and continuous and stable operation of the plasma 
torch in different modes. One of the features of such plasma torches is the presence of 
significant modifications of geometrical sizes of an electric arc. It is connected with arc 
movement along the divergent electrodes and as a result of strong pulsations of currents and 
voltages. Another feature implies that the non-load voltage of the power supply of the basic 
arcs is less than necessary for independent initiation of the arc between electrodes after 
current transition through zero. The power supply system includes the following subsystems: 
strong current (with low voltage), high voltage (with low current) and also the devices for the 
reactive power compensation. The electric diagram is presented in figure 3. 
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Figure 3. Diagram of the power source of the three-phase plasma torch. On the left are the 
terminals of connection to the power network (A, B and C). On the right are the terminals of 
connection to the current leads of plasma torch electrodes (at the top) and injector (at the 
bottom);  L1–L3—current limiting reactors; T—transformer of the injector supply and C1 and 
C2—reactive power compensators. 

The strong current part of the power supply system includes sectional water-cooled 
inductances limiting the arc current, allowing the power of the system to be controlled by 
varying the inductance of the power source. The inductance of current limiting reactors can 
vary in acting systems. The values of the power supply system inductances are fitted so that 
the energy of the electromagnetic field of the inductance can compensate the voltage 
pulsations caused by the arc oscillations (reaction L(di/dt), where L is the inductance of the 
current limiting reactor and (di/dt) is the rate of current variation in time). The low current and 
high voltage part includes a power source of the single-phase high voltage plasma torch—the 
injector. The injector is intended for the creation of the necessary concentration of carriers in 
the minimum gap between the basic electrodes, sufficient for igniting the basic low voltage 
electric arc and ensuring the smooth transition of the alternative current of the arc through 
zero when changing the electrode polarity. The voltage of the strong current arc varies over 
the range 150–340V. Voltage at the injector arc is 1.2–2 kV, when the no-load voltage of its 
transformer is 6 kV, which is enough for the primary initiation of the injector arc and for the 
repeated ignition of the arc after transition through zero. The reactive power compensator 
allows the creation of cos of the power supply system to 0.95–0.99. It decreases the possible 
reactive power losses to virtually zero, eliminating the action of the power supply action on 
the power network. 

4. Investigation results 
   Figure 4 presents the photographs of the plasma torch operation mounted on the diagnostic 
chamber. The arc imagewas projected onto a flat screen. Shootingwas carried out with the 
help of a high-speed CCD camera synchronously with filing current and voltage oscillograms 
on the arcs. Such a method of shooting allows us to select the movement of the arc 
attachments along the electrode surface (near the electrode jets) and the character of arc 
movement in the discharge chamber volume. A joint examination of the video material and 
current and voltage oscillograms shows that the arc attachments move along the surfaces of 
the divergence electrodes during several periods with a velocity of 2–20ms 1. Two arcs burn 
simultaneously in the discharge chamber of a single chamber three-phase plasma torch with 
rail-type electrode. The arcs fill the greater part of the discharge chamber, moving in 
longitudinal and perpendicular directions. In the near wall zone, where the cold gas forming 
the insulating layer is fed, the concentration of charged particles sharply decreases. This 
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explains why the arc does not touch the walls. The process described above is repeated 
continuously, forming a jet of thermal plasma at the outlet of the plasma torch nozzle. 
   The image shown in figure 4(a) is characteristic of the contracted mode of arc burning. The 
optical system has been adjusted for shooting, so that it most clearly selects the evolution 
(movement) of the area with the greatest radiant intensity. Installing a contracted mode of arc 
burning (ne _ 1016 cm 3, T _ 104 K), a significant part of the heat is transferred at the 
expense of radiation 50–99%. The presence of the electrode metal vapours in the working gas 
significantly decreases the radiation losses, as they absorb the majority of the radiation energy. 

Figure 4. Arcs in the discharge chamber of the three-phase plasma torch (working gas air). (a)
Frame of the high-speed digital video filming (camera HiSyS 2000, 2000 frame s 1). The 
dashed lines show the contours of the electrodes and the boundary of the visible region of the 
discharge chamber, power 130kW; (b) Diffuse mode of arc burning, power 500kW. 

Despite the slightly small square of the contracted arc column, the arcs move intensively in 
the discharge chamber volume, promoting intensive blowing of the working gas through the 
discharge area. 
   Figure 4(b) presents a photograph of the diffuse mode of arc burning in the discharge 
chamber of the plasma torch. Part of the gas is blown through the discharge area at the diffuse 
mode of arc burning. The processes of dissociation and ionization occur. The arc energy is 
transferred to the working gas. Heat exchange takes place most effectively in a turbulent flow, 
where the dissociation energy is freed with the extinguishing of vortex energy. The share of 
radiation heat exchange is insignificant. A study of the external characteristics of the plasma 
torch operation is necessary for an optimization of its operation parameters and to achieve the 
maximum lifetime of continuous work in conditions typical of the corresponding 
technological applications.  
   Figure 5 presents the dependences of the power of a plasma torch with rail electrodes on a 
working gas flow rate (air). During tests at the power source of the plasma torch 4, 
operational modes were used one after another. They corresponded to short circuit currents of 
500, 700, 1000 and 1500 A. A curve was built for each mode. Each point presented in the 
graph is an average value of power at the given mode, at a plasma torch operation with 50 Hz 
electric network. Several series of continuous experiments were carried out for each separate 
mode. 
   The power in the arcs was calculated on the instantaneous values of currents and voltages 
registered with a frequency of 10 kHz. The curves are drawn following polynomial regression 
of the third order. 
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Figure  5. Dependences of power on the working gas (air) flow rate for a three-phase plasma 
torch with rail electrodes at atmospheric pressure (experimental data). The curves are 
indicated in accordance with the settings of the power source on short-circuit currents 

During the plasma torch development, it is important to select correctly the interior 
geometry of the discharge chamber and electrode system conjointly with the organization of a 
method of working gas supply and selection of electrode material, in order to achieve the 
optimal conditions from the point of view of electrode erosion with the possibility of flexible 
control of the power-flow rate correlations (kW g 1). This is extremely important for 
implementation of the processes connected with pyrolysis. As a result of our investigations, it 
was possible to evelop a plasma torch with rail electrodes with optimum performances from 
the point of view of technological applications. The power of this plasma torch at 
corresponding current mode varies insignificantly with the variation of the gas flow rate over 
the whole operating range, as can be seen in the graphs. This allows control of the 
temperature  conditions and the course of the process in the reaction chamber during plasma 
process realization.  The thermal efficiency for air over the range of flow rates 25–50 g s 1 is 
close to 70%. 
   Figure 6 represents the curves of working gas enthalpy, corresponding to different settings 
of the power source on short-circuit current. Enthalpy was determined here taking into 
account the thermal efficiency. 
   Using air as a working gas in the range of flow rates 25–70 g s 1  a  three-phase  plasma  
torch with rail electrodes can provide an energy input of around 1.5–12.5 MJ kg 1, ensuring a 
long life time of continuous operation (without replacement of electrodes) of more than a 
hundred hours. Knowing the working gas enthalpy, it is possible to estimate the average mass 
temperature of the jet at the plasma torch outlet. The average mass temperature of the jet can 
be controlled by adjusting the power source and varying the working gas flow rate. 
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Figure 6. Dependences of enthalpy of the working gas (air) of the three-phase plasma torch 
with rail electrodes at atmospheric pressure. The curves are indicated in accordance with the 
settings of the power source on short-circuit currents (experimental data). 

   The adjustment range is from 1500 to 6000K with the use of air as a working gas, which is 
optimal for a number of technological applications. Obtaining the volt–ampere characteristics 
(VAC) of the arc and taking into account the factors influencing their modification is essential 
for the arc characteristic as a whole. 
   The static VAC for various flow rates of the working gas (air) are shown in figure 7. Data is 
obtained at plasma torch work from the 50 Hz electric network. Rms values were calculated at 
time intervals of 500 ms on the instantaneous values registered with a frequency of 10 kHz. 
The curves are drawn as a result of carrying out polynomial regression of the third order. 

Figure 7. Static VAC of the three-phase plasma torch with rail-gun electrodes for various 
flow rates of working gas (air) at atmospheric pressure (experimental data). 

5. Multi-phase and single-phase high voltage electric arc plasma generators. 
Multi-phase and single-phase high voltage electric arc plasma generators of alternating 

current of industrial frequency with rod electrodes have been developed in IEE RAS [12]. 
These plasma generators can operate on inert, reduction and oxidizing media in the power 
range between 5 and 50 kW and plasma gas flow rate from 1 to 30 g/s, electrode life is more 
than 200 hours. Their main advantages are steady work and the efficiency up to 90 .

Now the following series of electric arc plasma generators are under the investigation: 
IPEV9o IPEV12o, IPEV13o, IPEV17o, IPEV9t and IPEV14t. 
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   The single-phase plasma generator IPEV9o is intended for operation on oxidizing and inert 
media (air, argon, carbonic gas). The arc current is up to 10 A, and the arc-drop voltage is of 
800 – 900 V. Gas flow rate is from 0.5 to 5g/s. This model was used as the injector plasma 
generator for electric arc plasma generators with rail electrodes IPE3t and IPE 4t. Plasma 
generators IPEV12  and IPEV13  are intended for operation on oxidizing and inert media 
(air, argon, carbonic gas). The arc current is up to 10 A, and the arc-drop voltage is of 1100 – 
1800 V. Gas flow rate is from 1 to 6 g/s. figure.8. This type of plasma generators has well 
proved itself both at use as an independent plasma generator  [13], and as an injector for 
plasma generators with rail electrodes [14, 15, 16, 17] IPE4t, IPE4Mt, IPE10t, IPE11t, 
IPE15t, and also IPE13t of different modifications with power up to 600 kW.  

Figure.8. Single-phase alternating current electric arc plasma generator IPEV17o 

   The uncooled electrodes figure.9 made of copper or an alloy of copper and iron in various 
proportions [18] are used in the described above single-phase plasma generators. 

Figure.9. End type electrode for high voltage electric arc plasma generators. Uncooled. 

   As the researches show, uncooled electrodes do not allow current increase through them 
above 10  (at increase in current the electrode life essentially reduces), limiting the plasma 
generator power. Water-cooled electrodes were developed in order to increase the arc current. 
Cooling is realized by water flowing through the electrode, the use of cooled electrodes 
makes possible the increase in arc current up to 35 amperes. 
   Power pulsations with frequency equal to the double frequency of the supply network, and 
significant uneven loading of phases of the supply voltage are the disadvantages of the single-
phase AC plasma generators [8, 19, 15], caused by asymmetrical switch on of the power 
supply. Multi-phase high voltage electric arc plasma generators of alternating current with rod 
electrodes eliminate the uneven loading of phases of the supply voltage and decrease in 
intensity of power pulsation. That is important for maintenance of process stability for various 
plasma applications. 
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   A series of multi-phase electric arc plasma generators of alternating current with rod water-
cooled electrodes for operation on inert, reduction and oxidizing media has been developed in 
IEE RAS. Plasma generators IPEV 9t and IPEV 14t [12]  are shown in figure 10. 

Figure.10. Three-phase electric arc plasma generator of alternating current with rod 
electrodes  

   IPEV9t is intended for operation on oxidizing and inert media (air, argon, carbonic gas). 
The arc current is up to  and the arc-drop voltage is of 800 – 900 V. Gas flow rate is from 1 
to 10g/s. IPEV14t is intended for operation on oxidizing and inert media (air, argon, carbonic 
gas). The arc current is up to 35 A, and the arc-drop voltage is of 900 – 1200 V; gas flow rate 
is from 1 to 30g/s. These plasma generators were used in the plasmochemical reactor for solid 
waste destruction and in the plasmochemical reactor for liquid and gaseous waste destruction 
[3, 20, 6]. 
   The operation of the AC plasma generator with a rod electrode in the cylindrical channel is 
based on the following principle. The high alternating voltage is supplied between the channel 
wall and the electrode tip (with effective value of 6 kV, that is enough for independent 
breakdown of the minimal distance between an electrode and the channel wall). The electric 
breakdown occurs in a zone of the minimal distance between them at achievement of a 
sufficient potential difference. The initiated arc under the action of gas dynamic and 
electrodynamic forces moves towards the plasma generator nozzle. At first the arc is extended 
in a radial direction as the gap between the chamber wall and the electrode tip changes. Then 
one of its attachments reaches the end of the electrode and remains there, the other moves 
along the channel wall and comes out on its external end edge, where it closes in air on 
another channel arc. It takes place if the length of the plasma generator channel is less than 
the length of a self-established arc, and the power supply voltage provides stable, without 
current pauses, plasma generator work. At change of polarity the arc is again initiated in the 
arc channel saturated by charge carriers of the previous part of the period, and in the case of 
extinguish- again in a zone of the minimal gap between the wall and the electrode tip. The 
twisted stream of the working gas stabilizes the arc in the axial zone of the channel, protecting 
the channel walls   from enduring hard thermal influence. The working gas is warmed up by 
the arc and comes out the nozzle part of the plasma generator. 
   The processes proceeding inside the electro arc chamber, are identical for single-phase, and 
for multiphase characteristics allow using of the presented plasma generators. Figure 11 
depicts the schematic diagram of the multi-phase high voltage electric arc plasma generators 
of alternating current with rod electrodes.  
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Figure.11. Multi-phase high voltage electric arc plasma generator of alternating current with 
rod electrodes. 1- arc channel, 2 – electrode, 3-area of the minimal gap between the electrode 
tip and the channel wall. 

   The presented high voltage electric arc plasma generators of alternating current can operate 
over a vide range of plasma gas flow rates. Figure 12. depicts the dependences of heat content 
of the plasma jet versus the flow rate of the plasma gas for the electric arc plasma generators 
of various types.  
   The considered plasma generators are simple and unpretentious in operation, and electrode 
life can reach 200 hours. The operational characteristics allow using the presented plasma 
generators in various plasma technologies. 
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Figure12 The dependence of the working gas heat content versus the plasma gas flow rate. 

6. Conclusion 
• Two types of multiphase plasma generators intended for continuous operation on oxidizing 
media and also N2, Ha, Ar and He are described. They have the following parameters: 
– power—20–50 and 100–500kW correspondingly; 
– average mass temperature—(2–8) × 103; 
– efficiency—0.7–0.9. 
• It has been revealed that multiphase plasma torches are expedient for use in large-scale 
plasma technologies, first of all, connected with waste treatment. 
• The use of the diffuse mode of ac arc burning, from the point of view of efficient heat 
exchange between the arcs and the working gas, has been justified. 
• The possibility of controlling the relation of the generated power to the working gas flow 
rate 1.5–12.5 MJ kg 1 has been demonstrated. 
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• The effect of the Coulomb collisions on the VAC has been demonstrated. 
• The variation of factor form (Ksh = A/Aw) versus the variation of operation mode of the 
plasma torches has been described. 
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INTRODUCTION
 When solving the problem of processing/utilization of anthropogenic wastes (municipal, 
agricultural, and some industrial), it is necessary to proceed from the fact that this problem is 
the combination of ecological and energetic tasks with simultaneous use of these wastes as 
renewable primary energy. Comparative calculations on combustion heat of different fuel 
(domestic wastes, brown coals, biomass, peat, etc.) demonstrate that it depends linearly on the 
mass share of contained carbon and hydrogen [1]. 
 Among new electric technologies there is ecologically responsible plasma utilization of 
wastes ( pl ~ 5000 ), which allows complete decomposition of all compounds into 
elementary substances, conversion of all not-pyrolyzed (inorganic) residue into liquid slag, 
high-temperature pyrolysis  (t  1200 ), and production of synthesis gas  with heat capacity 
of 10...17 MJ/nm3.
 To implement the mentioned advantages of the high-temperature technologies, the 
corresponding conditions shall be obtained in the working section of electric furnace. Waste 
processing shall be carried out in weak oxidizing and reducing atmospheres, and there shall 
be two zones separated in space: medium-temperature (t  1000 ) zone for drying, pyrolysis 
and gasification, and high-temperature (t  1300 ) zone for completion of gasification, 
melting of waste inorganic part and heating of a gaseous product (syngas) to the optimal 
temperature.  
 The slag-metal mixtures produced additionally, have the inertial properties and can be used 
for road construction, production of foamed granulate, slag wool, and all-purpose cast slag 
articles. 
 The transition to plasma technology and new technical solutions for its implementation are 
based on the use of bound oxygen and water vapors as the oxidizer with simultaneous 
temperature increase of up to 1600  and higher. At this, the known gasification reactions in 
carbon-bearing material occur. 
 Theoretical investigations of thermodynamics of the high-temperature processes in the 
shaft plasma electric furnace, accounting radiation and heat transfer, [2] allowed 
determination of temperature distribution over the furnace volume, qualitative estimate of the 
influence of chemical reactions and orifice gas consumption on overall dimensions of the 
setup. Calculations of gasification of the waste organic part allow determination of specific 
energy consumption, composition of produced syngas and its caloricity [1].  
 On the basis of analysis of calculation-theoretical results the pilot plasma electric furnace 
was developed; this furnace was used for experimental investigation of thermal-physical 
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parameters of anthropogenic waste utilization at the example of solid domestic wastes 
(SDW). 

PLASMA ELECTRIC FURNACE 
 Experimental studies on plasma processing of SDW were carried out at the shaft electric 
furnace (Fig. 1) with metal water-cooled shell. The inner sizes of the working volume of this 
furnace are 2.3×0.8×0.4 m3. It is equipped by two air plasmatrons with total regulated power 
from 25 to 150 kW. The single-chamber plasmatron and two-jet plasmatron were used; the 
plasmatron with remote arc can be installed. The plasmatrons are located at the opposite sides 
of the furnace, and plasma jets are directed at an angle to the surface of the molten pool.   
Wastes were supplied through a loading device in the upper part of the furnace. 
 Four thermocouples were mounted flush with the lining along the shaft furnace height to 
control temperature dynamics. In experiments the furnace was usually loaded at one time. 
Concentrations of 2, , 2, NOx, and SO2 along the gas line were measured by the gas-
analyzers of types PEM-1 and PEM-2, developed at the Institute of Thermophysics SB RAS. 
 Syngas formed in the furnace from the reaction zone with temperature of 1200  is sent to 
the vortex scrubber, where it contacts the cold alkaline solution, it is quenched and cleaned 
from solid metals. Then the vapor-gas mixture is fed to a settling tank and sent by a fan to the 
combustion chamber. After this, the combustion products are sent to the atmosphere through 
the ventilation system. During waste processing rarefaction in the furnace is maintained at the 
level of 10...15 mm of the water column. Furnace productivity by SDW was up to 300 kg/h.  

Fig. 1. Plasma electric furnace for SDW processing  
with production of syngas and molten slag: 

1 – plasmatrons; 2 – working space (shaft); 3 – bottom electrode;  
4 – slag tap; 5 – metal tap; 6 – loading mechanism; 7 – loading bin;  

8 – diagnostic gas sampling; 9 – oxidizer supply; 10 – pipe of syngas sampler; 
11 – lining; 12 – water-cooled panels. 
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INVESTIGATION RESULTS
 For experiments the model wastes were loaded into the furnace.  
 Moisture content in SDW from different parts of the world is within 20...60 mass %. 
Therefore the effect of humidity on specific power inputs is of a practical interest. 
Dependence of specific power inputs at plasma gasification of SDW on moisture percentage 
is shown in Fig. 2.  

W p, %20 30 40 5010
0

2
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0.4

0.8

E ,
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Fig. 2. Specific power inputs vs. pyrolysis  
of 1 kg of wastes per their humidity:

1 – no flow rate of orifice air;  
2 – air flow rate is from 0.15 g/s per 1 kg of SDW per hour; points – experiment.  

 Calculations were carried out for model wastes with the following elemental composition 
(mass %): carbon – 17.4; hydrogen – 2.24; oxygen – 13.8; moisture – 34.7; ash – 31.8. The 
amounts of sulfur and nitrogen are insignificant for the energy balance, and they were not 
taken into account by calculations. It is obvious, when the jet of air plasma is the source of 
energy, power inputs become significantly less (regime 2) due to the energy of chemical 
reactions of carbon oxidation by air. Discrepancy of calculation and experimental results is 
mainly caused by the fact that at heat losses to the furnace hearth and walls were not taken 
into account in calculations.  
 Experimental data on furnace productivity at gasification of organic part of the wastes vs. 
total power of plasmatrons allow the estimate of electricity consumption for processing of 1 
kg of wastes. 
 For instance, at SDW humidity of 45 % specific power inputs for fuel gasification in the 
furnace volume (with consideration of plasmatron efficiency) are 0.65 kW h/kg, and at humidity 
of 29 % they are less than 0.4 kW h/kg. At this, the volumetric share of hydrogen in syngas is 
45...50 %, carbon oxide is 30, nitrogen is 7...8, and carbon dioxide is 8...10 %. 
 Calculation (line) and experimental (points) values, characterizing the effect of orifice air 
flow rate on specific power inputs at SDW humidity of 34.7 % are shown in Fig. 3. 
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Fig. 3. Dependence of specific power inputs on processing of 1 kg  
of wastes on the air flow through the plasmatron. 

 Firstly, we should note good agreement between calculation and experimental data. 
Secondly, it can be seen that for air flow rate of about 0.3 g/s per 1 kg of wastes SDW 
combust in the reactor. In this case the plasmatron is required only as a heat source for 
stabilization of wastes combustion, and specific electricity consumption is about 0.1 kW h/kg.  
 A positive factor of additional supply of orifice air is the possibility to use the same plasma 
electric furnace for different purposes via regulation of the gas flow and plasmatron power 
only: for syngas production or waste elimination (combustion). This furnace is suitable both 
for separate and combined processing of domestic, industrial, medical, and agricultural and 
other solid wastes.  

In experiments on gasification and combustion of wastes the system of ecological unit 
consisting of the vortex scrubber with alkaline solution and chamber for syngas combustion 
has shown high reliability of flue gas cleaning. It was determined via control measurements of 
flue gases that they do not exceed international MPC standards by their main parameters. 

CONCLUSIONS
1. The pilot plasma electric furnace of the shaft type with productivity of up to 300 kg/h was 
constructed on the basis calculation–theoretical investigations of high-temperature 
gasification of carbon-bearing wastes. 
2. Important thermal and electrophysical parameters of technological process on utilization of 
domestic wastes were experimentally determined: specific power inputs depending on raw 
material humidity and orifice gas consumption, as well as the effect of plasmatron power on 
electric furnace productivity. 
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ABSTRACT 
Plasma diagnostics and modeling have been applied for qualitative and quantitative 

characterization of the operation of a plasma spraying source. High velocity imaging and 
emission spectroscopy of the plasma jet in air is applied to reveal its time-averaged spatial 
structure and its dynamic behavior at different time scales. The experimental observations are 
accompanied by magneto-hydrodynamic simulations of the torch plasma. A reconstruction of 
the plasma emission from the derived temperature distributions is compared with the 
spectroscopic results. 

INTRODUCTION
Air plasma spraying technology has found numerous applications in the restoration of 

sculptures and monuments made of metal [1, 2]. Sculptural compositions and monuments all 
over the world are exposed to an aggressive urban atmosphere and suffer an intense 
destruction of the protective oxide layer and further oxidation of the base metal. Studies being 
performed for many years in the St. Petersburg State Polytechnical University (SPbSPU) 
concern the design of plasma torches and the development of protective coatings’ technology. 
Various coating classes have been established, which are applicable for protection of new 
manufactured parts and for the rehabilitation of worn-out parts. The collaborative theoretical 
and experimental studies in the Department of Electrical Engineering and Technology 
(DEET) and the Research and Educational Technology Center (RETC) "Electrotechnology" 
of the SPbSPU, and the Institute for Plasma Science and Technology (INP Greifswald) are 
expected to reduce significantly the number of experiments during the development of plasma 
torches and the establishment of regimes for air plasma spray coatings. 

AIR PLASMA SPRAY TECHNOLOGY OF PROTECTIVE AND DECORATIVE 
COATINGS

Developed in DEET and RETC technological processes of air-plasma spraying of wear-
resistant, regenerating, hardening and decorative coatings are used in number of industrial 
areas.

A new important trend is a coating for restoring of metal sculptures and monuments. In 
St. Petersburg, as in other historical centers of the world, there are a lot of monuments which 
have different damages because of aggressive influence of city’s atmosphere. 

There was elaborated an air-plasma technology of corrosion-resistant and decorative 
coatings for copper alloys. A preoxidised copper powder was chosen as a coating material. 
Previously, it was investigated a level of powder’s oxidation and regimes of the spraying. 
Total technology of coatings includes several stages: 

 - stream-vortex cleaning of surface; 
 - air-plasma spraying; 
 - impregnation an inhibitor of corrosion into the coating’s porosity; 
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 - surface treatment with natural wax. 
   Preliminary test was realized on bronze, brass and copper plates with size 150×150 mm. 
Thickness of the formed coatings was about 100 µm. The covering samples were processed 
by solution of inhibitor and fitted for test in climatic camera. As a result based on accelerated 
test on corrosion stability it was determined an optimum regime of the air-plasma spraying. 
Test in climatic camera have shown that such covering can stand more than 70 years in our 
climatic condition without any trace of the corrosion. 
   During last restorations of sculptures group “Tamer of horses” by P.Klodt (on the Anichkov 
bridge, Fig. 1) and metal parts of “Aleksander’s column” (on the Dvortsovaya square, Fig. 2) 
the elaborated technology was used on practice. 

Figure 1. Process of spraying of coating onto 
sculptures group “Tamer of horses” by P.Klodt 
(Anichkov bridge, Saint Petersburg) 

Figure 2. Process of spraying of coating 
onto metal parts of “Aleksander’s column” 
(Dvortsovaya square, Saint Petersburg) 

Figure 3. Process of spraying of coating onto sculpture group “Birth of Aphrodite” (Saint 
Petersburg) 

   Another restoring problem took place with the sculpture group “Birth of Aphrodite”. This 
monument was produced in the second part of XIX century from the castle iron with galvanic 
coatings of copper on the surface. During its existence on the open air the electro-chemical 
corrosion had appeared. A new kind of restoring technology was offered. The biggest losses 
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of the cast iron were filling with Sn-base alloy, then total coatings with preoxidate copper 
powder was cowered on. The investigations of such coatings were carried out on the base of 
potentiostatic researches in 0,1n Na2SO4 solution. The obtaining results shows that 
corrosion-resistance of this complex covering is very good. Fig. 3 shows a process of 
spraying. 
   There is a possibility of applying such a covering not only for restoring purposes, but as 
anti-corrosion covering in different branches of industry. 

EQUIPMENT FOR AIR PLASMA SPRAY TECHNOLOGY OF PROTECTIVE AND 
DECORATIVE COATINGS 
   The plasma torch (type PN-V1) with interelectrode sections developed at the DEET and 
RETC "Electrotechnology" is presented in Figs. 4 and 5. The cathode with a hafnium insert is 
placed at the gas inlet and the cylindrical anode is at the gas outlet. Compressed air is supplied 
to the cathode side tangentially to ensure stable electric arc operation and plasma jet 
formation. Powdered material is fed into the plasma jet near the anode end. Initially, an 
auxiliary DC arc is ignited between the cathode and the inlet nozzle. The main arc (between 
the cathode and anode) ignites when the arc jet touches the anode surface. Consequently, the 
transport gas is fed in a proper amount to ensure normal operation, the desired arc current is 
set, and the powder material is sprayed to build a coating. The torch design has to fulfill the 
requirements of the spray process, e.g. high plasma jet velocities, uniform thermal and 
velocity characteristics. To fit those, various constructions have been tested. The air plasma 
torch PN-31 with optimized arc channel has been developed as especially suitable for plasma 
spray of protective and decorative coatings. It is able to provide conditions for coating build 
up with the required porosity and sufficient content of copper oxide. In comparison, the 
thermal efficiency of the type PN-31 is in the range (55 – 72) % that is slightly higher than 
that of PN-V1 under the same operating conditions. Photographs of the jet flames are shown 
in Fig. 6 for both torches PN-31 (a) and PN-V1 (b) for various arc currents and gas flow rates. 
Probably due to stronger turbulent effects the plasma jet from PN-31 has stable flame length 
compared to that from PN-V1. 

Figure 4. General view of air arc plasma 
torch PN-V1 with interelectrode sections 

Figure 5. Schematic diagram of plasma torch:  
1 – hafnium insert, 2 – cathode, 3 – inlet section, 
4 – interelectrode sections, 5 – anode, 6 – cooling

   Fig. 7 shows the measured dependence of the copper particles velocities (particles size is 
50-63 m) on plasma gas flow rate at various operating currents for plasma torches PN-31 
and PN-V1. Determination of the velocity of the particles of sprayed material was carried out 
using an instrument ISSO-1. It was revealed that during spraying by plasma torch PN-31 
particle velocity is 2.5-3 times higher than the one when using the model PN-V1. 
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Fig. 8 shows the experimental results of temperature distribution (a) obtained by low-
monochromatized method and velocity distribution (b) obtained on the basis of microprobe 
study of plasma jet of the torch PN-31 at an operating current of 150A and the gas flow rate 
0.7 g/s for different distances from the nozzle of the plasma torch. 

Figure 6. The jet plume region for various 
operational conditions: a – plasma torch PN-31;  

b – PN-31 

Figure 7. Results of measurements of 
the velocity of copper particles during 
spraying at different operational 
parameters 

a) b) 

Figure 8. Profiles of temperature (a) and velocity (b) distributions in plasma jets at different 
distances from the nozzle of the plasma torch PN-31 (I = 150A, G = 0.7 g/s) 

EXPERIMENTAL SETUP AND RESULTS 
   A schematic view of the experimental setup is shown in Fig. 9. It consists of a monochrome 
high speed camera and a compact spectrometer with glass fibre light guide. The plasma is 
imaged on the active head of the light guide with a diameter of 3.8. Image sequences with a 
frame rate between 100 and 800 fps are recorded with exposure time varied from 1 µs up to 
several ms depending on the operating parameters. Overview spectra have been obtained for 
different positions along the torch axis. 
   A high speed image of the plasma jet of the torch PN-V1 obtained with exposure time of 1 
µs is shown Fig. 10. Such measurements exhibit the turbulent non uniformity of the plasma 
plume which can be asymmetric and divided into few bright plasma clouds. The time scale on 
which these structures evolve has been found to be shorter than 100 µs. 
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Figure 9. Experimental setup Figure 10. Image of the plasma jet observed from PN-
V1

Fig. 11 shows overview spectra at different axial positions for the PN-31 torch plasma 
operated at 160 A with 0.7 g/s air. A strong continuum is visible which vanish with increasing 
distance from the nozzle. Copper originating from the electrodes is present in the spectra at 
wavelengths of 510, 515, 521 and 578 nm. The Cu-lines intensity is minimal at the nozzle’s 
end and becomes maximal at a distance of about 15 mm. In opposite, the N-lines at 411 and 
467 nm which are clearly present near the nozzle’s end disappear within the first 20 mm. 

Figure 11. Overview spectra for the PN-31
obtained at different axial positions 

Figure 12. The O-line at 777 nm is isolated 
and observed along the whole measured 
distance of 27 mm

   To derive plasma temperatures the approach from [3] has been followed which compares 
two line intensities and omits the need of Abel inversion. Two pairs of lines have been used 
for this procedure; the oxygen lines at 777/844 nm and the nitrogen lines at 744/868 nm. 
Alternatively, the integrated emission of the oxygen line at 777 nm (Fig. 12) has been 
analyzed to obtain a further temperature estimate. For this, the plasma column has been 
assumed homogenous within a cylinder of the torch nozzle diameter, the inverse Abel 
transformation has been replaced by division with the profile width. The relative emission 
intensities of this triplet line were taken into account [4]. Fig. 14 shows the resulting 
temperature estimates obtained by these two methods.  

MODELING 
   Magneto-hydrodynamic simulations of the plasma torch have been applied to support the 
design and the optimization processes. The model is based on the treatment of the arc and the 
gas as a conducting compressible flow in one-fluid approximation. Therefore, Navier-Stokes 
equations are solved for the mass density, the gas velocity and enthalpy. The Lorentz force 
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and Joule heating is present as source terms in the momentum and energy balance equations, 
resp. The electric potential and the magnetic vector potential are determined from the 
Maxwell`s equations. 
   The thermodynamic and transport properties are treated as functions of the local values of 
the gas temperature and pressure [5]. The equation set is solved using the customized package 
CFD-ACE+ [6] in a two dimensional domain assuming rotational symmetry. It includes the 
complete torch system from the gas injection, the plasma channel between the electrodes, and 
the outer plume region. The distribution of the gas temperature and velocity in the plasma 
channel and in the plume, obtained for arc current of 160 A is shown in Fig. 13 a) and b).  

Figure 13. Temperature (a) and axial velocity (b) distribution in plasma torch PN-31 

The compressed 6 bar air enters with a ratio of the azimuthal and axial velocity of 
tan(43.2 ). The mass flow rate of 0.7 1.4 g/s is adopted at the gas inlet. The results obtained 
show values of the axial velocity of up to 2000 m/s in the hot arc region and near the nozzle 
exit. The axial temperature distribution is shown in Fig. 14 with the radially averaged values 
derived from the experiments. The solid symbols represent the values for torch type PN-31 
obtained according to [3] and the hollow symbols are the values derived from the O-atom 
emission at 777 nm for torch types PN-31 and PN-V1. The experimental values follow the 
temperature course obtained in the MHD simulation except the data from N-line at 744 nm. 
The temperature values obtained from the MHD model are further used to reconstruct the 
plasma emission. The local plasma emissivity originating from a given spectral line can be 
derived from the number density of the emitting level according to the expression        

 (W m–3sr–1) = 
4
u ul

u l
N A E E , where Aul is the transition probability, Eu and El – the upper 

and lower level’s energy. In LTE plasma, the distribution of electronic levels follows a 
Boltzmann distribution with a common temperature T. The total number density of the 
radiating species has been calculated by means of [7]. Then, the total plasma intensity 
I (W m–2sr–1) from the emitters lying on the diameter of the plasma column at a given axial 

position is found by integrating the local plasma emissivity as I (Wm–2sr–1) = 
0

2
R

r dr .

   Following this procedure, we have derived the radiative intensity of the transition (5S–5P) 
of the oxygen atom, corresponding to the triplet of spectral lines at 777.194-777.417-
777.539 nm. The values are presented in Fig. 15 together with the values obtained from the 
integration of measured spectral intensity of the same line.  
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Figure 14. Axial distribution of the plasma 
temperature 

Figure 15. Plasma intensity at various axial 
positions 

CONCLUSION
Technologies of air plasma spraying of protective and decorative coatings onto bronze 

sculptures and cast iron sculptures coated with copper are developed and applied successfully. 
To implement this technology special equipment was developed such as air arc plasma torch. 
A set of experimental methods for selecting the operating parameters of the plasma equipment 
is developed. 
   A mathematical model of plasma processes in the air arc plasma torch that allows to identify 
the qualitative and quantitative relation between the efficiency of the coating process on the 
one hand and the geometry of the plasma torch and its mode of operation from the other side 
was developed. 

Developed equipment, methods of experimental studies, mathematical models of plasma 
processes and results of the studies are the basis for implementation of the technology of air 
plasma spraying for not only protective and decorative coatings on the monuments of 
different materials, but also wear, corrosion, reducing and thermal barrier coatings. 
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INTRODUCTION
The electric-arc gas heaters (plasmatrons) are widely used for stationary heating of gas 

media to the state of low-temperature plasma (3÷10) 103 . Their application for industrial 
technologies ensured the variety of constructions of plasma devices. Since the plasmatrons are 
the electro-technical, thermal and aerodynamic apparatuses, their energetic and electric-
physical characteristics are determined by geometrical and gas-dynamic parameters of 
discharge chamber at constant arc current, gas type and pressure.  
   The most common constructions of arc plasmatrons are the apparatuses with gas-vortex arc 
stabilization on the axis of discharge chamber. Introduction of orifice gas into the zone of arc 
discharge glow is performed through one or several twisting rings with tangential holes. 
These plasmatrons are called the plasmatrons of the axial or linear scheme [1, 2]. 
   The discharge chamber of plasmatron is a combination of electrode cavities with different 
configurations and vortex devices for gas flow twisting. The linear plasmatrons are divided 
into one-, two- and three-chamber ones, depending on the number of vortex chambers. At 
this, their electrodes are the thermal or thermal-chemical cathodes, copper tubular cathodes 
and anodes. The latter can be of the smooth or stepped configuration. 

STRUCTURES OF PLASMATRONS 
   By now many electric-arc generators of low-temperature plasma (plasmatrons) of direct and 
alternating current have been developed. Most of them are the jet plasmatrons, where the arc 
discharge glows between the electrodes and heats gaseous medium up to the plasma 
temperatures. Plasma jets in technological process are the heat carriers and/or the reagents 
depending on the type of orifice gas. 

Despite  the  variety  of  constructions,  the  plasmatrons  with  gas-vortex  arc  discharge  
stabilization are the most common [1 – 3].  

Plasmatrons with self-adjusting arc length 
   Let’s consider the simplest plasmatron construction: the single-chamber plasmatron with the 
end thermal cathode (for inert gas heating the tungsten electrode is used, and for oxygen-
containing  media  the  hafnium  electrode  is  applied).  In  plasmatron,  Fig.  1  a,  the  vortex  
chamber is located between end cathode 1 and outlet tubular electrode-anode 2.  
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Fig. 1. The schemes of plasmatrons with self-adjusting arc length:  - single-chamber 
plasmatron with the end thermal cathode: 1 – cathode, 2 – outlet tubular electrode, 3 – 
twisting ring, 4 – arc, 5 – solenoid; b– two-chamber plasmatron with tubular inner electrode 6.

   From this chamber gas with flow rate G flows to the discharge chamber through twisting 
ring 3, which serves usually as an insulator between the electrodes. Electric arc 4 is ignited in 
a gap between the electrodes. Under the action of axial component of gas flow velocity the arc 
discharge is stretched along the flow. The arc column is stabilized on the axis of tubular 
(cylindrical) electrode because of the pressure gradient in the vortex.   
   The arc stretching under the action of gas flow causes the breakdown of the “arc-wall” gap 
in some cross-section of the channel upward the flow (in Fig. 1 in it indicated by ). This 
process is called arc bridging, and it limits the length of discharge and voltage drop on it. As a 
result some average arc length is stabilizes, and it is called the self-adjusting length. [1]. It 
depends on many parameters: arc current, gas flow rate, electrode diameter, etc. Due to arc 
bridging in the outlet electrode the length of arc discharge reduces at an increase in arc 
current, and its voltage-current characteristic is descending.  
   The scheme of two-chamber plasmatron with copper tubular electrodes is shown in Fig. 1, 
b. It is obvious that the discharge chamber has more complex geometry; flow aerodynamics in 
this  chamber  determines  the  position  of  radial  section  of  the  arc  in  the  inner  electrode  (the  
meeting point of flows G1 and G2), and polarity of electrodes connection to the power source 
can be random. Changing ratio G2/ G1, we can scan the reference spot of the arc in the inner 
electrode in axial direction at the distance of 2-4 sizes for a significant increase in its service 
life. 
   In addition to the gas-dynamic method, the rate of tubular electrode decay can be decreased 
by means of superposition of the axial magnetic field on the zone of rotation of the radial arc 
sections. This field is generated by a solenoid, included into the arc chain or into the chain of 
an independent power source. 

Plasmatrons with the fixed arc length 
   If the outlet stepped electrode (Fig. 2 a) is used in the scheme of plasmatron (Fig. 1, ), the 
average length of arc discharge will less than the self-adjusted, but fixed length. 
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Fig. 2. Schemes of plasmatrons with the average arc length fixed by a ledge. 1 – inner 
electrode-cathode; 2 – outlet electrode-anode with the stepped configuration; 3 – vortex 
chambers, 4 - solenoid. 

   Fixation of the average length of discharge is connected with aerodynamics of the outflow 
from the channel with diameter d, its following attachment to the surface of electrode with 
diameter D behind a ledge, circulation zones at the point of flow detachment, and distribution 
of heat flux density with the maximum at the point of high-temperature flow attachment to 
channel D. The favorable conditions for bridging of “arc-electrode” gap are generated there.   
   Thus, an abrupt expansion of the channel (ledge) generates the gas-dynamic conditions of 
preferential arc bridging directly behind the zone of flow detachment and ensures the 
constancy of average arc length in a wide range of currents, gas flow rates and pressures at 
constant values l and d.  Ratio D/d  1.5.  
   The scheme with the tubular inner electrode is more preferable for the process plasmatrons 
with the power of 100-1000 kW, Fig. 2, .
   The scheme of plasmatron with the sectioned interelectrode insert (SII) is more complex, 
Fig. 3. The discharge chamber of plasmatron with SII allows considerable regulation of 
voltage-current characteristics, heat fluxes to the walls of the sectioned channel, and applied 
discharge power not only by the current, but also by the arc voltage at a change in SII length. 
According to Fig. 3, in a long SII gas shall be injected to the intersectional spaces to reduce 
heat fluxes by convective heat transfer between the arc and plasmatron channel and to 
increase the breakdown strength of the “arc-section” and “section-section” gaps.  

Fig. 3. The scheme of plasmatron with sectioned interelectrode insert (SII). 1 – cathode; 2 – 
anode; 3 – supply of main gas flow G; 4 – SII section; 5 – supply unit for intersection gas 
flow gi; 6 – solenoid. 
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   The interelectrode insert works efficiently in the range of currents, when the SII length is 
larger than the length of self-adjusting arc. At this, the arc voltage drop is higher than in 
plasmatrons shown in Figs. 1 and 2 for the same gas flow rate, discharge current, pressure in 
the chamber, and channel diameter due to an increase in the average arc length.  

ENERGY CHARACTERISTICS OF PLASMATRONS 
Among the main energy characteristics there are thermal efficiency of device and 

dependence of arc discharge voltage on the current at a change in gas flow rates, electrode 
diameters, type and pressure of plasma-forming medium (voltage-current characteristics of 
the arc). 

The voltage-current characteristics of the arc of linear plasmatrons, whose schemes are 
shown in Figs. 1 – 3, differ depending on discharge chamber geometry, Fig. 4 [2, 3]. 

Fig. 4. Arc voltage-current characteristics of three classes of linear plasmatrons. 

   In the plasmatron with self-adjusting discharge length the arc voltage-current characteristic 
is descending (Fig. 4, curve 1). When the average arc length is fixed by the outlet stepped 
electrode, together with descending voltage-current characteristic there is an ascending branch 
(Fig. 4, curve 2), which is determined by the E  –  I arc characteristic (  is the strength of 
discharge electric field). Finally, in the plasmatron with the arc length fixed by SII the 
voltage-current characteristic of discharge is weakly descending (Fig. 4, curve 3).   

It follows from analysis of the voltage-current characteristics of the arc in the studied 
classes of plasmatrons (Fig. 4) that similar power of arc discharge P = U·I can be achieved 
applying one of plasmatron constructions with consideration of arc currents I3 < I1 < I2 and 
voltage level Ui (i = 1, 2, 3). The choice of construction of any plasmatron is determined by 
many factors (required power, cycle of continuous operation, etc.) for the specific process. 
For instance, it can not be assumed that the plasmatron with SII is more efficient than the 
plasmatron with the stepped outlet electrode, despite I3 < I1 (It is necessary to note that the 
service life of electrodes is mainly determined by the current load). Construction complexity 
and descending voltage-current characteristic of the arc in plasmatron with SII can deny its 
benefit to the plasmatron with the stepped electrode, which has simpler construction and the 
ascending region of the arc voltage-current characteristic (at the same power of both devices).  

Thermal efficiency of plasmatrons  is determined by heat losses to the water-cooled 
construction elements. Geometry of discharge chamber is of a particular importance there. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

141 |||||||



According to numerous investigations of plasmatrons with self-adjusting arc length and 
length fixed by the ledge, in general the heat characteristic of geometrically similar 
plasmatrons of every scheme can be written as the function of the main criterial complexes 
(working medium – air) [1- 3]:  

50,030,027,027,024 )/()()/()/(1008,11 dlpddGGdI
.            (1)  

   This formula was checked in a wide range of currents (I = 50÷3600 A), gas flow rate (G =
1·10-3 ÷ 2.2 kg/s), diameter of outlet electrode (d = 1·10-2 ÷ 7.6·10-2 m), and pressure (p =
1·105 ÷ 8·105 Pa). According to experience, this formula is valid with accuracy of ± 10% for 
calculation of thermal efficiency of single-chamber and two-chamber plasmatrons with 
tubular and stepped outlet electrodes. 
   However, in some cases experimental data show that thermal efficiency of plasmatron with 
the stepped outlet electrode increases (0.8-0.85) because of fixation of the average arc length 
(at optimization of electrode length L (Fig.  2))  in  comparison  with  the  plasmatrons  with  
tubular electrodes (0.7-0.75). For example, let’s show dependence of  on current for the 
two-chamber plasmatron with the stepped outlet electrode (Fig. 2, b) [4].  
 Thermal efficiencies of plasmatrons with the smooth tubular (curve 1) and stepped outlet 
(curve 2) electrodes are compared in Fig. 5. For the plasmatron with the electrode expanding 
stepwise experimental data in criterial form are generalized by the following formula (with 
accuracy not higher than ± 10%): 

50,030,0
2

27,0
2

10,0
2

25 )()()/()/(109/)1( lpddGGdI .             (2)  

Fig. 5. Thermal efficiency vs. current. Working gas – air, diameter of inner tubular electrode-
cathode d1=40 10-3 m, diameter of outlet tubular electrode-anode d2=28 10-3 m, gas flow rate 
G1+ G2=12 10-3 kg/s. 1 – calculation by formula (1), 2 – calculation by formula (2),  – 
experiment. 

It follows from Fig. 5 that optimization of ratio L/D in the outlet stepped electrode 
(D=44·10-3 m) leads to considerable increase in thermal efficiency of plasmatron. 

For plasmatrons with a narrow cylindrical channel (e.g., with sectioned interelectrode 
insert) it is impossible to derive the united analytical dependence of efficiency on determining 
parameters. This is caused by the fact that at derivation of dependence  = f (I2 /Gd,  …)
criteria used in formula (1) shall be supplemented with criteria, which take into account 
curtain cooling, radiant and convective heat fluxes to the wall of discharge chamber, etc. 
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Therefore, efficiency of plasmatron with SII shall be calculated elementwise for different 
regions of the arc discharge along the sectioned interelectrode insert. 
   Experimental data on determination of thermal efficiency of process plasmatrons with SII  
allow  = 0.85-0.9. 

CONCLUSIONS
1. The main connection between energy characteristics of the arc plasmatrons with different 

configurations of electric-discharge chambers was determined experimentally. 
2. Results obtained are the effective mean for the control of electric and thermal 

characteristics of plasma-generators with aim of optimization of the process parameters of 
electric-plasma devices. 
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HIGH-TEMPERATURE MICROWAVE SYSTEMS
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   The microwave energy for technological purposes began about 70 years ago. A microwave 
systems came into our life and occupied a permanent place in our kitchens, but the application 
of microwave energy for industry and process technology, we hear very often. The 
introduction of microwave energy influenced by the technological, economic and 
psychological factors. 
   The desire to create new materials and to modify the already known lead researchers to new 
technologies and the use of already known in non-traditional areas. One such promising areas 
is the use of microwave dielectric heating for the implementation of high technologies, such 
as growing crystals, nanomaterials, sintering of ceramics, composites and obtaining refractory 
materials, etc. All of these technologies brings the need for heating the source material to 
temperatures above 1000 0C, and often heating is accompanied by phase transitions. 
   All of the types of microwave heating of dielectric heating, perhaps, be regarded as the least 
studied area in terms of obtaining high temperatures. But the microwave dielectric heating can 
significantly intensify the process of uniform heating of dielectrics, which certainly play a 
significant role in getting new materials of construction and modification of the known. 

The last century revealed the called "nonthermal" effects of microwave energy on the 
material, which is manifested in a change of material properties after a short stay in a 
microwave electromagnetic field without the express heating.  We have proved the influence 
of microwave energy on the rate of curing of epoxy compounds. Prior to that found effects of 
microwave energy on biological objects. Accelerated the processes of pasteurization and the 
suppression of pathogenic organisms at lower temperatures than in conventional heat 
treatment. 

Self-consistent boundary-value problem of electrodynamics and thermal conductivity 
for high temperature thermal treatment of dielectrics 
   The task of designing a microwave electrothermal equipment for heat insulating materials is 
complex and is located at the junction of the microwave electrodynamics, heat and mass 
transfer, materials science, thermal mechanics, metrology, and technology. Processes in the 
microwave electro-thermal plants are described by the Maxwell equations and equations of 
heat and mass transfer. Excluding from consideration the thermal treatment of a small class of 
substances whose electrical parameters depend on the vectors of the electric E and magnetic 
H fields, even in relatively weak fields (ferroelectrics and ferromagnets), we can restrict the 
linear dependence of the electric induction vector D of E and magnetic induction B of H as 
well as subjected to microwave heat treatment of the environment is usually isotropic, we 
write the constitutive equations in the form [1] 

,ED ,Ej ,HB (1) 

where ,   - the absolute permittivity and magnetic permeability of the medium; -
conductivity of the medium; j - the conduction current density. 
   Heated in a microwave systems can be attributed to imperfect dielectrics (dielectric losses), 
possessing the initial (structural) heterogeneity. The structural heterogeneity of numerous, 
their size is much smaller than the wavelength in the medium, but because in practical 
applications, using the theory of mixtures [2], changed to the inhomogeneous medium with a 
homogeneous equivalent electrophysical parameters. 
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The materials are plots of the relative permittivity ’ and dielectric loss tangent tg
temperature. Consequently, during the heating of such materials and tg are functions of 
position and time. Thermophysical parameters of the equation and boundary conditions heat 
and mass transfer, as well as a significant change in the dielectricheating, and changes in the 
aggregate state of matter, and these changes are rather significant and should be considered in 
the mathematical modeling. 
   The  Maxwell's equations and heat conduction in the absence of external currents and space 
charge in the absence of mass transfer and move the object in the working chamber for the 
capillary-porous material can be expressed as [2, 3] 

t
rot DjH

, (2) 

t
rot BE

, (3) 
0divD , (4) 
0divB , (5) 
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2

, (6) 

where a  - coefficient of thermal diffusivity; T - temperature of the object; T0 - temperature 
of the environment; - the speed of transporting the heated material; 

2
0 tgP E0,5

; (7) 

where  - angular frequency; 
vacuum. 
   The electromagnetic fields in selected areas of the working chambers are conjugated to the 
surfaces of materials 1 and 2 using the boundary conditions: 
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where n - the unit vector directed from second materials to first materials. 
   If the first materials is a perfect conductor, then 

,0,En 0Bn (9) 

   The interaction surface of the heated material to the environment is described by four types 
of boundary conditions [1]. For high-temperature microwave systems should take into 
account the convective, conductive and radiative heat transfer, the latter in areas of high 
temperatures prevail. 
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   The boundary condition of the first kind is given the distribution of temperature difference 
across the surface of the body 

)()( 0 tt (10)

   A boundary condition of the second kind is given by the heat flux density for each element 
of the body surface as a function of time that is 

)(f
n  (11) 

   A boundary condition of the third kind is given the law of heat exchange between the 
surface of the body and the environment (for high-temperature heat used by the Stefan-
Boltzmann constant) 

h
n . (12)

   A boundary condition of the fourth kind -the law of heat transfer on solid surfaces in contact 

,21 nn
21

, (13)

where 1,2=T1,2  -T0.

   The high-temperature heating of phase transitions can be accompanied by: the solid phase - 
liquid, liquid - gaseous. Such phase transitions are observed during the growth of crystals 
from the melt and vapor, obtaining nanomaterials from a solid material condensation method. 
The transition of matter from one state to another usually occurs with the release or 
absorption of energy (first order phase transition), the energy of the phase transition depends 
on many factors (the energy of the phase transition from solid to liquid at atmospheric 
pressure for water Tplav = 0 0C is = 6.013 kJ/ mol, and from liquid to gaseous Tispar = 100 
0C  = 40.683 kJ / mol). 

At first order phase transition temperature of the heated object does not change, and 
delivered to the object of the energy expended to perform the phase transition. 
The amount of heat required to carry out the phase transition. 

mqQ , (14)

where q - the latent heat of phase transition. 
   If  we know q we will able to simulate the heating of a material with phase transformations. 

The thermal processes of dielectric heating in a microwave electromagnetic field can be 
described by the boundary-value problem of heat conduction (7) and (10) - (14) in the 
approximation of a given electromagnetic field, in turn, found by solving the boundary 
problem of electrodynamics (2) - (5), ( 8), (9) with (1).  To determined, for example, the 
experimental dependence of the electrophysical and thermophysical parameters on the 
temperature of the heated environment, we divide the time of heat treatment on the intervals ,
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within which these options will be considered independent of the time. Solution of (2) - (5), 
(8) (9) in this time interval will determine the function of Pud  that can explicitly find a 
solution to the problem (6), (10) -(14). The solution of boundary value problem of heat 
conduction makes it possible to install the electrical parameters of the dielectric at the next 
time interval. Repeating the calculations for all new intervals to achieve a given steady 
temperature of heated or dielectric, we can figure out the dynamics of the process, take into 
account the time variation of the electrophysical and thermophysical properties of the 
dielectric, to investigate the influence of various parameters of the installation (the chamber) 
on its characteristics, to carry out the synthesis of optimal machine microwave electrothermal 
installations. 

As part of research into new technologies at the Department of NPP SSTU them. Yuri 
Gagarin established laboratory facility to study high-temperature microwave processes of 
Figure 1, b [4]. 

Figure1. High-temperature microwave system. a - with the working chamber at irregular 
circular waveguide, b - with a working chamber resonator type. 

   Sintering of ceramic and metal materials. Sintering of ceramic and metal products carried in 
the equipment of cameras with the traveling and standing waves. After sintering the dielectric 
properties of these materials is considerably changed. Sample obtained by sintering of 
ceramics (zinc oxide) are shown in Figure. 2 
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Figure 2 samples sintered in a microwave electromagnetic field of zinc oxide ceramics 

   Growing crystals from the melt and vapor.To grow crystals of zinc oxide used compressed 
sample.  After heating the sample to the sublimation temperature of the microwave energy is 
switched off and the sample surface formed crystals of zinc oxide in Figure. 3 a, b. 

Figure 3. Samples of the crystals obtained in the microwave electromagnetic field. 

   Preparation of nanomaterials condensation method. For nano-sized particles of zinc oxide 
condensation method compressed the sample was placed into the working chamber with a 
traveling wave. The vacuum pumpevacuated the chamber of the pair. Steam-gas mixture 
passing through the water trapwas condensed in a flask Drexel. The analysis of the 
granulometric composition of the resulting suspension shown in Fig. 4 
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Figure 4. The results of particle size analysis of the suspension of zinc oxide

   From these spectrograms show that the samples are present nanoparticles about 3 nm and 
200 nm. 
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CALCULATION OF PLASMA TRANSPORT COEFFICIENTS USING CHAPMAN-
ENSKOG SOLUTIONS OF THE BOLTZMANN EQUATIONS 
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(1)Department of science, Noor Branch, Islamic Azad University, Noor, Iran, 
(2)State Research University MPEI, Krasnokazarmennya St. 14, Moscow 111250, Russia. 

   The calculation of plasma transfer coefficients is an important stage in plasma modeling. The 
parameters which have the major influence are viscosity, thermal conductivity, electrical 
conductivity, diffusion, thermal diffusion of the plasma. 
   The Chapman–Enskog solutions of the Boltzmann equations provide a basis for the 
computation of important transport coefficients for both simple gases and gas mixtures. The use 
of Sonine polynomial expansions for the Chapman–Enskog solutions was first suggested by 
Burnett and has become the general method for obtaining the transport coefficients due to the 
relatively rapid convergence of this series. 
   The Chapman–Enskog solutions are also useful for computation of the associated slip and jump 
coefficients near surfaces. Generally, these solutions are expressed in terms of Sonine polynomial 
expansions. While it has been found that relatively, low-order expansions (of order six) can 
provide reasonable precision in the computation of the transport coefficients. Also of importance 
is the fact that such low-order expansions do not provide good convergence for the actual 
Chapman–Enskog solutions even though the transport coefficients derived from these solutions 
appear to be reasonable. Thus, it is of some interest to explore Sonine polynomial expansions to 
higher orders. The Chapman–Enskog approach for the determination of the transport coefficients 
from the Boltzmann equation is described elegantly and concisely in the text of Chapman and 
Cowling.
   Electrical arcs and thermal plasmas are often studied under assumption of local thermodynamic 
equilibrium (LTE).However, For plasma in LTE, calculation of the transport properties begins 
with the kinetic theory of gases. This theory is based on statistical concepts, in particular, on the 
maxwellian distribution function 0f  of the gas particles 

3
2(0) 2exp( )

2
mf n W
kT

(1)

2
m
kT

W C (2)

in which n is the local molecular number density; m the molecular mass; k the Boltzmann 
constant; T is the local temperature; W is the dimensionless relative velocity C. We do, however, 
note that in the Chapman–Enskog approach, for a simple, monatomic gas (Argon), the molecular 
distribution, 0f , to the order of interest here, is developed as: 

(0) (0)f f f (3)

where  is the perturbation function dependent on velocity C.
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   Following notations of Chapman and Cowling [10], we offer below an abbreviated version of 
the relevant theory. For an arbitrary, rarefied, gas mixture, one begins with the Boltzmann 
equations describing the molecular distribution functions of the constituent gases: 

( , , ) ( )
i

i
i r c i i i j i j j i j

jji

F f t f f f f bdbd d j f f
t m

c r c g c (4)

in which the left-hand side is known as the streaming term of the equation which contains the 
differential streaming operator in the brackets, the right-hand side is a sum over what are known 
as the collision integrals in which i jj f f  is called the collision operator; , ,i if r c t  is the 
molecular distribution function of the i-th constituent; g is the magnitude of the pre-collision 
relative velocity; j ig c c ; b is the impact parameter associated with the binary scattering 
events; is an angle corresponding to the azimuthal orientation of the scattering plane, and c is 
the molecular velocity. A prime indicates a function of a post-collision velocity while the 
corresponding lack of a prime indicates a pre-collision velocity dependence, e.g. , ,i if f tr c
while , ,i i if f tr c .
   The viscosity coefficient establishes the proportionality between the friction force in the 
direction of flow and the velocity gradient in the orthogonal direction. Calculation of this 
coefficient is made with the pressure tensor in the five approximation of Chapman-Enskog
The distribution function and the heat flux vector allows the translational thermal conductivity to 
be determined. The latter can be written as the sum of two terms, one due to the electrons .tr e
and the other due to heavy particles ,tr h . The two terms are calculated in the 4rd and 3nd 
approximation of Chapman-Enskog, respectively: 

, ,4 3tr e tr h (5)

   In the presence of an electric field in the arc, or under the action of other phenomena such as 
gradients of temperature, pressure or concentration, transport within the plasma occurs by electric 
charges which constitute an electric current. Thus the electrical conductivity (such that: J E )
is expressed as a function of the diffusion coefficient which can be calculated for different orders 
of m (generally m = 6). 
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ABSTRACT 
   The paper describes highly efficient plasma technologies aimed at separation, processing 
and utilization of hydrogen sulphide that is produced during oil cleaning of sulphur, during 
natural gas processing and in a number of metallurgical processes.   
   High-frequency (HF) and microwave (MW) hydrogen sulphide processing plants developed 
jointly by VNIITVCh and RNC Kurchatov Institute are described. 

I. INTRODUCTION 
Natural gas contains rather high quantity of hydrogen sulphide (from 3 to 25%). This 

deteriorates its quality, reduces service life of pipelines, pumps and other components, and 
harms living environment. The same can be said about produced oil.  
    VNIITVCh and RNC Kurchatov Institute, together with a number of other organizations, 
have developed a process for plasma-membrane processing of hydrogen sulphide containing 
gases, including hydrogen sulphide separation by means of special membranes, 
decomposition into hydrogen and sulphur in powerful plasmatrons, and collection of said 
products each of which is of interest for modern industry. For implementation of such 
processes, plasmachemical (PCh) reactors, devices for membrane gas separation and 
dissociation products collection have been created in addition to plasmatrons and HF/MW 
generators.  

II.  PLASMACHEMICAL HYDROGEN SULPHIDE PROCESSING 
   This development has passed the stage of pilot implementation at an output level of 500-
1000 m3/hour at Orenburg gas-processing plant. 

There exist three main industrial sectors where the problem of hydrogen sulphide 
processing is very acute. First, it is the gas-processing industry.  Concentration of hydrogen 
sulphide in produced natural gas may be very high. Thus, in the Astrakhan gas-condensate 
field it reaches 20-25%. High toxicity of hydrogen sulphide results in the necessity of 
thorough cleaning of the gas fraction from hydrogen sulphide and complete processing of this 
substance. In CIS countries, more than hundred of natural gas fields containing hydrogen 
sulphide have been found; the reserves are estimated, according to forecasts, as 1012 m3 with 
1.5-25% hydrogen sulphide content. 
   In the petroleum-processing industry, in the process of oil hydro-cleaning to remove 
sulphur, the latter is bound with hydrogen to produce hydrogen sulphide. Then hydrogen 
sulphide is separated from gas fractions and either utilized or (in small petroleum-processing 
plants) flared. 
According to foreign data, 4 and 6 million tons of sulphur were produced from natural gas 
and oil, respectively, in the USA and Canada. 
   At non-ferrous metallurgy works, during metals reduction from their sulphides by means 
of hydrogen-containing reducing agents, hydrogen sulphide is also produced that must be 
disposed of. 
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   The traditional method of hydrogen sulphide processing is Claus method. It is a two-stage 
catalytic thermal process. At the first stage, hydrogen sulphide is oxidized by oxygen to 
produce sulphurous anhydride as an intermediate product.  

2222 2
3 SOOHOSH  [1] 

   At the second stage, complete reduction of sulphur takes place: 

SOHSHSO 322 222 [2] 

   Total Claus process yields sulphur and water as products. 

SOHOSH 3
2
1

222 [3] 

   Claus process is not environment-friendly, it involves significant emissions of sulphurous 
anhydride to the atmosphere. Application of additional cleaning systems to remove sulphurous 
anhydride increases sharply the cost of the process equipment. Claus process yields only 
sulphur as its product. The second valuable component of hydrogen sulphide – hydrogen – is 
lost since it is transferred to water. From the standpoint of hydrogen energetics, Claus process 
is absurd since it transfers hydrogen from a loosely bound state in hydrogen sulphide to a 
strongly bound state in the water molecule. Then hydrogen is produced from this water by 
hydrogen power engineering methods, which involves high consumption of electric power. 
The simplest numerical evaluations confirm the above-said. Power consumption for 
dissociation of hydrogen sulphide to hydrogen and sulphur is only =0.21 eV per molecule 
while for dissociation of water to hydrogen and oxygen this quantity is =2.6 eV per 
molecule. 

All above-said defines the interest shown in processes of complete hydrogen sulphide 
dissociation to hydrogen and sulphur: 

H2S = H2+Sr. =0,21 / . [4] 

Various methods were suggested for this purpose: electrochemical, thermochemical, 
thermocatalytic, photocatalytic, photochemical and, at last, plasmachemical. 1,2

As compared to alternative methods, development of plasmachemical dissociation of 
hydrogen sulphide is, at present, the most advanced; as was noted above, it is at the level of 
pilot implementation. Plasmachemical hydrogen sulphide processing makes it possible to 
produce from hydrogen sulphide both products – sulphur and hydrogen – with very low power 
consumption: 0.5 kW h/m3 hydrogen is a theoretical limit, 1 kW h/m3 is today's practical 
result. Hydrogen produced by dissociation of hydrogen sulphide in the gas-processing industry 
is an additional valuable and cheap product of gas extraction and gas processing; in the 
petroleum-processing industry and in the non-ferrous metallurgy, hydrogen produced from 
hydrogen sulphide can make up for the hydrogen spent at the stages of petroleum hydrotreating 
and metal reduction from sulphides, and these technologies can involve recycling of this 
component. In all cases, the plasmachemical hydrogen sulphide processing technology is non-
waste and environment-friendly. 
   The main results of laboratory studies of the plasmachemical hydrogen sulphide dissociation 
process were: low enough power consumption for the process (about 1 kW h/m3 hydrogen + 
1.4 kg sulphur), and the conclusion that the process can be realized on the industrial scale.  
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 III. PROCESS STUDY ON A PILOT BENCH 
   Elaboration of the plasmachemical process of hydrogen sulphide containing gas dissociation 
was carried out in the experimental-technological shop on the site of Orenburg gas-processing 
plant.  
   For performing the work at Orenburg gas-processing plant, VNIITVCh has developed and 
manufactured two plasmachemical units: 
- 500 kW, 915 MHz, and 
- 600 kW, 440 kHz. 

The block diagram of the pilot bench with a 500 kW, 915 MHz plasmachemical unit is 
presented in Fig.1. The bench includes the following main units: gas cleaning and drying unit 
1; unit for membrane separation of 2; 500 kW plasmachemical unit 3 consisting of two 
microwave plasmatrons 3-  and 3-b. 

The plasmachemical unit has four magnetrons 4 with power sources 5. The following 
equipment is mounted downstream of the plasmachemical reactor: sulphur condensation 
system 6, gas cleaning system 7 for cleaning the gas from sulphur aerosol, and the unit for 
membrane separation of 8. Separated non-reacted hydrogen sulphide flows again to the inlet of 
the plasmachemical unit, recycles and, eventually, is completely processed. 
   The base of the plasmachemical unit is a microwave plasmatron supplied by four emission 
sources of 01 wave type through rectangular waveguides. The plasmatron has two levels, each 
accommodating two waveguides directed to each other and transmitting microwave energy 
from the magnetron generators. All four waveguide paths are identical, each one being 15 m 
long. Each magnetron of up to 250 kW power has two waveguide energy outputs. The 
following units are disposed successively along the waveguide path: magnetron, microwave 
energy adder for jointing two waveguide outputs into one (with equal-arm outputs in terms of 
emission power and phase, energy losses in the adders are negligible); directional coupler for 
determining the reflected power level necessary for operation of the monitoring and control 
system (if necessary, the interlock system operated by a signal from the directional coupler in 
case of exceeding the allowable reflected power level); ferrite circulator preventing ingress of 
considerable reflected power into the magnetron in transient and start modes; phase changer 
and matching device for matching the waveguide path to the plasmatron.  

Fig. 1. Block diagram of 500 kW, 915 MHz pilot bench 
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The main drawback of microwave plasmatrons using 01 wave type in a rectangular 
waveguide is the presence of a dielectric (quartz or ceramic) discharge tube. In any case, the 
presence of a dielectric element in the structure of a powerful plasmatron decreases the lifetime 
of the latter. The necessity of a discharge tube in the microwave system under discussion is 
due to the fact that, in this design, microwave emission and gas propagate along different 
paths. Emission propagates along the rectangular waveguide, and the discharge is formed in a 
cylindrical discharge tube crossing the waveguide. The tube wall must be transparent for 
microwave emission. An all-metal construction, naturally, seems more preferable. It is evident 
that an all-metal construction can be provided by combining the devices for emission and gas 
propagation in a single structural element. The first prerequisite for this must be the use of 
round waveguides and wave types in them that are excited by emission in rectangular 
waveguides by means of simple adaptor devices, i.e., 11 type wave.  

It is such construction that was developed for the pilot bench at Orenburg gas-processing 
plant. It comprises microwave plasmatron on 11 wave type in a round waveguide, the 
plasmatron having a power of 500 kW and a frequency of 915 MHz (Fig. 2). 

Fig. 2 Microwave plasmatron for pilot bench at Orenburg gas-processing plant; 500 kW 
power, 915 MHz frequency. 

   The search for development of an industrial plasmachemical module of a higher unit power 
in a microwave plasmatron involves the problem of creating a MW generator of a high unit 
power. Summing of powers from individual generators in a single plasmatron helps, to a 
certain degree, in solution of this problem. In principle, it is possible to raise the unit power 
level of a magnetron generator to 1 MW at a frequency of 0.9 GHz. Lowering of the generator 
frequency leads also to the possibility to increase the power of a single plasmachemical 
module by virtue of an increase in power of the unit generator. A radical option is changeover 
to another frequency range as the development proceeds to the industrial level.  

The block diagram of the pilot bench with 600 kW, 440 kHz plasmachemical unit is 
presented in Fig. 3. 
   The bench consisted of a high-frequency generator having an oscillatory power of 600 kW 
and a current frequency of 440 kHz, a plasmatron unit including a plasmatron [3], an inductor 
and a capacity bank, an inlet membrane unit No.1 and an outlet membrane unit No.2, a 
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sulphur condenser and a hydrogen collector. A part of non-decomposed hydrogen sulphide 
was sent to re-processing. The plasma-forming gas was 2S and 4 mixture. Discharge was 
initiated in argon atmosphere. For lowering the power losses, the plasmatron used a design 
with a quartz discharge chamber and vortex discharge stabilization. The outside diameter of 
the tube was 180 mm, the length was 750 mm. Plasma-forming gases were supplied through 
32 tangential holes made in the gas-forming head of the plasmatron. 

Fig. 3. Diagram of high-frequency bench for hydrogen sulphide separation and decomposition  

   In development of powerful HF induction plasma plants, an important task is minimization 
of ohmic losses in the inductor that may account for 10 or more percent of power output of 
the HF plant, which is unallowable from the energy point of view. 

VNIITVCh developed and manufactured, for Orenburg experimental bench, an inductor 
where a litzendraht current lead was used. In this case, a single conductor (tube) of the 
inductor is replaced by a multi-conductor system consisting of many parallel thin wires 
twisted in such a way that current flow over the entire cross-section of each conductor is 
guaranteed. Calculations and tests of the inductor have shown that ohmical losses therein are 
decreased by a factor of 7 or more as compared to the inductor made of copper tube. The 
problems encountered in creation of a litzendraht inductor consist in selection of dielectric 
material for the water-cooled jacket in which the current-leading conductor is enclosed. In the 
manufactured inductor, profiled quartz was used. 
   The tests carried out on the plasmachemical unit of Orenburg bench optimised interaction of 
individual assemblies of the unit and the bench, and confirmed a low energy consumption 
level in the plasmachemical process of hydrogen sulphide containing gases processing using 
both MW and HF plasma equipment: about 1 kW h for production of 1 m3 of hydrogen and 
1.4 kg of sulphur. 

IV. CONCLUSION
   Today, fundamental problems of development of plasma-membrane plants for processing of 
hydrogen sulphide have been solved. 

Tests carried out on pilot benches have shown that this plasmachemical method permits 
complete processing of hydrogen sulphide to produce sulphur and hydrogen at very low 
power consumption level – about 1 kW h/m3 for hydrogen +1.4 kg of sulphur. 
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   Hydrogen and sulphur in the gas-processing and oil industry can be regarded as additional, 
valuable and comparatively cheap by-products of processing.  
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   The system researches of "not thermal" modifying influence electromagnetic field of 
microwave on polymer materials are carried out at the University and design technology 
decisions of a new class microwave installations are developed. 
   The results of experimental researches of modes influence electromagnetic field of 
microwave on mechanical-and-physical properties of thermoset and thermoplastic polymers 
have been got. These results had confirmed a theoretical position about modifying microwave 
influence of electromagnetic oscillations on its structure. The main parameter influencing 
modifying properties polymer materials is the intensity of electric field  of electromagnetic 
wave and influence time of the microwave at the object. 
   Mathematical models of the crystal phase growth and of the epoxide compound microwave 
curing-process have been got. These mathematical models describe the influence of the 
intensity of electric field of electromagnetic wave and microwave’s influence duration on the 
structure and properties of thermoset polymer. 
   Calculation methods of process chambers of the microwave installations of "not thermal" 
modifying influence on polymeric materials are offered. These methods consider the intensity 
of electric field of electromagnetic wave at which there is a modification of object. 
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INTRODUCTION 
The disks of compressors and turbines of aviation gas turbine engines (GTE) and power 

installations under operating conditions are under influence of rather significant mechanical and 
thermal loadings. Thermal streams in a zone of blades are characterized by key parameters of a 
gas stream: gas temperature and heat transfer factors from gas to a surface of blades. The 
temperatures in rim part of disks on an operating conditions reach 550, 750 ° , in blades – 800, 
1100 °  and more. The average heating speeds of turbine disks of aircraft engines under 
operating conditions make 0,2÷1 /c and the maximal speeds of heating of disks reach 2÷5 /c. 
on separate heating regimes in the beginning of a flight cycle. Therefore the modelling of high-
speed heating modes and thermostress state of rotating disks and rotors has the importance of in 
connection with increase in an operating time of GTE details at non-stationary modes. The 
isothermal and thermal cycle tests of turbine disks with reproduction of operational thermal and 
mechanical loadings are spent on spin rigs with use of induction heating [1]. One of fields of 
induction heating is realization of thermal the processes in rotation bodies for carrying out 
thermocycle tests of gas turbine disks on spin and specialized rigs. 

The calculated-experimental methods of accelerated thermal cycle tests are developed for 
realization of modelling of operational high-speed modes of heating and cyclic thermal loading of 
GTE disks in view of the lead analysis of the test equipment and spin rig is advanced with use of 
induction heating and with new system of computer control of the electric drive of a direct 
current. 
   The usual system of induction heating for heating of turbine disks consists of several flat ring 
inductors, located on different radiuses of a disk. The specified heating system demands of use of 
several power supplies and accordingly raised power consumption. The lacks of the given system 
consist also that the inductors are located discretely on a surface of a disk and consequently there 
are local deviations (gradients) of temperatures ± 30÷40°  in a radial direction.  
   Authors first considered the heating the rotating disks in a variable electromagnetic field in 
view of additional allocation of internal power sources at high frequencies of rotation 20000-
70000 r.p.m.  
   The induction heating allows to provide high speeds of heating and to receive the design non-
uniform temperature distribution on radius of the disk corresponding operational conditions at 
tests on the spin rig [1-3].  
   At the present time works by calculation of heating of cylindrical preparations and creation of 
corresponding devices due to rotation in a constant magnetic field [4, 5] are known. 

DESCRIPTION OF THE PROBLEM 
For maintenance of the design temperature distributions of details it is necessary to solve 

problems of modelling of heating modes of rotating disks in a variable electromagnetic field with 
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use inductors of a various configuration. The heating is carried out with the designed thermal 
streams.     

The development and application special and different inductors allows to eliminate local 
gradients of temperatures which are peculiar to systems of heating with discretely located 
inductors and to provide continuous distribution of thermal streams and to raise accuracy of 
reproduction of the set temperature distribution of a disk. 

THEORY
   The mathematical models in program complex ANSYS by authors for calculation of electric, 
power characteristics of system of induction heating and modelling of modes of heating of disks 
in view of rotation have been developed. 
   The investigations of influence of rotation frequency on allocation of power of heat internal 
sources in a disk due to two components of electromotive force have been carried out with use 
inductors of the different form. The first component arises on average frequency of a current in a 
variable electromagnetic field. The second component electromotive force arises at a rotation 
disk in the variable electromagnetic field created of a inductor, according to the law of 
electromagnetic induction. As a result the induced currents arise in addition. The specified 
component is small on small rotation frequency. The speed of change of a magnetic stream in a 
disk increases at increase of rotation frequency and induced electromotive force (the second 
component) becomes significant in a range of greater rotation frequencies. As a result the power 
of additional internal heat sources increases and the induction heating intensity raises of a 
rotating disk. 
   Thus, specific power P of induction heating is defined under the formula 

P = P1 + P2  (1),

where  1 is the extracted power in a disk due to frequency of a current of an electromagnetic 
field, P2 is the extracted power in a disk due to pulsations of a magnetic stream at rotation of a 
detail in a variable electromagnetic field. 
   The two ways of heating expands opportunities of control of heating process of rotating details 
in a variable electromagnetic field. Thus authors for the first time investigated heating the 
rotating disks in a variable electromagnetic field [3]. 
   The properties of materials of a disk and inductor are set at calculation of parameters of an 
electromagnetic field. The opportunity of use of the equations of communication for integration 
of two different grids a disk and inductor untied among themselves for modelling rotation is 
advantage of program complex ANSYS. 

RESULTS AND DISCUSSION 
The non-uniform grid of final elements for increase of accuracy of calculation was used. 

Figures 1 show the elementary mathematical model. 
   The constructed finite element grid of system "inductor-disk" contains approximately 150000 
elements on the figure 2. The three-dimensional element SOLID117 is used for electromagnetic 
calculation of a harmonious problem in program complex ANSYS. 
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Figure 1. Geometrical model (a) and final element grid (b) of system "inductor-disk". 

The calculated investigations of influence of a clearance between inductor and a disk and 
frequencies of a current on the basic electric parameters rod inductors: the efficiency and cos
have been carried out. The calculations made on frequencies f = 0,05÷8 kHz. Thus the various 
values of a clearance 5÷15 mm and inductor current 500 A were used. Figures 2 show the 
calculate dependences of electric efficiency  and cos  from current frequency of a inductor at 
clearance: 5, 10 and 15 mm (curves 1, 2 and 3). 

Figure 2. Dependences of electric efficiency (a) and cos  (b) from frequency.

   On the basis of the analysis of calculations the conclusion about an inefficiency of use of  low 
frequencies (0,05-1,00 kHz) can be made. The possible restrictions on the greatest value of 
efficiency are expedient for using at frequencies from 1 up to 4 kHz. 
   At increase rotation frequency the speed of change of a magnetic stream in a disk and induced 
electromotive force increase. As a result the power of internal heat sources increases and raises 
intensity of induction heating of a rotating disk. Figure 3 show the results of calculations of the 
extracted power in a disk at induction heating in view of rotation of a disk: 1 - loop inductor, 2 - 
rod inductor. The parameters of a mode: a current – 500 A and frequency - 2400 Hz, clearance - 
10 mm.  
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Figure 3. Dependence of allocated power in a rotating disk with use loopback inductor (1), rod 
inductor (2). 

   From the analysis (figure 3) of the received dependence of power (allocated in a rotating disk) 
it follows that influence of induced currents due to rotation disk, i.e. the increase of power of 
internal heat sources becomes essential at rotation frequencies above 20000 r.p.m. It is the 
additional factor power saving at carrying out of the thermocycle tests of disks with use of 
induction heating. 
   The developed models in complex ANSYS are used in carrying out of the basic researches on 
influence of the various inductor configuration on temperature distributions in rotating GTE disks 
are resulted. In the specified calculation the greatest scope inductor surfaces of a disk is 
important. At rotation the most effective heating is reached in those ring zones of a disk which 
longer time are under sites. Hence, each such inductor site is characterized by the ratio of its 
width to a corresponding ring zone of heating. In this case the width of such  inductor site of the 
complex form is defined on the basis of its crossing by a corresponding ring zone of heating. The 
specified factors were considered in calculate investigations on influence of the various  inductor 
form on distributions of temperatures in a rotating flat disk at a power supply of the inductors by 
an identical current 500 A. The results of calculated modelling are submitted on figure 4. 
   Figures 4 show the temperature distributions with use inductors  of the various configuration: 1
– ring inductor, 2  – ellipse narrow inductor, 3 – ellipse wide  inductor, 4 - half-ring, 5 – half-
loopback inductor, 6 - half-loopback inductor, 7 - loopback inductor, 8 – two loopback inductor, 
9 – the design temperature distribution. 
   The analysis of temperature distributions with use various  on the fig. 4. The ring 
inductor 1 is the least effective and his temperature distribution considerably differs from set and 
has the lowered temperature 75°  on a nave of a disk. The inductors 2, 5 and 7 create the 
temperature distributions of also essentially distinguished from set. Thus narrow ellipse  inductor 
2 it is expedient to use for uniform heating of disks. 
   The temperatures distributions of inductors 8, 4, 3 and 6 are closest to the set temperature 
distribution 9 and specified inductors is possible to use at modelling thermal modes of disks. 
Among 8, 4, 3 and 6 the loopback inductor 8 allows to receive the most effective 
mode of heating of a disk. It provides higher speed of heating of average and central (nave) parts. 
It is important at thermocycles tests. 
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Figure 4. Temperature distributions of a disk depending on the inductor form in view of rotation 

   Thus, the temperature distribution (8) has almost coincided with set distribution - 9. Deviations 
of distribution 6 from the design temperature distribution 7 on radius of a disk do not exceed 10 

. Besides, the inductor 8 has the highest efficiency among those inductors which coincide with 
required temperature distribution of (tab. 5.). On the basis of the lead calculations the optimum 
inductor design - loopback inductor 8 is chosen. The inductor provides the best approach of 
calculate temperature distribution of a GTE disk to design distribution 9.
   The use of loop inductors designed using of the computer simulation and dual-frequency power 
supply circuit of loop inductors from one thyristor frequency converter (TFC) located on both 
sides of the disk allows to increase the effective temperature regimes in thermal cycling tests of 
rotating disks on the spin rig and improve the accuracy of modeling the experimental temperature 
distributions in disks in 2-3 times (with an accuracy of ± 10 ÷ 15  C) and reduce the number of 
inductors and power supplies in 1.5-2.0 times. The heating of the disk  was provided by induction 
heating system with three TFC working at 2400-10000 Hz. The analysis of rapid heating also 
showed that with increasing heating rate in 5 times (from 2 K / s to 10 K / s) the performance-of 
the induction heating is increased in 2 times and the cost of electricity at the  thermal cycling tests 
are reduced in 3 times. 

The similar effect of heating (fig. 3) can be received at rotation of a disk in the constant 
magnetic field created by constant magnets. 
   The manufacturing techniques of modern constant magnets are improved and have achieved the 
certain progress and now the constant magnets from  alloys: neodymium- iron-
boron and samarium-cobalt alloys it is possible to apply for heating of the rotating small disks. 
They are much stronger than usual ferrite magnets and magnets from other magnetic materials.  
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The investigations of a thermal state of the rotating disks in a constant magnetic field are 
expedient for carrying out with use of magnets from samarium-cobalt alloys since they have a 
significant magnetic induction and work at the increased temperatures up to 250-330 °C.  
   Electromotive force (EMF) it is induced at rotation of a disk in a magnetic field created by a 
constant magnet, according to the Faraday law of electromagnetic induction. Therefore there are 
induced currents. On small frequency of rotation the specified EMF it is small. At increase in 
frequency of rotation the speed of change (pulsation) of a magnetic stream in a disk increases and 
induced EMF becomes significant in a range of the big frequencies of rotation. In result the 
internal sources of heat increases and raises the intensity of heating of a rotating disk. 
   In the given work for the first time the heating the disk rotating in the constant magnetic field 
created by the specified magnets is considered in view of allocation of power of internal sources 
of heat on the different frequencies of rotation.  
   The investigation of a thermal state of a modelling disk (from stainless steel) rotating in a field 
of the constant magnets having an induction 0,1 tesla was carried out in the test vacuum chamber 
of the spin rig (figure 6, 7).  

Figure 6. Disk and unit of fastening with constant magnets in the chamber of the spin rig   

   The disk has been prepared by thermocouples on three radiuses. Between a disk and magnets 
the backlash of 5 mm is established. The temperature measurements of a disk were carried out 
through a mercury slip ring with the help of computer system. On figure 7 the thermal state of a 
disk on different radiuses is submitted depending on frequency of rotation during experiment. On 
radius of 95 mm the maximal temperature was observed since the average line of the greatest 
established magnet coincided with the specified radius. In the given the experiments of the 
thermal state of a modelling disk was investigated on frequencies of rotation up to 22000 r.p.m.
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Figure 7. Temperatures of a disk on the different radiuses: 1 - 95 mm, 2 - 75 mm, 3-55 mm; 4 -
temperature of air in the chamber, 5 - frequency of rotation 

CONCLUSIONS 
   Three-dimensional models have been developed for investigation of calculation of electric and 
thermal parameters of inductors and electromagnetic fields at heating rotating disks in program 
complex ANSYS. 

On the basis of the investigations of heating modes of disks in view of components of 
allocation of power in a detail due to current frequency and rotation frequency of a detail in a 
variable electromagnetic field are received. The specified factors expand opportunities of control 
of heating process of rotating details in a variable electromagnetic field. 
   Influence of rotation frequency on allocation of power of internal heat sources in a rotating disk 
with use different inductors and  constant magnets  has been analysed. 

At comparison of modelling of temperature distributions with use inductors of the various 
configuration it is recommended loopback inductor. 
   The use of loop inductors allows to increase the efficiency of temperature modes at thermal 
tests of rotating disks on the spin rig and improve the accuracy of modeling the experimental 
temperature distributions in disks in 2-3 times.  The analysis of rapid heating also showed that the 
cost of electricity at the  thermal cycling tests are reduced in 3 times. 
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ABSTRACT 
Induction heating of the disk shape workpiece is wide spread used in different industrial 

technologies. Disk shape geometry offers several advantages because of its rotational 
symmetry. However, uniform heating of disks requires optimal design of the induction coil. 
The paper presents a modelling concept of the coupled electromagnetic and thermal 
simulations, which are used for analysis and numerical optimization of the heating systems. 
Optimization approach, based on genetic algorithms, is applied to reach a uniform steady-state 
temperature distribution in the disk by parametric optimization of the induction coil shape and 
its position. Presented examples demonstrate the possibilities of the developed concepts and 
tools for applied optimization of industrial induction heating systems. 
INTRODUCTION 

A lot of modern technologies require providing different processes running under high 
temperature conditions. The processes could be oriented to mechanical or metallurgical 
treatment of products, chemical reactions, crystal growth etc. Induction concept of heating 
offers many advantages in intensity of the process and its flexibility because of contactless 
method to transfer the energy. Nevertheless, direct induction heating application is often 
limited by complicated shape of the workpiece or low electrical conductivity of its material. 
Indirect induction heating is an alternative approach, which is nowadays applied in many kinds 
of production lines and installations. In this case the products are put onto the surface of 
additional body (so called susceptor), which is directly heated by induction. Good thermal 
contact between the susceptor and the products guaranties effective heating process. Most 
industrial applications require as uniform as possible temperature distribution in the susceptor 
or on its surface. 

Fig. 1. Schematic view of induction 
system for the disk heating 

Fig. 2. 2D cross-section of the system 

   In spite of the fact that the susceptor can be of any shape, the disk body has an advantage 
because of rotational symmetry. It gives an additional opportunity to equalize the temperature 
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field using rotation of the susceptor. The disk is usually heated by an induction coil of spire 
shape mounted under the susceptor. In this case the eddy current flow in the disk is of 
rotational symmetry as well. It is impossible to provide a uniform temperature distribution in 
the susceptor by optimizing the Joule heat distribution only because the eddy currents have a 
death point in the centre of the disk. Temperature equalization by thermal conduction is only 
the process, which can help to overcome this problem. 
   The temperature distribution in the susceptor, necessary for the technological process, is 
mainly required in steady-state mode when stable in time temperature field is a result of 
balance between the Joule heat and the thermal losses from the disk surface. By this reason the 
heating system should be optimized for the steady-state mode first of all. Taking into account 
that experimental search for best configuration is extremely time and cost intensive, numerical 
optimization based on mathematical modelling of the heating process is only the way to 
successful design of installations. 
1. INDUCTION SYSTEM FOR DISK HEATING 
   Induction system used for the disk heating consists of one or more induction coils and the 
heated disk as it is schematically shown in Fig. 1. Pancake induction coil of one or several 
water-cooled windings is located under the susceptor so that the eddy currents are induced in 
the plan of the disk. Neglecting spire effects of the induction coil, such concept of induction 
heating provides a rotational symmetry of electromagnetic as well as thermal processes in the 
system. In this case two-dimensional (2D) analysis describes the behaviour of the system in a 
proper way. 
   One sketch of 2D cross-section of the disk heating system is shown in Fig. 2. Left border of 
the system is the axis of rotational symmetry. Massive susceptor is located above the induction 
coil, which is represented by two windings made 
of rectangular shape copper tubes. Geometry and 
positions of the windings are described by 
parameters, which can be easy changed during 
optimization. 
2. NUMERICAL MODEL 
   Mathematical model of the disk heating system 
has been created for investigation as well as for 
numerical optimization of the system design. 
Structure of the model is shown in Fig. 3. 
Generally induction heating consists of at least two 
main physical processes, which have to be taken 
into consideration in simulation: electromagnetic 
and thermal. Electromagnetic field is initiated by 
high frequency current, loaded to the induction 
coil. This field penetrates to the susceptor material 
and induces eddy currents in it. The induced 
currents generate the Joule heat in the susceptor. 
Distribution of the heat sources depends on 
applied frequency, electro-physical properties of 
the susceptor material, geometry of the workpiece 
and design of the induction coil. Electro-physical 
properties of conductive materials (like specific 
resistance) significantly depend on temperature. 
This dependence has to be taken into account in 
electromagnetic analysis. The Joule heat, 
generated by magnetic field, initiates the growing 
up temperature in the susceptor. However the 
thermal process also forms temperature 

Fig. 3. Structure of the coupled 
electro-thermal model
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distribution in the susceptor by thermal conduction in the workpiece material and thermal 
losses from its surface. Thermo-physical properties as well as thermal losses depend on 
temperature also. Well pronounced non-linear behaviour of the simulated system requires 
organizing a coupled model based on numerical techniques [1]. A Finite Element Model 
developed in the work has been built using the commercial package ANSYS for both 
electromagnetic and thermal analysis [2]. Coupling is organized in an iterative loop where the 
Joule heat from electromagnetic analysis is used for thermal calculation and the received 
temperature distribution is taken to correct the disk specific resistance for electromagnetic 
calculation at next time step. Steady-state regime is reached in the simulations after long 
enough transient process. 

Fig. 4. Real (right) and imaginary (left) magnetic flux lines
   Operating of the created model can be demonstrated on one example, where the conductive 
disk with diameter of 130 mm and height of 20 mm is heated by two windings induction coil 
with at frequency of 65 kHz. The current value was chosen to provide the average temperature 
level in the susceptor of 1200 C. 

Electromagnetic coupling of 
induction coil with the disk is 
visualized in Fig. 4, where real 
and imaginary magnetic flux 
lines are shown. Joule heat 
distribution in Fig. 5 shows 
that heat sources are 
concentrated at the bottom of 
the susceptor and they have a 
death zone at the axis of 
rotational symmetry. Steady- Fig. 5. Joule heat distribution in the disk 
state temperature field (see Fig. 6) is formed by thermal losses from the disk surface. Heat 
exchange coefficients and reference temperatures for convection and radiation are taken 
individually for top, bottom and side surfaces of the disk. The values of the coefficients have 
been calculated extra to guarantee correct heat exchange conditions. In spite of the death zone 
in the Joule heat distribution at the disk centre, the temperature field has a minimum at the 
edge of the disk. It confirms that the temperature distribution cannot be estimated by heat 
sources analysis only. Numerical optimization base on the coupled model is only the way to 
design such kind of induction heating system. 
3. NUMERICAL OPTIMIZATION TECHNIQUE 
   Numerical optimization is a process to search a combination of independent variables, which 
provides a minimum value of the chosen goal function. A lot of different optimization 
algorithms are known to search the optimum. Experience of the authors shows that the genetic 
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algorithms are the most effective tools for optimization of complicated multi-physical systems 
like induction heating installations. In spite of bigger amount of necessary goal function 
calculations, they are very robust and stable in search independently on the shape of the goal 
function [3]. A universal library of optimization programs with various amounts of independent 
variables has been created for optimal design of induction systems. 

Another important step is to combine the optimisation program with the routine for 
calculation of goal function. In 
case of induction heating, the goal 
function is usually calculated at 
the end of big program package 
or even set of packages. In this 
case it is impossible to build a 
complete optimization program as 
one code. A special approach has 
been developed to overcome this 
problem. Optimization search and 
goal function calculation are 
running one after another in a loop, where exchange of data is organized via data files (see 
Fig. 7). Optimization preprocessor transforms the current set of independent variables, created 
by optimization algorithm, to the input data file for the process model. After calculation of the 
goal function, this set of variables is written to the history file together with corresponding 
value of the goal function. This history file is available for optimization program, which creates 
the next set of independent variables. 

Fig. 7. Structure of the combined optimization procedure 
   The described approach of optimization together with the coupled electro-thermal model of 
the heating process has been applied for parametrical optimization of induction systems for 
disk heating. 
4. EXAMPLES OF OPTIMIZATION 
   First important step to make numerical optimization is to describe the goal function. In case 
of the disk heating, the minimized goal function has been formulated as maximum deviation of 
temperature in the disk from the prescribed temperature value. This formulation guarantees 
that the found optimum is all the time located at the required average temperature level. To 
realize this statement, the current in the induction coil is included to the list of independent 
variables as well. 
   Next step to start optimization is to select the design parameters, which have to be used as 
independent variables. Geometrical parameters of the induction coil are usually selected for 
optimal design the coil shape. Usually they are: the size of the induction coil conductor and the 
position of the coil windings. Field of the search should be defined for each independent 
variable so that the system geometry will never collapse. 

Fig. 6. Temperature field in the disk 
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   First optimization has been done for a system with single winding induction coil (see Fig. 8). 
Temperature field in the disk is optimized by position of the induction coil winding in both x
and y directions. Induction coil current is included as additional independent variable. The 
prescribed temperature value of 1200 C should be reached with minimum deviation. 
Temperature distribution in the susceptor with the found optimal set of independent variables 
is presented in Fig. 8 as well. Symmetric deviation of 35 K above and under the prescribed 
temperature value confirms that the found point is the optimum. 

Fig. 8. Single winding induction system and optimal temperature distribution in the disk
   Second example demonstrates the optimization approach for more complicated system with 
consisting induction coil of two windings (see Fig. 9). The windings are connected in series so 
that they have the same current. Temperature distribution was optimized by the size and the 
positions of the windings. The optimal temperature field differs qualitatively from previous 
example. Nevertheless, deviation of temperature from the prescribed value is the same. It 
shows that in this case the two winding induction coil has no advantages against the single 
winding coil. 

Fig. 9. Two winding induction system and optimal temperature distribution in the disk
   The developed concept for numerical modelling and optimization of induction systems for 
disk heating have been successfully applied for industrial design of optimal induction coils with 
bigger number of windings for bigger disks. Use of optimal coils improved the temperature 
uniformity in the susceptor in three times which allowed increasing the susceptor lifetime.  
CONCLUSIONS
   One concept of the coupled electromagnetic and thermal modelling of the disk induction 
heating system is established and can be used for analysis and numerical optimization of the 
temperature distribution in the disk. The developed process model is combined with 
optimization search procedure based on genetic algorithm. Two basic examples demonstrate 
the results of optimal shape design for different induction coils. The described approach has 
been successfully used for optimal design of industrial induction coils for bigger disks. 
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INTRODUCTION. Induction furnaces that ensure contact less control of electromagnetic (EM) 
alloy stirring, temperature and free surface shape are widely applied in metallurgical industry.  

In great induction crucible furnaces (ICF) the melt is usually covered with slag layer that acts 
both as a thermal and chemical insulator. Free surface deformations might cause slag 
displacement and lead to undesirable contact between the melt and atmosphere accompanied with 
chemical reactions and thermal losses. 

 In case of higher power densities, e.g. induction furnace with cold crucible (IFCC), the EM 
pressure squeezes the melt and semi-levitation is achieved. In this instance the melt is fully 
abutted upon the skull. Moreover, for reactive alloys of high purity the furnace design leads to 
complete alloy levitation in a non-reactive atmosphere. In the same time the behaviour of free 
surface might be notably unsteady due to operational parameter change, mean flow instabilities 
and high values of turbulence kinetic energy. 

Mass transfer processes in induction furnaces considering free surface [1], as well as, 
phenomenon of EM levitation [2], are actively studied numerically. 

Since the problem of free surface shape control appears to be significant for processing of 
metallic materials, the development of models for free surface dynamics calculation remains 
relevant. 

In the recent work the model for free surface dynamics calculation in simplified two-
dimensional (2D) axisymmetric [3], as well as, in three-dimensional (3D) [4] consideration was 
developed. The calculation was arranged by means of ANSYS Classic for EM problem, 
ANSYS/CFX for hydrodynamic (HD) problem and their external coupler (V. Geza, UL). Volume 
of Fluid (VOF) numerical technique and k-  SST turbulence model were applied for high 
Reynolds number two phase flow calculation. Due to the low magnetic Reynolds number the EM 
and HD parts of the complicated magnetohydrodynamic (MHD) problem were solved sequently, 
considering only the change of free surface shape reciprocal interaction with the change of EM 
field distribution. Moreover, because of much greater inertia times of melt in comparison to the 
alternate EM field timescale, only the steady part of the Lorentz force was taken into account. 

The verification of free surface oscillation period T in case of small amplitude deviation 
according to analytical formula from [5] approved 2D and 3D model accuracy. 

In this paper the further model verification and calculation results are discussed. 

MODEL VERIFICATION. Experimental measurements for meniscus heights above initial 
filling (E.  Baake,  1992)  in  laboratory scale  ICF (furnace description can be found in  [4])  were 
used for the further 2D model verification. The experimental setup consisted of steel crucible ( Fe
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= 1.43·106 S/m), copper inductor ( Cu = 50·106 S/m) with 12 turns and Wood’s metal ( WM = 
9400 kg/m3, WM = 1·106 S/m, WM = 4.2 mPa·s) as melt. 

The calculations were performed for inductor current frequency of f = 330 Hz ( EM = 2.8 cm) 
and several current values. Fine mesh with typical element size of 0.3 cm was used for HD part 
of the problem. 

Calculated quasi steady state velocity pattern (left) and Lorentz force density distribution 
(right), as well as, meniscus shape in comparison to the experimental data of meniscus height 
above initial flat free surface are presented (Figure 1). Experimental measurements are marked by 
black ticks, while ticks vertical lines correspond for the given measurement errors due to the 
turbulence and mean flow instability that caused free surface fluctuations. 

As it was expected, enhancing current caused greater free surface deformation, as well as, 
intensified the flow. 

Figure 1. Quasi steady state flow pattern (left), Lorentz force density distribution (right) and 
meniscus shape calculated with 2D hydrodynamic (1) and hydrostatic (2) model in comparison to 
experimentally measured meniscus heights above initial filling (black ticks) in laboratory scale 
ICF for (a) - Ief = 1753 A; (b) - Ief = 2020 A; (c) - Ief = 2262 A; (d) - Ief = 2464 A. 

In the (a) calculation with the least inductor current the meniscus height above initial filling 
appears to be 30 % lower rather than it was measured in experiment. Investigation of discrepancy 
causes is in process, however, for the rest of calculated series meniscus heights above initial 
filling appear to be in good agreement and below the measurement error. 

Significance of flow pattern contribution to the free surface shape is marked by the worse 
hydrostatic [3] meniscus agreement with experimental measurements and hydrodynamic model 
calculation (Figure 1). 

The proper model verification required a comparison between the calculated free surface and 
experimentally measured meniscus profile. For this purpose experimental measurements of 
aluminum melt ( Al = 2375 kg/m3, Al = 3.6·106 S/m, Al =  1.29  mPa·s)  free  surface  shape  in  
laboratory scale IFCC were used [6]. 

The furnace consisted of copper crucible wall divided on 26 sections with a short circuit ring in 
the lower part, unsectioned copper bottom and copper inductor with five turns (Figure 2). 
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Figure 2. Geometry of laboratory 
scale IFCC with 26 sections. 

Figure 3. Mesh for EM 
calculation for one section.

Figure 4. Mesh for HD 
calculation for one section. 

(a) (b) (c) (d) (e)

v,
m/s

experimental measurement [6]
numerical calculation
initial filling

Figure 5. Quasi steady state free surface shapes and flow patterns of aluminum melt in IFCC
for different initial fillings IF in respect to inductor height and inductor effective currents Ief
(a) - IF = 46%, Ief = 3154 A; (b) - IF = 65%, Ief = 1929 A; (c) - IF = 65%, Ief = 2956 A;
(d) - IF = 65%, Ief = 3566 A; (e) - IF = 87%, Ief = 3789 A.
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On account of the symmetry of the setup the EM calculation was performed for one section 
considering azimuthal inhomogeneity of EM field due to the sectioned crucible (Figure 3). Air 
gap of 1 mm was ensured between the melt, the bottom and the crucible walls due to the great 
electrical resistivity of the skull that appears in the regions of contact between the melt and water-
cooled crucible. Furnace operational frequency of f = 9865 Hz ensured highly pronounced skin-
effect with characteristic EM penetration depths of Cu = 0.7 mm and Al = 2.7 mm for copper and 
liquid aluminum accordingly. 

Meanwhile, the HD calculation was performed on a mesh with one element resolution of 
section in azimuthal direction that ensured azimuthal averaging of EM force for 2D 
approximation (Figure 4).  

The comparison between the measured and calculated free surface shapes of aluminum melt in 
IFCC for different initial fillings and inductor effective currents (Figure 5) revealed good 
correlation between the model prediction and experiment.  

EM LEVITATION.   In case of EM levitation due to the prominent skin-effect ( EM = 2.3 mm) 
great Lorentz forces are distributed in the very narrow alloy volume adjoining the free surface. 
On the other hand, for VOF technique it is absolutely normally that the interface is smeared over 
2 to 3 mesh elements. For particular combination of physical phenomena and its numerical 
treatment, Lorentz forces appear to be acting on the air adjoining the free surface that cause 
unphysical acceleration of light fraction. Because of air small density ( air = 1 kg/m3) in 
comparison to the density of alloy ( alloy = 9400 kg/m3), this leads to dramatic increase of the 
Courant number and the crash of whole calculation. 

Figure 6. Geometry and parameters for numerical experiment of droplet levitation. 

Numerical difficulties were technically solved in the following way. After each loop of coupled 
HD and EM calculation, Lorentz force distribution that corresponds to the new free surface shape 
is used as updated mechanical momentum source and initial flow conditions at the beginning of 
each loop in VOF calculation are used from the previous cycle. As the influence of air movement 
on the free surface dynamics is negligible it was considered to initialize the air velocity field with 
the alloy velocity pattern. This means that in regions where exist only one phase the air is 
initialized with zero velocity, meanwhile, in mesh elements containing both phases the air gains 
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velocity of alloy. Such technical trick allowed to perform a stable free surface dynamics 
calculation for the case of 2D electromagnetic levitation. 

A system of two inductor turns and alloy drop at initial conditions of spherical shape and zero 
velocity was considered (Figure 6). The aim of 2D numerical experiment was to entrap the alloy 
and obtain a stable levitation. The design of setup and operational parameters were not adopted 
from any experimental data, as well as, were not optimized and this is the reason for exaggerated 
inductor current values used. 

A fine timestep of 0.1 ms for Lorentz force recalculation due to the free surface shape change, 
as well as, fine space discretization of 0.1 mm both for EM ( EM = 2.3 mm) and HD calculation 
was applied. 

The first calculation results of the levitating drop in 2D axisymmetric consideration are 
obtained (Figure 7). 

Initial disbalance between gravity and EM forces causes the drop to move down for the first 40 
ms of calculation. The laminar flow (Re = 700) rapidly develops and one torroidal vortex with 
downward velocity on the drop symmetry axis is generated. During vortex formation the drop 
stretches twice in axial direction, however, reaching the quasi steady state the free surface gains 
characteristic “spinning-top” shape and axial and radial dimensions remain comparable. 

Figure 7. Instantaneous velocity pattern (left), Lorentz force density distribution (right) and free 
surface shape of levitating drop obtained with transient calculation of 2D hydrodynamic model. 

On the ground of experimental measurements in single frequency EM levitation melting device 
[1] the model will be expanded on 3D and its verification will be performed in the nearest future. 
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3D MODEL. Experimental monitoring of the HD movement of melt, as well as, free surface 
dynamics indicated on the lack of axial symmetry in physical process. This means that model 
formulation in 2D with forbidden azimuthal mass transfer provided a priori incomplete results. 
The formulation of coupled full 3D hydrodynamic and 3D electromagnetic calculation of free 
surface dynamics of melt in ICF formed the further step of research. 

The same as in 2D axially symmetric consideration, numerical calculation is arranged by 
means of ANSYS Classic for 3D EM calculation, ANSYS/CFX for 3D HD VOF calculation and 
their external coupler. Detailed description of the 3D model implementation, as well as, 3D 
model calculation results of free surface dynamics of melt in ICF were given previously [4]. 

It was shown that the instability of HD flow 
(Figure 8) led to continuous reallocation and 
deformation of two torroidal vortexes that caused 
redistribution of dynamic pressure on the free 
surface and led to free surface strain. Meanwhile, 
due to the skin effect ( EM = 2.6 cm), Lorentz forces 
are distributed in the narrow volume of melt next to 
the crucible. Slight change of free surface shape in 
the crucible wall region had a rapid response on the 
Lorentz force distribution and the flow pattern. 

According to results of numerical calculation, 
such reciprocal interaction led to development of 
free surface perturbations that traveled along the 
crucible wall and were in good qualitative 
agreement with experimental observations [5]. 

It must be mentioned, that the spiral inductor in 
EM part of the problem was considered as 11 
separate turns with gaps for application of EM 
boundary conditions. Presumably, the mentioned 
above inductor gap introduced the symmetry plane 
that had the tendency to absorb the azimuthal 
propagation of free surface perturbations. 

Therefore, on the basis of the laboratory scale 
ICF experimental setup [4] with crucible inner 
radius of 15.8 cm and 70 % of melt filling in 
respect to the inductor height, as well as, using 
spiral inductor model (Figure 9) and applying 
effective inductor current of Ief =3 kA at frequency 
of f = 385 Hz, the free surface dynamics calculation 
for the next 12 s of flow is performed using the 
previously calculated flow as initial conditions.

Figure 8. HD flow asymmetry leads to 
upward flow along the walls and causes 
free surface perturbations. 

Figure 9. EM model of spiral inductor.

The instantaneous velocity patterns on the XZ crosssection, as well as, free surface shapes, 
shifted upwards for convenient representation, are presented (Figure 10, a). 

For particular case of Ief =3 kA the mean flow is not sufficiently intensive and despite its 
instability it can be noticed that the meniscus height above initial filling and meniscus shape in 
general remain steady. Meanwhile, azimuthal propagation of waves near the crucible wall still 
can be observed. 
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(a) 

(b) 

Figure 10. Instantaneous velocity patterns on the XZ plane and free surface shapes obtained 
by 3D hydrodynamic model transient calculation in case of  
(a) - Ief = 3 kA and f = 385 Hz, (b) - Ief = 5 kA and f = 385 Hz.
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The calculation for the next 9 s of flow with enhanced inductor current of Ief = 5 kA at the same 
frequency of f = 385 Hz is performed and instantaneous velocity patterns on the XZ cross-
section, as well as, free surface shapes illustrate the dynamics of the process (Figure 10, b). 

As expected, greater inductor current initiates greater free surface perturbation and quasi steady 
state meniscus height, as well as, intensifies the flow. 

Besides that the mean flow appears to be highly unstable and fluctuating. Upper and lower 
torroidal vortexes periodically reallocate and contribute to meniscus staggering. 

More detailed investigation of numerically observed free surface instabilities is on top of the 
day.

CONCLUSIONS. The comparison of simulation and experimental measurements for meniscus 
heights above initial filling in laboratory scale induction crucible furnace, as well as, comparison 
of model calculation and experimental measurements for free surface shapes in induction furnace 
with cold crucible, revealed good correlation and approved accuracy of developed model. 

It was shown recently [4] that free surface oscillation period obtained with two-dimensional 
and three-dimensional models is in good agreement with analytical estimation, however, 
experimental data for free surface dynamics is still required.  

By means of approach modification a step forward was made in application of two-dimensional 
model for the case of electromagnetic levitation and the first calculation results are obtained. On 
the ground of experimental measurements in single frequency electromagnetic levitation melting 
device [1] the validity of levitation results forms the further plans of research.  

Three-dimensional calculation results of free surface dynamics sketch an interesting 
phenomenon of free surface wave propagation along the crucible wall. Moreover, calculations 
with greater inductor current revealed periodic meniscus staggering on account of intensive mean 
flow instability. Application of LES turbulence description with finer time and space 
discretization forms the further step of research and expected to lead to valuable physical results. 
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INTRODUCTION
   During last decades, heating by induction is of considerable current use in a forging industry 
for mass through heating of slabs, blooms, billets, bars, tubes, strips, wires, rods, and other 
components made of both ferrous and nonferrous metals. Induction heating prior hot forming 
is the most commonly used method in many industrial applications because it is a non-
contact, ecologically clean, repeatable and fast method that can be easily controlled. 
   Industrial induction heating processes (IHPs) are carried out under real-life conditions that 
cause an unavoidable adverse effect on a temperature field and influence operational modes of 
heating systems and installations. These factors include but are not limited to an impact of the 
surrounding environment, variations of process parameters, quantitative and qualitative 
changes of electromagnetic and thermal-physic properties of treated materials, unexpected 
technological breaks of the production cycle, etc. All these disturbing factors could lead to 
inadmissible deviations from required performance specifications of the system. The 
objective in a control system is to make some induction heating process or installation behave 
in a desired way by manipulating some controlling actions applied to this process that allows 
avoiding or decreasing the deviations from process target in spite of all existing disturbances. 
   A required (usually uniform) temperature distribution within the billet is the most important 
control process target, however, induction heating has its inherent drawback of non-uniform 
heating due to the skin, end and edge effects [1]. Therefore, the heating process must be 
accurately controlled to achieve a desired temperature profile in the heated material.  On 
the other hand, the heating process is required to be not only accurate but also relatively rapid, 
energy efficient and free from material losses.  

Being the ultimate goal, required final temperature distribution could be achieved by 
different means including different operating modes of heating systems, coil design specifics, 
etc. In order to choose certain control properly, one needs to determine a cost function, i.e. a 
function reflecting technical and economic efficiency of induction heating system. Therefore, 
we are interested in choosing space-time varying control input that provides required final 
temperature profile of a workpiece and minimizes (or maximizes if appropriate) the cost 
function. Control function resulted from a solution of described problem, is said to be optimal 
control, and the considered problem is known as optimal control problem (OCP) for a heating 
process. 
   Optimal control theory for systems with distributed parameters (DPS) can be regarded as 
one of possible methodologies of optimal control systems design. The induction heating 
process can be considered as a dynamic controlled DPS, evolving over time. Therefore 
temperature distribution varying with time and spatial coordinates can be defined as an output 
controlled function of the process.  
   A method for solving OCPs for IHP was proposed and tested on particular examples in [2–
4]. It is based on a special procedure of finite-dimensional parameterization of control actions, 
and precise reduction of the initial problem to semi-infinite optimization problems which are 
resolved by the alternance method of parametric optimization.  

In the present work, we give a formulation of time-optimal control problem for static 
induction heating of steel cylindrical billets. The problem is solved using the given approach 
with respect to two-dimensional nonlinear numerical model of IHP. The possibilities of 
extending the optimal control methods to a wide range of important applied optimal control 
problems for IHPs are discussed. 
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MATHEMATICAL MODEL 
   Let us consider a process of static induction heating of metal cylindrical billet. This process 
is governed by the system of interrelated non-linear two-dimensional equations of Maxwell 
and Fourier:
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Here l, y are radial and axial spatial coordinates respectively; L – cylinder length, R– cylinder 
radius, ),,( ylH  is the intensity of magnetic field; )(u  is voltage applied to an induction 
coil that is connected with the intensity of magnetic field by nonlinear function 

)),,(),,,(( ylTylHf ; ),( TH is the absolute magnetic permeability; ),,( ylT  is the 
temperature distribution varying with time and spatial coordinates; )(T  is the electric 
conductivity; )(Tc  is the specific heat; )(T  is the density; )(T  is the heat conductivity; 

)(T  is the surface heat transfer coefficient; T is an ambient temperature. 
Solution of quite complicated system of interrelated equations (1)-(2), (3)-(4) can be 

implemented only by numerical methods. For the numerical simulation the special FLUX 2D 
software that represents finite element software used for electromagnetic and thermal physics 
simulations has been applied [5]. Algorithm of simulation includes geometry construction, 
mesh generation, physical properties determination, iteration procedure for harmonic 
electromagnetic and transient thermal analysis, and results post processing [6, 7]. 

TIME-OPTIMAL HEATING CONTROL PROBLEM 
   Let us discuss the IHP optimization problem from the standard point of the modern theory 
of optimal control with respect to systems with distributed parameters. The static IHP 
described by equations (1)-(2) with boundary conditions (3)-(4) can be considered as a DPS 
under control [4]. A temperature distribution ),,( ylT  varying with time and spatial 
coordinates can be defined as an output controlled function of the process. A voltage )(u
applied to an induction coil is considered as a required control function.  
   A reasonable consideration for the optimal control is the requirement that the control input 
remains within certain prescribed limits. Thus, it will be reasonable to select control input 

)(u  with values on the restraint interval: 
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),0(,)(0 max enduu . (5) 

As a result, the constraint on heating power )(u  is defined in a rather simple form of 
admissible limits max,0 u . Within these limits, the control input can vary arbitrarily during 
the whole heating cycle. 

When maximum productivity is required, a minimal total heating time end  can be 
considered as a cost function. Using integral form of end  representation the integral cost 
criterion 1I  may be written as: 

min
0

1 end
end

dI .  (6) 

Let us assume that initial temperature distribution is uniform, this means that it can be 
written in the following form: 

],0[];,0[,)0,,( 0 LyRlconstTylT , (7)

The ultimate goal of an induction heating process is obtaining desired temperature 
distribution within billet before subsequent technological operations. That is why proper 
formulation of the requirements to these temperature states is of primary importance.
   In most cases of induction heating of metals prior to hot working, it is necessary to have 
uniform temperature distribution within the heated billet. Desired temperature depends on 
metal properties and specifics of metal hot working operations. 
   Taking into account practically always existing tolerances on the error (deviation) between 
actual final temperature distribution and desired distribution, a set of allowable temperature 
states (corresponding to given tolerance) should be preset instead of desired temperature 
distribution. To provide a proper mathematical description of such a set, it is necessary to 
define how the deviation from desired temperature distribution should be estimated. In the 
most typical technological processes, maximum admissible value 0  of absolute deviation of 
temperature distribution ),,( endylT  from the required temperature *T  is prescribed. This 
means that, at the end of a heating cycle, the temperature in any point of the billet volume 
should deviate not more than by value 0  from required temperature *T :

0
*

];0[
];0[

),,(max TylT end
Ly

Rl
(8)

Then the most typical and representative statement of time-optimal control of induction 
heating process described by equations (1)-(4) can be formulated such as following. It is 
required to select such control function )()( optuu  bounded by the restraint (5) that 

provides steering billet initial temperature distribution (7) to desired temperature *T  with 
prescribed accuracy 0  (according to (8)) in minimal optimal process time according to (6). 
   This control problem represents optimization of IHP when ultimate goal is to provide a 
maximum productivity under prescribed temperature state of heated billet [4]. The similar 
statement can be made for large number of optimal control problems of technology and 
science. 

It is proved mathematically that for nonlinear two-dimensional models of IHP the time-
optimal control consists of alternating stages of heating with maximum power maxuu
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(“Heat ON”) and subsequent soaking under 0u  (“Heat OFF”) cycles. The number 1N  of 
stages is defined uniquely by given heating accuracy 0  and it increases with decreasing a 
value 0 . Therefore, the shape of optimal control algorithm is known, but the number of 
stages N and durations N21 ...,,,  of those stages remains unknown [2-4]. 

For any particular process the number N and the values N...,,, 21  should be 
determined during subsequent calculation. Thereby problem of time-optimal control is 
parameterized. Parameterization of control problem means the specification of control input 
function by means of one or more variables which are allowed to take on values in a given 
specified range. Therefore, the initial problem is reduced to searching for parameters 

Nii ...,,2,1,  uniquely specifying optimal control input )(optu . Now search for control 
function can be written as [4]:

Njuu
j

i
i

j

i
i

j
opt ,1,,)1(1

2
)(

1

1

1

1max . (9)

The problem now is reduced to determination of such time intervals Nii ,1, , of 
alternating heating and soaking stages, that provide satisfying requirement (8) in minimal 
possible time. Total time is equal to sum of all i . Then cost criterion can be determined as a 
following sum: 

min)(
1

N

i
iI , (10)

where the minimum is taken over all admissible vectors Nii ,1),( .
   For optimal control input (9) the temperature ),,( endylT  in any billet' point ),( yl  at the 
end of heating process end  depends only on values Nii ...,,2,1, . This means that a 
temperature distribution ),,( endylT  can be described by function ),,( ylT  of  space  
variables l,  and vector , where  is a vector of unknown time intervals of optimal control 
input (9). Function ),,( ylT  can be computed by numerical solution of non-linear two-
dimensional system of equations (1)-(4) using FLUX 2D model [6, 7]. Then the requirement 
(8) to the final temperature state of the billet can be rewritten as follows: 

0
*

];0[
];0[

),,(max TylT
Ly

Rl
(11)

From the formal point of view, the initial time-optimal control problem is reduced to a 
mathematical programming problem (semi-infinite optimization problem) minimizing the 
object function (10) of N variables i , where restraint on a set of admissible values i  is 
prescribed in the form of (11). The inequality (11) represents a set of infinite number of 
constraints for each of values ],0[ Rl  and ],0[ Ly . Therein lays a principal difference of a 
problem (10), (11) compared to classical mathematical programming problems, in which only 
the finite constraints number is considered. 
   Moreover, a priori unknown number N of sought parameters should be found in the course 
of the problem (10)-(11) solution; this number N depends on prescribed value 0  in (11).  It  
adds additional complexity to this problem comparing to conventional one. Solution of the 
mathematical programming problem (10)-(11) can be carried out on the basis of alternance 
method of parametric optimization [2-4] taking into account the qualitative adjectives of 
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temperature fields ),,( ylT , computed by numerical 2D FLUX model when control input 
function takes form of (9). 

The alternance method is based on the special alternance features of vector 0  of  the  
problem (10)-(11) optimal solution. According to these features the temperature at the end of 
optimal heating process should deviate by value 0  from required temperature *T  in some 

 points Kjlx jjj ,1),,( 000  within the heated billet. The number of such points 
1, NN  is equal to the number of unknown parameters of the optimal control algorithm: 
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Here )(
min
N  denotes minimum value of  attainable by the application of control inputs that are 

described in the form of (9). It means that )(
min
N  represents maximum achievable heating 

accuracy or minimum temperature deviation for the considered class of control inputs with N
intervals. That is why )(

min
N  is called minimax. 

   Detailed analysis shows [2-4] that the following sequence of inequalities takes place: 

0...... inf
)(

min
)1(

min
)(

min
)2(

min
)1(

min
*NNN . (13)

inf  is the best attainable heating accuracy in the class of step-function control inputs (9) with 

any number *N  of constancy intervals. Therefore, inf  represents the least attainable value 
in (11). One can prove [2-4] that the following constitutive relation holds true:

)1(
min

)(
min: SSallforSN . (14)

Depending upon the place of  in the sequence (13), the value of parameter N can be defined 
according to (14). 

The basic system of correlations (12) can be transformed into a corresponding set of 
equations that can be resolved finally regarding all unknown parameters 00

2
0
1

0 ...,,, N

of optimal control input )(optu . This can be done on the basis of detailed analysis of 
temperature distribution at the end of optimal heating. For the moment, the special 
engineering technique is developed that allows to determine the temperature profiles and to 
build the system of equations according to prescribed heating accuracy 0  using stated 
properties of temperature fields at the end of optimal heating processes [2, 4]. 

As an example let us consider a solution of typical problem of time-optimal control for 
static induction heating of steel cylindrical billets for the case )2(

min0  in (13). Applying 
above described method, computations of optimal heating modes have been conducted with 
respect to the following input data: the billet radius is 0.0525 m; the billet length is 0.9 mm; 
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the initial temperature is 20 ºC; the required temperature is 1200 ºC, the inductor length is 
1.046 m. Temperature distributions within the heated billet at the end of time-optimal heating 
process are presented in Figure 1. For maximum heating accuracy 0)2(

min 4,66  the optimal 
heating time under maximum voltage V470umax  of power supply is equal to 0

1 =563.85
sec, time of temperature soaking is 0

2 =13.3 sec.

b
Figure 1. Temperature deviations *),,( TylT 0  at the end of time-optimal heating for )2(

min0
 – within billet volume;  – in cross-sections with maximum temperature deviations:  

1 - m415.00
2 ; 2 – m450.00

3
0
1

GENERAL PROBLEM OF PARAMETRICAL OPTIMIZATION OF INDUCTION 
HEATING PROCESSES 
   Up to this point, the problem of time-optimal control of induction heating prior to metal hot 
working was considered. Some basic assumptions have been made with respect to this 
problem. Obviously, these assumptions could result in noticeable error for certain 
applications. More precise two- or three- dimensional numerical models can take into 
consideration the several more complex physical phenomena. In addition, it might be 
necessary to consider several additional criteria or even their combination. The whole set of 
additional technological constraints, disturbances and uncertainties of controlled system can 
be added as well. 

It is possible to show [4], that even taking into consideration practically all of the most 
important factors, it is often possible to perform preliminary parameterization of sought-for 
optimal control inputs. Parameterization of control problem requires specifying control input 
function by one or more variables. In cases like these, the initial problem is reduced to 
searching for number N and optimal values of parameters Nii ...,,2,1,  that uniquely 
specify optimal control input (similarly to (9)). These parameters make different physical 
sense in different problem. 
   The chosen cost function, )(I , and temperature distribution, ),x(T , within billet volume 

 at the end of the heating process are functions of the set N...,,, 21  and vector x
of spatial coordinates. Vector x  includes coordinates along which the temperature 
distribution is essentially non-uniform. Let us assume now that these functions could be 
obtained in an explicit form or calculated by using any known analytical or numerical model. 
   Let us also assume that at the end of a heating process it is necessary to provide absolute 
temperature deviation 0  of final temperature ),x(T  from the pre-assigned one, *T .
Similarly to (10)-(11) for the time-optimal problem, the task of vector 00

2
0
1

0 ...,,, N
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search can be reduced to the following problem of mathematical programming: 

*

x
,xmax

;min

TT

I
. (15)

   The problem (15) proves to be more difficult than (10)-(11). This is due to the fact that the 
cost function is more complicated in comparison with the simpler ones that correspond to 
(10). In addition, the basic difficulties arise here because the spatial distribution of final 
temperature ),x(T  could be noticeably different compared to case described earlier. These 
features primarily deal with nonlinear and multi-dimensional models of temperature fields. 
   Nevertheless, it is possible to show [4] that, if some preliminary conditions are met, then the 
optimal control method could be applied in its basic aspects to the general case (15). Of 
course, not all optimal control results discussed earlier for the time-optimal IHP model can be 
easily transferred for these more complex cases. 
   High generality of the basic property of the temperature distribution at the optimal process 
end allows one to extend the area of application of the considered method onto the wide 
problem variety. Similarly to (12), the number, K, of points within billet where maximum 
admissible deviations are reached, is not less than number N of parameters of sought optimal 
control. This rule does not depend on types of IHP models, cost functions, technological 
constraints, control inputs, and other factors [3, 4]. 

The analysis similar to the one provided for time-optimal IHP allows writing alternance 
property in the form similar to relations (12): 
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where Rjj ,1,x0 is a vector of coordinates of points within the billet, where maximum 
deviations of the final temperature from the prescribed one are reached. These deviations are 
equal to 0 . In cases of multi-dimensional IHP models, we consider 0x j  as a set of jth points 

within the billet volume. As stated above, )(
min
N  in (16) represents the maximal possible value 

of the utmost heating accuracy - i.e., minimal possible deviation from *T . Such accuracy can 
be achieved by applying control actions explicitly characterized by a set of N
parameters N...,,, 21 .
   In the general case (16) and similarly to time-optimal control problems, it is assumed that 
control inputs could be defined by this set of N parameters, i , for which the sequence of 
inequalities of the type (13) holds true. Let us notice that, in the most cases of mathematical 
programming problems (15), the condition (14) that directly links the number, N of unknown 
parameters with the place of preset value, 0 , in the series of inequalities (13) holds true. 
   Properties (16) mean that for known number N, that corresponds to required accuracy 0 ,

such R (number of the points 0x j  within a billet) will be necessarily found, which is related 
with N by the expression in (16). Thus, in reality the actual number of these points can be 
greater than R, and the problem of defining the value N should be solved separately for each 
specific case. Properties (16) are correct, taking into consideration preliminary conditions that 
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prove to be formal enough and not restrictive. As a rule, they are met in practice for problems 
of actual IHP optimization [4]. 
   Similarly to techniques described earlier, relations (16) create potential possibilities for their 
transformation into corresponding systems of equations with respect to sought parameters of 
the optimal process. In comparison with time-optimal IHP problem, several important 
peculiarities take place in this case described more detailed in [4]. 

CONCLUSIONS
   The alternance method can be extended onto a wide range of IHP optimization problems as 
well as onto more general control problems. Computational algorithms based on the 
alternance method noticeably extend optimization technique, allowing its usage directly for 
optimal operational modes and optimal IHI design for the variety of technological processes. 
   The supposed method has some noticeable advantages in comparison with complicated and 
time-consuming numerical techniques developed for solution of mathematical programming 
problems similar to (16). This method is based upon evident qualitative features of the 
physical nature of optimal induction heating processes. These features are used in the course 
of a computational procedure and also as effective means to checkup received results. In 
addition, these features allow one to find (depending on required heating accuracy) the 
number and location of the points of maximal and minimal temperatures at the end of an 
optimal process. All the foregoing allows a dramatically decrease in the required amount of 
calculations by reduction of the wide range of initial optimization problems to special, easy-
to-solve sets of equations. 

At the same time the alternance method offers a way to calculate the maximal heating 

accuracy - i.e., values of minimaxes *)(
min ,1, Nii  in (13), including maximum achievable 

accuracy )(
mininf

*N , within a particular class of the control inputs. This opportunity 
represents a particular interest with respect to IHP technology. The alternance method also 
allows one to establish the outline of spatial final temperature distribution at the end of an 
optimal process for any given heating accuracy. This information could be used for creating 
technological charts and programs and also for synthesis of optimal control systems with 
temperature feedback. 
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ABSTRACT. A wide range of industrial metallurgical heating and melting processes are 
carried out using electrothermal technologies. The application of electrothermal processes 
offers many advantages from technological, ecological and economical point of view. 
Although the technology level of the electro heating and melting installations and processes 
used in the industry today is very high, there are still potentials for improvement and 
optimization. In this paper recent applications and future development trends for efficient 
heating by electrothermal technologies in metallurgical processes are described along selected 
examples in the field of heating for melting, forging, rolling, hardening and joining.  

INTRODUCTION
Thermal processing technologies are an indispensable part of many industrial processes in 

particular in the production and further treatment of products in metallurgical applications. In 
many cases the processing and in particular heating of materials can, in principle, be realized 
by both using electrical energy or fossil energy sources. However, due to the continually 
growing demands on the effectiveness of the whole process chain, on the level of flexibility 
and automation, on the environmental sustainability of industrial processes, on the reliable 
quality and not at least on the improvement of the total energy and CO2-emission balance of a 
process or a product, electrical energy and particularly electrothermal technologies in many 
cases offer excellent future oriented application possibilities in many industrial processes [1]. 

The major advantages of using electrothermal technologies are described in Figure 1 and 
can be shortly listed as follows [2]: 

 - heat can be generated within the workpiece, 
 - high energy density and consequently fast heating, 
 - demanded temperature distributions within the workpiece, 
 - high temperature, if required, 
 - lower specific energy consumption than other methods, 
 - flexible operation and low thermal inertia, 
 - selective, localized heating, if required, 
 - good environmental conditions, 
 - clean heating in any media including vacuum or a controlled atmosphere, 
 - high reliability, 

- electro dynamic forces on liquid electrically conducting material for stirring, 
braking, homogenizing, confining or separating of inclusions. 

Electrothermal technologies can be used much more effectively and in a much more 
targeted manner than competitive energy sources. Electric heat systems are characterized by 
high process efficiency and, in spite of having a higher energy price than fossil fuels, by better 
profitability than other energy sources as a result of lower operating or raw material costs. 
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Figure 1. Major advantages of heating by electromagnetic sources 

Electric heating processes are very flexible in operation and they provide excellent 
possibilities of a high level of automation. 

The application of electrothermal treatment allows a desired heating which is easily 
reproducible means that defined material properties can be set in order to improve the 
technical characteristics of the semi finished or final product. Using electric heating the fast 
heating-up rate, the exact temperature control and the predictable spatial temperature 
distribution result in high thermal efficiency and noticeable saving of raw material, e.g. due to 
the low combustion losses. This becomes particularly clear in induction, conduction, 
dielectric and microwave processes where the heat is generated in the workpiece itself. 

On the basis of the short heating-up period, which is reduced by up to 90% compared with 
fossil fuel heated installations, metallurgical modifications of the workpiece surface, such as 
oxidation and decarbonisation, are considerably restricted and this results in high quality of 
the products. Also, an immediate readiness for operation is given and the storing of heated or 
melted material is not necessary in many cases. Electric heating installations can be easily 
integrated in existing production lines. This results in considerable improvement of the 
production course. 

Although the applied electrothermal technologies stand for a high level of development, 
there are nevertheless rooms for improvement and optimization. In the following, various 
approaches, recent applications and future development trends in the efficient heating by 
electrothermal technologies in metallurgical processes are described along selected examples. 

MELTING IN INDUCTION FURNACES 
The research activities for melting applications in induction furnaces like induction 

crucible or induction channel furnaces are concentrated on the simulation and investigation of 
the melt flow in the metal melts, see Figure 2.  
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Figure 2. Typical design and melt flow of an induction crucible furnace 

At the Institute of Electrotechnology new numerical calculation methods have been 
developed in the last years which allow to simulate the instationary three-dimensional 
turbulent melt flow. The new simulation tools allow to investigate the mass and heat transfer 
in induction furnaces in order to analyse and to optimize the flow behaviour concerning low 
overheating of the melt, less wear of the lining due to reduced overheating, reduced build-up 
effects specially in the field of light metals, sufficient melt mixing for temperature and melt 
analysis homogeneity and optimal alloying. 

MELTING OF TIAL IN A COLD CRUCIBLE FURNACE 
Because of their excellent chemical and physical properties, the application of TiAl-alloys 

gains more and more importance. Especially for hot components in automotive engines, such 
as exhaust valves, TiAl compounds are highly appropriate. With a low-price and high-volume 
manufacturing method the application of TiAl-alloys in automotive engines becomes 
possible. This new method is based on an induction process using an induction furnace with 
cold crucible and casting process using a preheated centrifugal mould. The cold crucible 
(Figure 3) furnace allow the melting of high-purity metal alloys. 

Figure 3. Principle and melt flow distribution of cold crucible 

The melting process in the cold crucible was investigated deeply by experiments and pilot 
production at an existing prototype installation and by numerical simulation at the Institute of 
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Figure 4. Principle sketch of a thin-strip casting line

Electrotechnology. The numerical simulation of the electromagnetic field, temperature field 
and melt flow is specially used to optimize the melting process and the superheating of the 
melt before casting [3]. 

HEATING FOR ROLLING
In many industrial thermal processes, energy saving potentials can lie in a shortening of 

process lines and in reducing the number of process steps. Energy, time and costs will be 
saved by producing semi-finished and finished products close to the final dimensions in only 
a few process steps. The continuously developed reduction of processes for the production of 
hot-rolled strips may here serve as an impressive example. In the course of the last few years, 
big efforts have been made to find an industrial solution for the production of flat products 
close to the final dimensions. Continuous casting lines, that have already been realised in pilot 
plants, allow the direct casting of plates with a thickness in a several millimetre range so that 
only a few rolling process steps are necessary (Figure 4). 

In this case, it is the use of electrothermal technologies that is of high relevance. For 
example, only inductive processes can secure the electro-magnetic stirring, breaking, rinsing 
or contact-free supporting of the melt during the casting process [4].  

In many cases the optimum solution for a precise setting of the temperature distribution in 
the strip before its running in the finishing stand is only provided by an induction heat plant 
when considering the given space available, the high casting velocities, the changing strip 
widths and thicknesses and especially the requested temperature distributions over the strip 
width [5]. 

Due to high thermal losses the thin strip is cooling down very fast and therefore a sufficient 
heating system is necessary before final rolling. Additional these innovative technologies 
often need flexible and highly automated heating processes to balance out the transport heat 
losses from the strip caster to the rolling stand. 

Inductive heating of metallic flat material, which exhibits great advantages in comparison 
to conventional heating, e.g. gas fired-furnaces, can take place in the magnetic axial field or in 
the magnetic transverse field. Induction transverse flux heating of flat material offers 
optimum solutions in terms of flexibility, low space requirements, low energy consumption 
and the capacity for adaptation to the necessary heating-up conditions. In comparison to the 
induction longitudinal heating, where the induction coil is arranged around the workpiece, in 
case of the transverse flux heating the inductors are located above and below the metal strip. 
This constellation allows heating up thin flat workpieces using comparably low frequencies. 
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The transverse flux heating is very flexible, high efficient and economical heating concept. 
Due to the complex design of transverse flux heating systems up to now the industrial break 
through is missing. Today the optimization of the transverse flux heating systems using new 
developed three-dimensional simulation tools is possible and as a result of this very flexible, 
precisely tailored temperature distributions across the strip width can be realized [6]. 

HEATING FOR WARM FORGING 
The induction heating for forging offers many advantages that therefore today in Germany 

more than 80% of the drop forging plants are using induction heating [2]. Besides the 
conventional hot forming at temperature of about 1250°C, warm forging at temperature of 
about 900°C is an economical alternative. The advantages of the warm forging process are the 
reduced energy input, no scale and reduced decarburization, which lead to improving the 
product quality as well as reduced surface roughness and closer tolerances [7]. Against the 
background of rising market opportunities for high quality warm forged products, in the 
project DeVaPro – "Development of a Variable warm forging Process" a warm forging 
process is developed, enabling the forges to produce more complex long flat geometries and 
thus making the warm forging technology more variable [8]. To reach those goals, new 
technologies, namely a warm rolling operation and an induction reheating process has to be 
developed and embedded within a warm forging process chain. The integration of these 
operations enables the forges to increase the output, improve the final work piece properties 
and broaden the spectrum of producible geometries. 
   The warm forming process chain is shown in Figure 5. In the first step the cylindrical billets 
are heated up to the warm forming temperature by a conventional induction heating systems. 
It is followed by a pre-forming operation in particular by a cross wedge rolling process. As 
during the rolling the work piece is intensively cooled down by the heat transfer to the tools, 
an intermediate heating located after the pre-forming operation should equalize the work 
piece temperature back to the forging temperature of 900 °C. The final step is the forging 
sequence in the press followed by the clipping and controlled cooling of work pieces to 
ambient temperature.

Figure 5. Warm forging process chain with implemented induction re-heating unit 

Common induction heating installations, used in the forging industry today, are operating 
with billet geometries with a nearly constant cross section along its length and also an 
approximately uniform temperature distribution, e.g. room temperature, at the beginning of 
the heating process. In comparison to conventional induction heaters, the design of the heating 
installation and the operation mode is a new approach with a high level of innovation. The 
forges need the technology to realize the new planned production sequence and the induction 
heating equipment is eager to gain a new reheating technology with a wide spectrum of 
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applications. In addition to the application of the technology for the reheating in the warm 
forging process chain, the reheating system could be used for hot forging to enable the 
economic rolling preforming operation for smaller work pieces then currently possible. 

INDUCTION SURFACE HARDENING 
Induction surface hardening is an innovative electrothermal process for improving the 

quality of mechanical components and for increasing the productivity of production lines. The 
main advantages are the very short hardening time, high power densities and low space 
requirements. Therefore the integration into production lines is very easy and effective [9]. 

The design of induction hardening devices (Figure 6), specially of the inductor geometry 
and the choice of the hardening parameters like the inductor current and the necessary power 
are actually carried out by experience and experiments. But here are limits if complex work-
piece geometries have to be handled. 

Figure 6. Complex geometry of a worm gear, the used line inductor and the numerical 
model 

Figure 7. Optimal heating profile for contour hardening using simultaneous using dual 
frequency method and comparison with experiment 

The 3D numerical simulation of induction heating process (Figure 6) offers new chances 
for the design of induction hardening devices for complex geometries. At the Institute of 
Electrotechnology new simulation models has been developed which can successfully 
simulate the full 3D instationary heating process [10, 11]. The models allow the solution of 
the coupled non-linear electromagnetic and thermal fields taking into account all temperature 
dependences of the material properties. Therefore the simulation program is able to 
investigate the influence of different hardening parameters on the heat profile in the work-
piece and to optimize the hardening process (Figure 7).  
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Figure 8. Laser welding process combined with
induction heat treatment 

Figure 9. Position of the inductor for induction preheating and examples of inductors 
used for heat treatment after and before the welding 

HEATING FOR JOINING 
The adequate combination of 

different heating methods in form of 
hybrid processes often leads to 
substantial improvement from 
technological, energetical and 
economical point of view. A very 
innovative example is the 
combination of laser beam treatment 
supported by induction heating 
(Figure 8) [12]. The combination of 
laser processing with induction 
heating offers new possibilities and 
allows new areas of application using 
the advantages of both technologies.
Applications are for example the 
build-up welding of high-alloyed 
steels, the surface melting of highly 
stressed components and the welding 
of plates made of highly alloyed 
steels. Laser processing is usually associated with high power density and high temperature 
gradients, which can lead, e.g. during welding processes, to significant thermal stresses and 
undesirable metallurgical phase transformations. To prevent these undesirable effects 
induction heating can be used. Induction heating is exact controllable in time and in space, is 
easy to handle and can be applied simultaneously or as post- or pre-heating combined with the 
laser processing. Reducing the cooling rate, controlling the temperature level during the 
welding process (reducing the hardness), increasing the formability and toughness as well as 
increasing the efficiency of the welding processes (due to higher welding speed) are the main 
advantages of combined induction heat treatment in laser welding processes. 

In case of welding of flat geometries, linear inductors being positioned along the welding 
seam are recommended (Figure 9). Additionally, it is profitable to use so called flux 
concentrators for adaptation of the magnetic field according the particular requirements on 
heat pattern. Depending on the form of applied heat treatment (pre-heating, post-heating or 
annealing), different inductor positions before and after the welding operation can be used. 

Generally, the heat pattern is given by the geometry of the inductor, work piece material, 
frequency of the coil current and the position of the inductor to work piece. In order to 
provide the required heating effect all the above mentioned parameters must be defined 
properly and combined with an appropriate power supply. 
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SUMMARY  
Electrothermal technolgies play an important role in several already well established 

production processes for metals and offer new chances for the development of new production 
processes and the production of materials with new or improved properties.  

Because the design and layout of electrothermal processes is often extremely complex 
numerical and experimental tools for the analysis and the optimization of electrothermal 
processes are necessary. Tools for experimental investigations at test or industrial installations 
including the use of commercial or own developed measuring systems and adequate 
numerical modelling and simulation tools of the electromagnetic, thermal and hydrodynamic 
fields are available today. Both experimental and numerical investigations together guarantee 
an excellent design of complex electrothermal processes. 
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ELECTROMAGNETIC-MECANICAL COMPATIBILITY OF INDUCTION 
HEATING SYSTEMS
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ABSTRACT 
   This article focuses on the problems of electromagnetic-mechanical compatibility (EMMC) 
of induction heating systems. It is a special aspect of ensuring the technological reliability and 
safety. Overview of EMMC problems gives some information in this field. Strong external 
magnetic field, noise, vibration, spontaneous moving or unloading workpieces, created by 
electromagnetic or eletrodynamic forces (EDF), are well known problems of high power 
industrial induction heaters at frequency range 50…10000 Hz. Noise and vibration of the 
induction coil and the load are very harmful and sometimes dangerous. Spontaneous 
unloading of workpieces from inductors is another important problem of induction heaters at 
low frequencies. The results of investigation are presented to show the possible level and 
dependency of EDF from some critical parameters.  
INTRODUCTION
   There are several specific problems in design process of induction heating installations. Due 
to electromagnetic forces, which are created by current and magnetic field in the heating 
workpieces, induction coils and magnet yokes of induction system, conductive parts get 
significant mechanical influences and can be moved. In this case we can discuss the problem 
of electromagnetic-mechanical compatibility. Electromagnetic-mechanical compatibility is an 
ability of induction installations to function satisfactorily without introducing intolerable 
electrodynamics disturbances to anything, e.g. without causing unacceptable impacts on the 
elements of the system, preserve the functioning of other system and be safely for personnel. 
EMMC is one of the types of compatibility, however in contrast of electromagnetic 
compatibility (EMC) and mechanical compatibility (MC) it can be used mainly for the 
induction systems. 
   The developers of induction installations know that sometimes it is extremely difficult to 
provide the necessary level of EMMC, especially at low and medium frequencies. These 
systems have very high level of potential energy. The potential electromagnetic energy can be 
converted into kinetic energy that occurs in mechanical systems. The electric power of 
industrial heaters reaches hundreds or thousands kilovolt-amperes and eletrodynamic forces 
can reach more than hundred of Newton. The question now arises as to how the EDF can be. 
An understanding of this mechanism is essential in design of induction installation and in 
control of electromagnetic-mechanical compatibility.  

Often negative electromagnetic effects are a serious impediment to innovation of 
progressive induction heating in many industrial technologies. The developers have to take 
into account the possible problems of EMMC, evaluate the criteria and procedures for testing 
of induction installation and define methods and ways to reduce the negative impacts of 
eletrodynamic forces to acceptable levels for the practice.  
DESCRIPTION OF EMMC PROBLEMS AND POSSIBLE SOLUTIONS 
   The interaction between magnetic field and current, flowing in the conductive parts, is well 
known. The possible negative results of forces for the “inductor – magnet yoke – workpiece” 
system are [1 – 7]: 
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longitudinal (axial) and transversal (radial) vibration of the turns; 
vibration of long thin flat products (strips, sheets); 
loud noise; 
mutual attraction of inductors and magnetic yokes to each other;  
spontaneous movement of workpieces inside the inductor and unloading from inductors. 

   The most critical effects of EDF are: 
destruction of electrical and thermal insulation;  
destruction of soldered and welded joints of tubes; 
spontaneous unloading of workpiece, when the electromagnetic axial force can be greater 
than the force of friction.  

It should be noted that serious problems of eletrodynamic forces were in the equipment 
design of induction installation for heating of workpieces from copper and aluminum alloys at 
simple line frequency, or 50 Hz. For example, during the experimental research one of the 
heated workpieces over 200 kg was flown from the inductor at a distance of about 5 meters. 
This negative effect of eletrodynamic force has been extensively studied both experimentally 
and by calculation. There were the other cases of spontaneous unloading during the 
experimental researches of inductors for copper and aluminum alloys. Inductor acted as the 
electromagnet gun for nonmagnetic workpiece and as the strong electromagnet for 
ferromagnetic one.  
   Many mechanical hazards are familiar. For example, the danger of moving or rotating parts 
of installation is well known and the developers of induction equipments know how to protect 
the personal. However the problems of spontaneous moving or flowing metallic parts require 
more detail attention and careful inspection. This has practical significance inasmuch as these 
negative effects of EDF can create the real hazard to the operator.  
   Loud noise of inductors for low and medium frequency is the other problem for servicing 
personnel. For example the level of sound created by inductor for heating of an aluminum 
slab was reached 125 dB A [2]. The power of this inductor was 1500 kW. The same negative 
effect was investigated in the induction heating installation for the aluminum tapes and sheets. 
The loud noise and sufficient vibrations are very difficult problem not only for low frequency 
but for medium frequency up to 10 kHz. 
   Electromagnetic forces tend to be stronger with increasing the geometrical dimensions of 
the system, the heating power and decreasing the frequency of power supply. Electromagnetic 
forces must be defined (calculated, measured) and investigated in detail for the various 
possible predictable processing stages and conditions of new induction equipment. This 
information, coupled with knowledge generated through years of experimentation serves as 
the basis for the practical design of inductors. Only experienced developers know when the 
negative problems can be taken in consideration and when they are negligible. As each 
induction installation is unique, it is the responsibility of the designer and the installer to 
select and abide by the relevant recommendations most appropriate to a particular installation. 
      The major difficulty in evaluating the electromagnetic-mechanical compatibility lies in the 
determination of the electromagnetic forces. It is known that the electromagnetic field per unit 
volume exerts the following force on moving charges (current) (the Lorentz force or Laplace 
force in the conduction material) which is expressed by 

BjFv ,

where j – the vector of current density, B – the vector of magnetic induction. 
The force on conductive elements of induction coil can be computed by applying this 

formula to each infinitesimal segment of wire, then adding up all these forces by integration 
[1, 8]. 
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Induction systems are characterized by the high levels of current density in conductive 
elements (in the inducing coil, leads and workpieces) and very strong magnetic field. 

The other calculation method can be used for investigation of total force acting on the 
workpiece and on the whole induction coil [1, 9]. For example, the derivative of an 
electromagnetic energy with respect to coordinate z is a function of the force in a direction Fz

z
QFz 2

,

where  – angular frequency of current, Q – reactive power of the induction system. 
   This approach is particularly useful, if it is necessary to research the force on the workpiece 
with a real temperature distribution.  

The analysis and practical experience of using some commercial software packages can 
show difficulties in determination and investigation of EDF for the real induction systems and 
technologies. For example, in the programs based on a finite-element method, it is necessary 
to change a grid any time when the configuration of system is changed. The obtained results 
of simple integration are often not very accurate because the grid must be very small due to 
necessity of infinitesimal segment. The programs based on the methods of integral equations, 
for example the method of impedance boundary conditions [1], have some advantages if we 
use the second approach. 
   Both finite-element and boundary conditions methods can be used for the evaluation and 
choosing the criteria and testing procedures of induction installation. To define very important 
quantities in the problems of electromagnetic-mechanical compatibility let us to show the one 
result of investigation.  
   The main parameters of three phase induction heating system are: 
inductors – length 1.25 m; internal radius 0.15 m, number of turns 91; 
copper workpieces – length 0.4 m; 0.121 m; 
power supply – frequency 50 Hz; voltage 380 V.  
   The subject-oriented two-dimensional program ELTA2Ø has been used to obtain the axial 
eletrodynamic forces on the workpiece. The sketch of model view and the noted geometric 
parameters of induction system are shown in figure 1.  

Fig. 1. Schematic view of a part of induction system 
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The question now arises as to how strong the EDF can be if the air gap between the 
workpiece and other load h increase. The real initial technological gap depends on the quality 
of mechanical cutting of end parts and other parameters and can be equal to 0…10 mm. 
During the transportation it is sufficiently increased.  

Figure 2 shows how the axial electromagnet force can be changed in the case of initial 
technological gap h = 0.5 cm. The position of b = 30 cm corresponds to beginning of forced 
unloading the heated workpiece, for example by means of displacement mechanism.  

Fig. 2. Dependence of the force acting on the workpiece vs. a value b

   The developer can calculate the force of friction and understand the problem of EMMC in 
respect of the spontaneous unloading of workpiece. The coefficient of static friction is usually 
a little bit higher than coefficient of kinetic friction for the same two surfaces. The static 
coefficient for the dry surfaces metal-on-metal is 0.6, the kinetic one is 0.4. The coefficient of 
friction can sufficiently decrease for lubricated metal surfaces up to 0.1 and 0.05 respectively. 
The possible force of friction can be 960…160 N for dry copper surface and 640…80 N for 
lubricated copper surface. In this case the spontaneous unloading of workpiece is the real 
undesirable situation.  
   The two-dimensional finite-element program ELCUT has been used to obtain the axial and 
radial eletrodynamic forces on the winding of induction coil. The sketch of induction system 
is shown in figure 3.  

Fig. 3. The part of calculated induction system 
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   The calculated values of axial and radial eletrodynamic forces are shown in figure 4. 

Fig. 4. Distribution of axial and radial forces on winding along the coil length

   It is important to note that the axial force has maximum at first winding on the end parts of 
inductor. The values 400…600 N are enough to cause the strong low-frequency vibrations of 
inductor coils and loud noise. It is possible to calculate the radial forces acting at the inductor 
coils. The total value of radial force on the inductor coils is equal to 72 000 N or 
approximately 7 tons.  

The result of research allows to define very important quantities for decision of EMMC 
problem in the technology of induction heating. Following this analysis, the evaluation 
criteria and procedures for testing of induction installation may be proposed. In practice, it is 
usually best to follow the next recommendations: 

It is necessary to investigate in detail the possible eletrodynamic forces for each high 
power installation and for various possible predictable processing stages and conditions. The 
possible values of the EDF should be determined for workpieces, inductor coils, separate 
windings and magnet yokes; 

It is necessary to calculate the force of friction knowing the static and kinetic coefficient 
of friction; 

On the base of comparison of two opposite directed forces it is necessary to define the 
possibilities of spontaneous unload of workpiece. The criteria and procedures for testing of 
possible spontaneous moving of workpiece should be determined and written in a test 
program; 

If the EMMC problems are critical, the developers have to propose the systems of 
compensation, allowing to decrease the values of eletrodynamic forces, noise and vibration of 
induction coils. 

According to GOST R 50014.3-92 and GOST 12.2.007.9.1-95 it is necessary to pay a 
special attention to effects of influence of eletrodynamic forces on the workpieces. 
Unfortunately up to now we do not have any criteria and procedures for EMMC testing which 
can be taken into account. According to GOST R 51837-2001 (IEC 60398-99) only electric 
insulation, control and safety circuits, protective blocking, alarm system and cooling system 
must be tested. 
   The testing procedures on EMMC should be proposed in standards for induction equipment. 
The criteria of tests depend on type of heating system and its parameters. The aim of the test 
is to determine the critical conditions of the examined eletrodynamic forces which can cause 
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the negative problems and efficiency of proposed decisions in the solution of these problems.
Experimental test may follow after detail analysis of calculation results and confirm a 
suggestion of possible EMMC problems.  

CONCLUSIONS
The results of investigation and recommendations presented in this paper address the 

electromagnetic-mechanical compatibility concerns of the induction installation. Both the 
safety aspects of any installation and the technological process reliability are of prime 
importance. Careful attention to EMMC, evaluation of criteria and procedures for EMMC 
testing are new directions in design of high power induction installation and they cannot be 
ignored.  
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BASIC POWER SUPPLY CIRCUITS USED IN ELECTRICAL HEATING SYSTEMS 

M.L. Strupinskiy(1), V.M. Esekhin(1), D.G. Shinkaruk(1)

(1)Special Systems and Technologies LLC, 
Building 7, Proektiruemyj proezd 5274, Mytischi, Moscow region, 141008, Russia  

First of all, the power supply circuits used in electrical heating systems shall ensure 
electrical safety and be constructed in accordance with Electrical Installations Code [1] and 
Rules of the Technical Operation of Electrical Consumers [2]. 
   The above circuits may be conventionally divided into the following basic classes: 
1) single-phase or two-phase circuits; 
2) three-phase circuits; 
3) power supply circuits for Longline heating systems (for long-distance pipelines); 
4) circuits using independent supply source. 
   Single-phase and two-phase supply circuits are used in low power heating systems based on 
self-regulating and series resistance cables, they are powered by 220-240 VAC.  

   An example of the single-phase circuit realization is shown in Figure 1.  
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   The main difference of the heaters (heating sections) with, for example, lighting load is that 
in single-phase lighting line the load is formed of sufficiently large number of lamps each one 
having low power. In speaking of a single-phase line powering heating sections we should 
take into account that in this case the load may consist either of low power heaters (that is 
similar to the case of single-phase lighting lines) or of one heater having ultimate power for 
this circuit.  
   Two-phase circuits (figure 1 (right)) are used for heating systems containing two heating 
sections of rather high power. In this case using of single-phase supply circuit is undesirable 
because connection of both loads (heating sections) to one phase can lead to significant 
electrical imbalance of the supply source.  
   Three-phase systems are used for high power heating systems consisting of a great number 
of heating sections. 

Individual heaters are connected in such a way as to ensure maximum possible load 
symmetry with respect to phases. Three-phase systems are mainly used in systems based on 
self-regulating cables that heat branched pipe networks at oil and gas fields and petrochemical 
plants. 
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Figure 2 shows an example of three-phase power supply circuit for electrical heating 
system. In this case energizing of the heating system is realized from one control cabinet. The 
number of three-phase lines leading to the load (heating sections) is caused by various factors: 
maximum permissible load for the line, considerable distance between the objects to be 
heated, individual heating control requirements.  

In addition to single-phase heating cables and tapes rated at 220 V, our Company also 
manufactures special three-phase heating cables for long (up to 3 km) pipelines heating. 
Conventional name of the heating systems using these cables is “Long-Line”.  
   Power supply circuits for Longline heating systems belong to three-phase supply circuits but 
unlike the discussed above three-phase circuits have a number of distinctive features     
(Figure 3). 
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4

   The main difference with the standard three-phase power supply circuits is that the load of 
Longline control cabinet is represented by one three-phase high power heating section (about 
40 kW).

The load power depends on actual length of the heated pipeline which can differ 
(significantly in some cases) from the design value. In this case it is required to ensure the 
linear heating power (W/m) being in accordance with the calculation. To meet this 
requirement and ensure stable operation of the heating system availability of means for 
voltage adjustment within sufficiently wide range is required in the course of the system 
setup.

The control device used in the circuit is a special three-phase isolating transformer with 
wide-range voltage control.  

To avoid the occurrence of high-amperage starting currents at Longline system’s “cold” 
start, the load energizing is performed at lowered voltage value.  
   The “cold start” is understood as the case when the temperature at the moment of the system 
turn ON and the normal operating temperature differ by more than 40-60° . After the start 
(inrush) currents drop to their stable rated values the heating system is energized by its rated 
voltage (via stop). 
   In such heating systems thyristor power control units may be also used as switching devices 
instead of electric contactor. There is no need to use transformer in this case. However, the 
application of thyristor power control units has a number of disadvantages: it is necessary to 
provide a reliable heat sinking from a control unit and secure electrical protection by means of 
quick-break fuses installation.  
   Power supply from electric power plants or substations to electrical heating systems is not 
always possible. In regions where the stationary electric supply is not available, for instance 
on the oil-and-gas fields, diesel electric-power generators find widespread application as 
power supply sources (Figure 4). 

DG - diesel-generator; SG – switchgear (electricity box with protection, switchgear and 
load control equipment); Load – heating sections of the heating system 

Figure 4. Power supply arrangement from diesel-generator.  

   Power supply circuits using diesel electric-power generators can be classified as follows: 
- the diesel electric-power generator is the only source of power supply, i.e. the electrical 
heating system power supply is effected according to the third category (according to 
Electrical Installations Code [1]). This option of electric power supply is allowed for non-
critical heating systems, a downtime of which won’t result in the heated pipeline outage, 
process cycle violation etc.  
- the diesel electric-power generator is used as backup power supply when it is required to 
arrange the electrical heating system power supply according to the second category     
(Figure 5).   

DG SG Load
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PM – power mains; DG - diesel-generator; ASR – board of automatic switching over to a 
reserve source; SG – switchgear (electricity box with protection, switchgear and load 

control equipment); Load – heating sections of the heating system 
Figure 5. Power supply arrangement from power mains with stand-by diesel-generator. 

In this option the main supply source is an electric substation powered from stationary 
electric network. If supply from the main source fails, automatic throw-over circuit-breaker 
switches the supply from the main source onto the backup power supply. This option is well 
suited to e.g. water conduit power supply. Uninterrupted power supply of the heating system 
in cold weather period allows to keep the water conduit safe excluding damages.  
   Another variant of this system in shown in Figure 6. Here diesel-generators serve as both 
main and stand-by power sources  

DG1 – main diesel-generator; DG2 – stand-by diesel-generator; ASR – board of 
automatic switching over to a reserve source; SG – switchgear (electricity box with 
protection, switchgear and load control equipment); Load – heating sections of the 

heating system. 
Figure 6. Power supply arrangement with main and stand-by diesel-generators. 

Often at heating system operation it is important to ensure undisturbed operation of the 
heating controller since even short-term power failures can lead to loss of data and unstable 
controller operation. In this case in is expedient to energize the controller or the automatic 
control system as a whole from uninterruptible power supply unit. An example of such power 
supply arrangement is shown in Figure 7.  

DG SG Load

PM

ASR

DG2 
SG Load

DG1 

ASR 
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DG1 – main diesel-generator; DG2 – stand-by diesel-generator; ASR – board of automatic 
switching over to a reserve source; UPS - uninterruptible power supply unit; SG – switchgear 

(electricity box with protection, switchgear and load control equipment); Load – heating 
sections of the heating system. 

Figure 7. Power supply arrangement with uninterruptible power supply unit for switchgear.  

In conclusion I should like to say a few words about the control circuits of the electric 
heating systems because these are interrelated things. Competently chosen control system 
enables to save electric energy, increases the operational life of the heating system equipment, 
and enables remote control of the heating system.  
   As electric supply circuits, the control circuits of electrical heating systems are also divided 
into different groups depending on the character of the object being heated (single pipelines, 
pipeline groups, tanks etc.).  
   Considering that more and more attention is being paid to such matters as power saving and 
dispatch control, thermostats and temperature controllers of leading Russian and global 
producers are widely used in control circuits.   
   The basic solutions for electric supply and control circuits for electric heating systems are 
represented in Book of Typical Design Solutions issued by SST Company [3].  
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ABSTRACT: In October 2009, UIE established Working Group 2 (WG2) to work in the area 
of Power Quality and to continue with the dissemination and further development of the 
results produced by the former joint CIGRE/CIRED/UIE WG C4.110. The final results of the 
work in UIE WG2 will be presented in May 2012 at the XVII UIE Congress in St. Petersburg, 
including the delivery of a Tutorial on Voltage Dip Immunity of Equipment and Installations, 
as well as the presentation of the three papers on relevant topics. This abstract briefly 
summarizes one of the considered topics – the identified areas where further work and 
research on voltage dip immunity of equipment and installations is needed. Full paper will 
discuss this subject in more detail. 

INTRODUCTION
   The Joint Working Group (JWG) C4.110, which was jointly sponsored by CIGRE, CIRED 
and UIE, was active between 2006 and 2009. The JWG C4.110 has considered and discussed 
a number of aspects of immunity of equipment and installations against voltage dips, and 
produced a Technical Report/Brochure, which is distributed by both CIGRE and UIE, [1]. In 
order to continue with the dissemination and further development of the results produced by 
the JWG C4.110, the UIE established Working Group 2 (WG2) in the area of Power Quality 
in October 2009. The final results of the work in UIE WG2 will be presented at the XVII UIE 
Congress in St. Petersburg in May 2012, for which three papers and a tutorial are planned and 
submitted. This abstract briefly summarizes one of the proposed papers, which will discuss 
the general need and specific areas where further work and research on voltage dip immunity 
of equipment and installations is needed. 

NEED FOR FURTHER WORK 
   The JWG C4.110 and its successor, UIE WG2, produced a number of important results 
related to the assessment and improvement of voltage dip immunity of equipment and 
installations, including a methodology for a detailed description of voltage dips, an overview 
of the voltage dip immunity of typical equipment and devices, a world-wide voltage dip 
statistics database, a discussion of the economics of voltage dip immunity, the 
recommendations for testing the equipment against voltage dips, a systematic method for 
quantifying the immunity of an industrial process, and a practical specification of voltage dip 
immunity classes, criteria and labels, [1]. Although much has been achieved, some issues 
have not been fully addressed (mainly due to the lack of the required resources), other issues 
have not been successfully resolved and, additionally, a number of new issues arose from the 
performed work. Accordingly, the proposed paper will discuss those issues and topics related 
to voltage dips and assessment of dip immunity of equipment/processes that should receive 
more attention in the future. Some of the suggested work is most appropriate for academic 
studies, while in other cases practical contributions from industry are advised. 
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CHARACTERISATION AND CLASSIFICATION OF VOLTAGE DIP EVENTS 
   The JWG C4.110 introduced “Dip Segmentation Method” as a more detailed approach for 
the description and characterisation of voltage dips, in which a general dip event is divided 
into transition segments and event segments. The characteristics of event segments are well 
understood, while further work is needed to develop methods for automatic detection of 
transition segments and for quantifying their characteristics. The JWG C4.110 also proposed 
three general types of voltage dips: Type I, Type II and Type III, corresponding to dips with a 
significant drop in rms magnitude in one, two and three phase-to-neutral voltages, 
respectively. Further work is needed in order to include additional dip characteristics into the 
proposed methodologies for description and classification of voltage dips, as well as to 
identify typical relationships between voltage magnitude unbalance and voltage phase angle 
unbalance from the statistics on different types (and different causes) of voltage dips. 

ASSESSMENT OF EQUIPMENT AND PROCESS DIP IMMUNITY 
   More information is needed on the impact of repetitive dips (e.g. dips due to successful 
reclosing operation) on equipment immunity. Further work is needed to quantify the impact of 
pre-dip voltage and source impedance on equipment dip immunity, as well as on equipment 
malfunction criteria and restarting mechanisms/times after dip-caused tripping. The concept 
of Process Immunity Time (PIT) should be validated for various industrial applications, 
particularly how the PIT analysis may help to quantify the economic losses due to voltage 
dips. Further work is also needed to assess typical immunity levels of well-designed industrial 
installations and to understand equipment/process immunity to other power quality 
disturbances, such as voltage swells and long duration overvoltages and undervoltages. 

TESTING AND REPRESENTATION OF EQUIPMENT/PROCESS DIP IMMUNITY 
   The JWG C4.110 and UIE WG2 made a careful distinction between characterisation testing 
and compliance testing. For characterisation testing of three-phase equipment, "Voltage 
Tolerance Curves" are recommended as a suitable “format” for the representation of 
equipment dip immunity. For compliance testing, it is recommended that testing procedures 
include only remaining/residual voltage and duration (representing typical expected voltage 
dips). It is also suggested to include Type III dips in compliance tests, as the world-wide dip 
statistics confirmed that a significant number of recorded dips are balanced Type III dips. The 
economic consequences of including Type III dips in the compliance testing is another 
important issue, which should be considered in future together with the analysis of suitability 
of different test voltage vectors for representing Type I and Type II dips in tests. Further work 
and research is also needed in order to assess the errors made by applying a set of simplified 
test vectors that are approximations of actual voltage dips, and to devise new testing 
procedures for multiple/repetitive dip events, multistage dips and dips due to motor starting. 

OTHER SUGGESTIONS FOR FURTHER RESEARCH ON VOLTAGE DIPS 
   Due to the space limitation for this abstract, the other suggestions for further research on 
voltage dip immunity will be presented and discussed in the full version of the paper. 

CONCLUSION
   The proposed paper will provide an in-depth analysis of the areas for further work and 
research on voltage dip immunity of equipment and installations suggested by JWG C4.110 
and UIE WG2, including their discussion in the context of the future “Smart Grids”. 
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ABSTRACT 

This paper demonstrates possibilities to save energy and CO2-emission by using 
electromagnetic processing of materials (EPM) in the European industry (EU-27). Based on 
the example of the iron and steel industry a transition scenario for the time horizon from now 
to the year 2050 is developed. In this scenario the industrial processes are gradually switched 
from the actual situation to a situation with 100% electrically operated industrial processes. 
The classical process to produce steel is the production of raw iron in the blast furnace that is 
converted subsequently to steel in an oxygen blown converter. This way of production is very 
energy intensive. It offers advantages to change the steel production by producing steel only 
in electric arc furnaces. But in order to have enough raw materials for this way of production 
the fabrication of direct reduced iron has to be increased significantly. This paper will present 
the possible savings of final and primary energy as well as of CO2-emission that can be 
achieved by this process line switching. 

INTRODUCTION

The content of the work presented in this paper is related to a European project. The aim 
of this project is the formulation of a report that demonstrates the scope for electricity & 
carbon saving in the EU through the use of electromagnetic processing of materials (EPM) in 
Europe (EU-27). For the time horizon from now to the year 2050 a transition scenario is 
developed. In this scenario the industrial processes are gradually switched from the actual 
situation to a situation with 100% electrically operated industrial processes. The scenario 
takes into account both the most energy intensive industrial thermal processes, which could be 
replaced by electro-thermal technologies and offer obviously the biggest future potential in 
terms of saving of primary energy and reducing of carbon emissions but also lower energy 
intensive heating processes, which are used in many different industrial branches and require 
a more detailed investigation. In this paper the selected results are dealing with the production 
of steel, which is one of the most energy intensive industrial branches in the EU-27. 

Very important for this analysis is the forecast of the future energy supply structure in 
Europe. In this work the main focus is set on the development of the primary energy factor 
and CO2-emission factor which are analyzed and estimated year by year till 2050. It will get 
obvious that the primary energy factor will decrease from 2.5 currently to 1 due to the 
increasing electrical energy supply by renewable energy sources. The CO2-emission factor 
will decrease as well which means a decrease of greenhouse gas emissions. For the 
calculation of the saving potentials three different switching scenarios are compared. The first 
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one is the reference scenario, which implies no switching from fossil fuel heated processes to 
electrical processes. The second scenario, the so-called linear scenario, assumes a linear 
increase of the share of electrical processes up to 100% in the year 2050. The so-called shock 
scenario is the third one and implies an increase from the current situation to 100% electrical 
processes between the years 2020 and 2025. 

PRIMARY ENERGY FACTOR & CO2 EMISSION FACTOR 

For the evaluation of the advantages of the energy switching it is important to know how 
much primary energy and CO2 -emissions can be saved with this strategy. Therefore, it is 
substantial to know the primary energy factor and the CO2-emission factor for each energy 
carrier. For fossil fuels these factors have been investigated in different studies2.

The factors of primary energy and CO2 -emissions for electrical energy are difficult to 
obtain because they depend on the composition of the energy mix for the electricity 
generation in Europe. Therefore, the generation mix forecast of the electrical energy supply 
structure in Europe is a crucial factor of this investigation. With an increasing share of 
renewable energy carrier on the energy mix in Europe both factors will decrease. The 
development of the primary energy factor and the CO2 -emission factor from now till the year 
2050 will be used to calculate the possible savings of primary energy and CO2 -emissions in 
Europe. The primary energy factor is calculated by dividing the development of the gross 
electricity generation by the primary energy used for the gross electricity generation. The 
development of the primary energy factor in Europe is shown in Fig. 1.

The CO2 -emission factor for the generation of electricity is calculated by the estimated 
input of different primary energy carriers taking into account the CO2 -emission factors of all 
the different energy carriers. The estimated CO2 -emission factor for producing electricity in 
the EU-27 is illustrated in Fig. 2.

Fig. 1: Primary energy factor in the EU-27 Fig. 2: CO2 -emission factor in the EU-27 

ENERGY CONSUMPTION OF THE EUROPEAN INDUSTRY 

The final energy consumption of the European industry (EU-27) was about 3,133,762 
GWh in the year 20091. The industry can be split up into 12 different main sectors, as shown 
in Fig. 3. The most energy-intensive industry sectors are the iron and steel industry, the 
chemical industry, the production of glass, pottery and building materials and the paper and 
printing industry. 

The energy consumption of the iron and steel industry in the EU-27 reached a value of 
514,848 GWh in the year 20091. Therefore the iron and steel industry is the sector with the 
second highest energy consumption in Europe after the chemical industry. The share on a 
percentage basis to the different final energy carriers can be seen in Fig. 4. It is noticeable that 
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coke is the most important energy carrier with a share of 30 %. This can be explained with the 
use of coke in the blast furnace for the production of raw iron. Other important energy carriers 
are gas (30 %), electrical energy (21 %) and hard coal (13 %).

Fig. 3: Final energy consumption of the industry in EU-27 in different industry sectors in 
20091 (Sum: 3,133,762 GWh) 

Fig. 4: Final energy consumption of the Iron and steel industry in EU-27 in 20091

(Sum: 514,848 GWh) 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

217 |||||||



IRON AND STEEL PRODUCTION 

In this chapter the saving potential of primary energy and CO2 -emissions in the iron and 
steel production is calculated. It is assumed that the total demand of steel per year in Europe 
will be constant until 2050. The consumption of the final energy and primary energy as well 
as  the  CO2 -emissions are calculated for each year and for the three different switching 
scenarios explained above. Based on these results the total integrated savings of final energy, 
primary energy and CO2 -emissions are calculated and presented.  

In the first scenario, which is called “reference scenario” there are no changes of the 
process technologies and energy carriers. The second scenario assumes that there will be a 
linear switching from the current situation of the used process technologies to a status with 
100% electrically operating processes. This case is called “linear scenario”. The third scenario 
assumes a complete switching to electrical energy within five years from 2020 till 2025. 
Within these five years the share of the electrical power is linearly increased from the current 
situation to 100%. This scenario is called “shock scenario”. 

In the year 2009 the 27 European states produced more than 139 Million tons of steel4. In 
principle there exist two ways for the production of steel in Europe. The first is the production 
of crude iron in a blast furnace that is subsequently transformed into steel using an oxygen 
blown converter. This is the classical route of steel production and has a share of 56 % on the 
over-all output4. The second technique is the production of steel in furnaces operated with 
electrical power, especially electric arc furnaces. This furnace can be operated with steel scrap 
as well as with direct reduced iron. The share of the electric arc furnace on the cumulated 
steel production is about 44 %4.

The feedstock for the blast furnace is iron ore that is reduced to iron with the help of coke 
and lime. This is a very energy 
intensive process. For the fabrication of 
1 ton of crude iron a typical blast 
furnace needs 650 kg of iron ore and 
907 kg of sinter. Additionally 475 kg of 
coke, 800 MJ of electrical energy and 
2.5 kg of scrap are used3. 18 % of the 
blast furnace gas (see Fig. 5) is 
recovered for the production of coke3.
A schematic sketch of a blast furnace is 
shown in Fig. 5. Directly after the 
furnace process the liquid iron is 
transformed into steel in an oxygen 
blown converter. Nearly pure oxygen is 
pumped through the melt to reduce the 
high amount of carbon inside the 
volume. The oxygen converter needs 
for 1 ton of steel approx. 856 kg of raw 
iron, 65 m3 of oxygen and 287 kg of 
scrap to cool down the melt during the 
process. Furthermore 29 kg carbon, 3 
kg coke and 82 kg lime are used3. A 
schematic sketch of an oxygen blown 
converter can be seen in Fig. 6.

The electrFig. 5: Schematic sketch of a blast 
furnace

ic arc furnace is charged 
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with scrap or optional with direct reduced ore. The volume is melted down through a 
powerful electric arc that is burning between the carbon electrodes and the charged material. 
A schematic sketch of an electric arc furnace can be seen in Fig. 7. For the production of 1 ton 
of steel the arc furnace has to be filled with approx. 1080 kg of raw material. The melting 
process requires additionally 1500 MJ of electrical energy, 30 m3 oxygen, 14 kg coke and 38 
kg lime3. At the moment almost all electric arc furnaces in Europe are operating with steel 
scrap as the charged material. 

In order to save carbon emissions in Europe it is reasonable to switch the steel production 
from the current situation to a new situation, where no blast furnaces are in operation 
anymore. In order to reach this aim the whole European steel production has to be done by 
electric furnaces. Assuming that the amount of steel scrap available cannot be increased 
significantly, the production of direct reduced ore has to be enlarged. At the moment only 0.5 
million tons of this material are produced in Europe4. Therefore the production of direct 
reduced iron has to be increased significant. For the production of 1 ton of direct reduced iron 
approx. 1500 kg ore, 376 m3 of natural gas and 486 MJ of electrical power is need in average 
in Europe3.

Fig. 6: Schematic sketch of an oxygen  Fig. 7: Schematic sketch of an 
blown converter  electric arc furnace 

Fig. 8 shows the final energy demand of the steel industry for the three different switching 
scenarios. In Fig. 9 the integrated savings of final energy is demonstrated. It shows the 
savings for taking the linear and the shock scenario compared with the reference scenario. By 
taking the reference scenario the savings would be zero. Fig. 10 displays the associated 
primary energy of the steel industry. This energy is calculated from the final energy with the 
use of the corresponding primary energy factors described in the paragraph above. Fig. 11
demonstrates the potentials of savings of primary energy that can be obtained by using the 
linear or shock scenario. Fig. 12 displays the progress of the CO2-emission in the steel 
industry from 2010 till 2050. This is calculated by using the CO2-emission factors presented 
in the text above. Fig. 13 shows analogous to the pictures before the possible reduction of 
CO2-emission depending on the linear or shock scenario. 

It becomes obvious that a switching in the steel production from the blast furnace process 
to the production of direct reduced offers big potentials for saving of primary energy and 
CO2-emission. By taking the linear scenario instead of the reference scenario 7.3 million 
GWh of final energy, 4 million PJ of primary energy and 3.4 billion tons of CO2-emission can 
be saved. By using the shock scenario instead of the reference scenario it is possible to save 
10 million GWh of final energy, 58 million PJ of primary energy and 4.8 billion tons of CO2-
emission.
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Fig. 8: Final energy demand for producing steel in the EU-27 from 2010 till 2050 

Fig. 9: Saving of final energy for producing steel by using the linear and shock scenario 
compared of the reference scenario 

Fig. 10: Primary energy demand for producing steel in the EU-27 from 2010 till 2050 
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Fig. 11: Saving of primary energy for producing steel by using the linear and shock scenario 
compared of the reference scenario 

Fig. 12: CO2-emission for producing steel in the EU-27 from 2010 till 2050 

Fig. 13: Saving of CO2-emission for producing steel by using the linear and shock scenario 
compared of the reference scenario 
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CONCLUSION 
In this paper it is described that a switching from the classical steel production route to a 

production applying mainly electrical operated processes offers big potentials for saving of 
primary energy and CO2-emission. By using a linear switching of production processes up to 
3.4 billion tons of can be saved until the year 2050. Additionally 7.3 million GWh of final 
energy and 4 million PJ of primary energy can be saved. By using the shock scenario it is 
possible to save 10 million GWh of final energy, 58 million PJ of primary energy and 4.8 
billion tons of CO2-emission.
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   STATEMENT OF THE PROBLEM. Most production (business) control systems are 
based on the choice of acceptable production methods and their estimated financial and 
economic parameters. These parameters are usually limited to the maximum marginal profit 
value. A similar approach is used in the regulation of tariffs at which products of natural 
monopolies are sold, but the problems in this case are solved "through the establishment of 
economically sound rates (prices, fees) for electric and heat power and (or) their limits". But 
in either case it is "creating economic incentives for ensuring enhanced energy efficiency and 
the use of energy saving technologies" that is named as one of the main objectives of the 
profit regulation process or its complete absence.  

But this "economically sound" approach makes it virtually impossible to ensure 
development of companies based on one of the basic principles - minimum consumption of 
resources (energy). This is confirmed by the fact that Federal Law No. 261 "On Energy 
Efficiency" enacted on 23.11.2009 lists energy saving and improved energy efficiency among 
the indicators for assessment of the activities of executive authorities in constituent territories 
of the Russian Federation and local self-government bodies. The said indicators for the above 
mentioned organs are generated by companies. Today this problem exists on a global level. 
Thus, some countries adopted the comparative energy efficiency analysis scheme for small 
and medium-sized companies with the relevant website serving as its central element. 
Comparison is based on company energy intensity (e.g. kWh per kg of product). Energy 
intensity is calculated based on the total energy consumption and total output. For example, in 
Norway, this process involves 800 companies, broken down for comparison into 43 groups. 
Since one company usually produces several products with different energy intensity, 
correction factors are applied to make sure that such specific characteristics are not left out.  

The practice of our energy surveys has shown that the quality of companies' economic 
activity analysis can be improved if aggregate energy (energy efficiency) indicators are used 
in addition to financial measures. That is, when energy (its consumption) is among the main 
aggregate characteristics of both any technological processes and company, territory or major 
economic system performance.

The need for the analysis of technological systems with the use of physical (not only 
energy) indicators is also caused by the fact that no matter what financial figures are used, 
they do not reflect the objective dynamics of economic processes in case of the slightest 
distortion of the price of the goods. There is no need to argue that currently prices for most 
goods, including fuel and metals, are determined by factors that cannot be classified as 
market-related. With regard to energy analysis methods, today such parameters as energy 
intensity of steel products are considered as one of the key indicators that determine the 
position of this product in the market of construction materials. But what makes the situation 
special is the fact that each organization has its own method of energy intensity estimation for 
its products, including steel. We will therefore briefly mention the features of the method that 
was developed and has been applied at the Ural State Technical University (presently - the 
Ural Federal University) and the Uralenergochermet Institute since the beginning of the 1980-
s. It is based on continuous product energy intensity estimate throughout the process - from 
mining operations to finished product, with determination of the PFN (process fuel numbers) 
of energy resources and products in general as the result of the calculations. The PFN includes 
the cost of mining, pre-production, transportation, conversion, etc. 
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   The PFN structure is represented as follows: 

PFN = E1 + E2 + E3 – E4,

where E1 is the primary energy (chemical energy of fuel, taking into account mining, 
transportation and other costs); 
E2 is the derivative energy – energy intensity of derived energy resources (electricity, steam, 
water, etc.);  
E3 – latent energy spent in preceding technologies or technological conversions. Some 
components of latent energy can be reduced to TDN (technological depreciation number). 
This is defined as the ratio of energy and depreciation deductions per unit. Environmental 
costs in the form of fees and fines are estimated in a similar way; 
   E4 – energy of secondary (side) resources (SR), in case of their value-added energy or 
technology use, both in the same or another manufacturing process. 

In 2000, representation of the energy analysis and energy numbers concept was 
standardized (GOST 51541-99 et al.). The structure of these costs was also standardized 
(GOST R 5175-2001). Dissipative PFN evaluation and global energy efficiency form was 
developed. In 2009, Federal Law No. 261 was enacted. It requires that energy efficiency 
parameters be taken as mandatory in the assessment of results of any activity. Following all 
these steps, development of a list of facilities and technologies with high energy efficiency 
was required. 

ON COMPARATIVE ANALYSIS. To date, such list has been developed and approved 
by the Government of the Russian Federation [1]. An energy efficiency indicator (EEI) has 
been established for each technology listed in [1]. In most cases it is energy intensity in kg 
per standard fuel/ton of product, which is the criterion for selection of facilities and 
technologies based on the numerical values of EEI as defined in [1]. Let us compare rolled 
steel production facilities and technology based on EEI in kg per standard fuel/ton: 

Decree No. 562 passed by the Government of the Russian Federation [1], as part of 
rolling conversion - less than 87; 

The Soviet Union, 1985 - 1990 [2], same process - 122.7; 
Japan, West Germany (1989) [2], same process, respectively, - 47.0; 90.2; 
Russia (2004) [3], total production energy intensity [4] - 1240; 
EU, Japan (2004) [3], same process [4], respectively - 990; 900.  

   It follows from the above data that production energy intensity of rolled products was 2.5 
times higher than that in Japan. Comparison of the total (continuous) production energy 
intensity of the same rolled products shows that in this case, energy intensity increase does 
not exceed 40 %. This is a good indicator, given our climate and transportation conditions.  
It is well known that there is a relation between energy intensity and production cost, energy 
consumption and goods, which is however not always obvious as, for example, in the case of 
electric furnace steel making (see Table). 
   Comparison of energy and economic analysis results in steel making 

Indicators Converter Open-hearth furnaces Electric 
furnace Scrap-ore process Scrap process

Energy intensity (PFN), % 100 82 68 45
Production cost:
at current prices: 
for scrap; 100 91 95 119
in the case of calculating scrap prices 
at cost 91 75 72 86

The same, but inclusive of 
energy costs at cost - - - 82
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It follows that it is appropriate to apply energy analysis in comparative assessment of 
electrothermal, electrosmelting and other similar processes based on products.  
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ENHANCEMENT OF POWER REGULATORS FOR FOUNDRY ELECTRIC ARC 
FURNACES

K.A. Elizarov (1), V.A. Elizarov (1)

(1)Department FEMAEK of National research university "Moscow Power Engineering 
Institute", 

14 Krasnokazarmennaja Str., Moscow, 111250, Russia

  Steel-smelting furnaces are powerful consumers of electrical energy. The capacity of such 
installations attains 250 MVA per plant, and the energy consumption attains more than 1000 
kWh/t of the smelted product. Rational expending of the electric power and raise of energetic 
efficiency of installations are actual problems because of high energy capacity of the 
steelmaking process. It is especially important because of fixed raise of electric power rates. 
Paths of the solution for these problems are raise of exactitude and quality of regulating of the 
smelting practice by enhancement of existing power regulators and creation of automatic-
control systems on the basis of modern computer environment and new control algorithms. 
Development and implementation of modern automatic-control systems (ACS) is an 
indispensable condition of modernizing of furnaces that are being operated in the Russian 
Federation. Also it will raise the competitive strength of newly-launched domestic plants in 
Russian and world markets. It becomes the most significant in the light of Russia's accession 
to the World Trade Organization. 
 Researches of arc furnaces ACS are carried on in following directions: enhancement of 
existing power regulators and synthesis of more perfect automatic-control systems of 
furnaces. Synthesis of the arc furnaces ACSs tends now to the adaptive ("taught") control 
systems based on the fuzzy-logic and neural networks. Unfortunately, such approaches are 
insufficiently worked till now because of complexity of used mathematical apparatus and 
necessity of preliminary effective "tutoring" of such systems [1]. Therefore it is accessible to 
practical usage only the improvement of adjustment’s parameters of existing control systems. 
At the present stage of evolution of world’s science and engineering it is impossible to solve 
this problem without creation of adequate arc furnaces models and models of the melting 
process. For decrease of financial and temporal expenditures on starting-up and adjustment of 
the furnace are all adjustments and set points of regulators necessary for defining in advance 
on the furnaces model at a system design point. It is necessary to realize only fine adjustments 
on installation. Such approach allows tracing and rectifying all standard errors beforehand. 
Operations of modern researchers are devoted to various elements of the common furnaces 
model. However, despite numerous Russian and foreign developments and researches there 
are no uniform approaches, techniques and recommendations to creation of power regulators 
and synthesis of automatic-control systems. Based on above-mentioned reasons, the purpose 
of represented research is to develop the improved power regulator and a control system for 
the smelting process in the arc furnace, that lead to an increase of units energetic and 
technological efficiency, lowering of the charge consumption and, as consequence, leading to 
end production depreciation.  
 Electric arc furnaces (EAF) have found wide application field in ferrous and nonferrous 
metallurgy for manufacture of various kinds of steel and nonferrous metals. For the 
technological reasons the electrical regime of EAF is inconsistent throughout fusion and is 
accompanied by sharp oscillations of the power inducted into the furnace. It happens because 
of origination of operation short circuits and abruptions of arcs; especially strong it is 
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manifested at the stage of smelting-down of charge. Aberrations of an electrical regime from 
the nominal reduce productivity and economics of furnaces operation. Regulating of power 
that has being inducted into EAF is carried out by vertical displacement of the electrodes, 
changing of transformer voltage tap, reactor tap and the current set point. Power regulators are 
executed separately for each of three phases of the power line that ensures their independent 
operation. Electrohydraulic and electromechanical drives are used traditionally for EAF 
electrodes movement. Usually for small capacity furnaces (0,1-6 ton) is applied the 
electromechanical drive, and for high-capacity furnaces - the electrohydraulic drive.  
 Operation on searching of paths for arc furnaces power regulators enhancement has been 
aimed at two main routes: for small capacity furnaces (up to 3 tons inclusively) has been 
undertaken attempt of power regulators creation on the basis of the uncontrolled 
asynchronous motor that would allow to simplify control and power supplies systems to lower 
capital outlays, expelling from the complete set of the equipment DC-converter or the 
frequency converter which are used in controlled drive, without declining of quality ratings of 
regulating process. For high-capacity furnaces (from 6 tons) was observed power regulator on 
the basis of the electrohydraulic drive with adaptation elements. 
 Mathematical simulation of the arc furnaces power regulator in structural simulation 
software package Matlab Simulink became the operation fundamentals. 

 For research purposes the arc furnace 
model has been presented simplistically in 
linearized kind. The electric arc was 
represented in the form of the nonlinear 
inertia less element with voltage-current 
characteristic defined by expression 
Ua=a*la(Ia), where Ua - arc voltage; Ia - arc 
current; la - arc length; a - conductivity of 
arc column. The EAF model has been 
complemented by the filters installed on 

outputs of current and voltage sensors which are presented by the first order inertia links. It is 
necessary to register that inertance of filters in feedback channels is rather considerable, and 
reaches several seconds and consequently renders essential, and in certain cases defining, 
effect on quality of regulating. Therefore it is necessary that filters inertance should be taken 
into consideration in order to obtain reliable research results. The block diagram of electric 
arc is figured shown fig. 1. On fig. 2 is shown the accepted generalised block diagram of the 
power regulator. On fig. 1 following designations are accepted: larc - arc length, ldist -  arc  
length disturbance, ki - current transfer ratio, kU - voltage transfer ratio. Values of transfer 

Fig. 1 Block diagram of the electric arc 

Fig. 2 Block diagram of the power regulator 
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ratios were calculated on the basis of the literary data 
on arc furnaces parameters and also have been 
determined during the control objects experimental 
identification. 
 The generalised block diagram occupied the main 
link of researches which was supplemented with the 
hydraulic or electromechanical drive connected 
instead of unit "Drive" in the model fig.2 [2]. 
 At the first research stage was considered the 
question of creation of the power regulator on the 
basis of uncontrolled asynchronous motor. For this 
purpose the power regulator fig. 2 has been 
complemented by model of uncontrolled 
asynchronous motor and PID controller, besides the 
regulator should include the nonlinear  unit with the 
three-position relay characteristic displayed in fig. 3. 
Presence of such element is the necessary condition of 

support of aperiodic character of transient processes. Prominent feature of the three-position 
relay element is presence of dead zone  in the field of small values of input signal Uinput.
Change of input signal Uinput in a dead zone does not lead to change of output signal Uoutput.

The model diagram built in terms of application package Matlab Simulink is displayed 
in fig. 4. This diagram allows carrying out the system analysis in different operation modes of 
the EAF, including automatic arc ignition, liquidation of short circuits, change of the supply 
voltage and change of the power set point. System research allows establishing possibility of 
reaching of demanded accuracy ratings and quality of regulating, and also to define 
parameters of elements and dead zone width that ensure aperiodic character of transient 

Fig. 3 Characteristic of the three-
position relay element built in the 

relative values

Fig. 4 Matlab Simulink diagram of EAF with relay power regulating system
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processes.  
 Researches were carried out by transition functions calculation on the model: electrodes 
movement le(t), arc current Ia (t) and arc voltage Ua (t) for mode of arc ignition from the short 
circuit that is defined by signals Ua=0, Ia=Isc and le=0. 
 On fig. 5 are displayed oscillograms le(t), Ia(t)  and  Ua(t) (the curves displayed by 
continuous and shaped lines), calculated on the model fig. 4. For comparing on the same 
figure are displayed analogous transition functions le(t), Ia(t)  and Ua(t), that were calculated 
for regulator with the drive on the basis of direct-current motor. The power that was set for 
the direct-current motor matches to power set for the asynchronous motor. The time and 
remaining values on oscillograms are real and reflect the basic indexes of regulators 
operation. 

 As the analysis of oscillograms displays quality of transient processes depends on 
relationship of feedbacks sensor time constants Tf and dead-zone width of a three-position 
relay element  - zone. It has been established that PID controller parameters practically do 
not render effect on quality of transient processes that allows not inducting it further into 
regulator structure. At value of time constant of Tf equal 1 second and width of a dead zone 
equal 0,3 transient processes in the relay regulator have oscillating character with slow fading 
(see fig. 5). The increase in width of a dead zone to value  =0,7 allows to gain transient 
processes, close to aperiodic with fading during one period of oscillations (fig. 5). 
 Thus, studies shows that it is possible to gain in observed structure of the relay regulator 

Fig. 5 Transient response of arc ignition, arc extinction and short circuit liquidations: a) 
the transition functions of the power regulator with the direct-current motor; b) the 

transition functions of not adjusted power regulator with uncontrolled asynchronous 
motor; c) the transitive functions of the adjusted power regulator with uncontrolled 

asynchronous motor
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with uncontrolled asynchronous motor similar to wished transient processes with 
comprehensible exactitude. This conclusion is illustrated by oscillograms resulted on fig.5 
with reference to the most typical for arc furnace operation modes: the arc ignition from short 
circuit regime, spasmodic increase of the arc length with sequential restoration of steady run 
and short circuit regime (that simulates charges collapse) with the subsequent rise of the 
electrode and repeated ignition of the arc. 
 As a result of the researches leaded on the model is displayed the possibility of operational 
stability support of the power regulator with the relay characteristic on the base of the 
uncontrolled asynchronous motor with a short-circuited rotor with close to aperiodic character 
of transient processes, and magnifications of high-speed performance of the regulator in 
comparison with the traditional power regulators, based on the adjustable DC- motor with 
DC-converter. It is caused on the one hand by smaller inertance of the asynchronous motor in 
comparison with the DC- motor, and on another by the near optimal control implemented in 
the power regulator. Researches confirmed reaching possibility in the gained power regulator 
of closed to aperiodic transient processes character with exactitude of regulating 
comprehensible to production engineering. 
 At the second investigation phase have been observed the arc furnace of medium capacity 
equipped with the electrohydraulic electrodes movement drive. 
 Power regulators of such arc furnaces have rather simple kinematics; however differ from 
another regulators arts nonlinearities and versatile character of the units that complicate 
determination of regulators parameters. It is possible to ensure desirable parameters of 
regulating only by customisation of the regulator on the basis of the specified model 
considering nonlinearities and delays, available in the drive. 
 As the hydraulic drive model is essentially nonlinear, and parameters of elements 
practically cannot be calculated, it was used the experimental method for drive parameters 
determination and specified model acquisition. 
 At the first stage have been researched dynamic characteristics of the hydraulic equipment, 
i.e. were defined dependences of electrodes movement from the control signal. It is 
determined that in the arc furnace the common delay time is 100 millisecond by task for 
electrodes rise. Also it is established that the inlet pressure in the electrodes movement 
hydraulic ram retards by electrodes rise control signal refining in relation to control signal 
feeding time point average on 20,3 millisecond and does not depend on control signal value. 
This delay is caused by deceleration of transiting of hydraulic operating fluid from pump-and-
accumulator station to executive actuator. 
 At the second stage were examined dynamic characteristics of the mechanical part of the 
arc furnace power regulator by registration of the electrodes acceleration transition functions 
feeding of the stepped signal as the task for electrodes movement. Using the integral 
accelerometer, which has been had directly on the furnace electrode, was measured electrode 
acceleration. The gained values of accelerations, which were generated in the form of 
analogue signal of voltage, were digitized using analogue-digital converter and recorded into 
computer memory by the special software. The obtained data after machining allowed 
defining dynamic responses of the channel including hydraulic equipment, mobile stand, 
electrode arm and electrode. On the basis of these performances transfer functions of drives 
elements have been discovered. 
 Results of research of mechanical and hydraulic parts of the power regulator have been 
used for the purpose of obtaining of the power regulator model suitable for the further 
research and searching of paths of enhancement. 
 The drive used in electrohydraulic electrode-positioning mechanisms of arc furnaces, is an 
open loop drive that is caused by difficulties in isolation of the feedback signal proportional to 
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the linear speed of electrodes movement. As our studies have shown, absence of speed 
feedback in the electrohydraulic drive aggravates its high-speed performance and exactitude 
of regulating. For improvement of indexes it is offered to inject into structure of the drive 
negative feedback by speed and serial correction on the basis of PID controller. These 
receptions are widely used in the theory of the electric drive for improvement of its indexes, 
in particular, for regulating range extension, high-speed performance and exactitude raise, 
however it is insufficient widely applied by development of arc furnaces power regulators. 
  The system equipped with speed feedback, appeared to be critical to regulator adjustment. 
Adjustment of the regulator for each speed task allows gaining desirable character of transient 
processes, however regulating quality characteristics considerably vary by task change. 
 The further research of the electrodes movement electrohydraulic drive with speed 
feedback displayed that determined during experimental researches of the drive nonlinearity 
of dependence of the furnace transfer ratio from speed, leads to necessity of regulator 
parameters change for obtaining of desirable character of transient processes by change of the 
speed task. Automatic adjustment of regulator parameters allows gaining close to desirable 
character of transient process by change of the speed task in the implementable range. 
Therefore it was offered to use adaptive control system for the drive. 
 For determination of regulators adjustment parameters dependences, ensuring necessary 
character of transient processes by change of the speed task, were calculated the speed 
transition functions for different values of the speed task. Using the gained dependences has 
been developed the electrohydraulic electrodes movement drive with the adaptive PI-regulator 
and speed feedback. Introduced adaptation elements allow gaining desirable character of 
transient processes, expanding boundary operation lines of the drive, refining its speed 

Fig. 6 Matlab Simulink model diagram of arc furnace with the electrohydraulic power 
regulator and the electrode-positioning mechanism in software package: 1-dead zone; 2-
PID controller; 3 - hydraulic drive model; 4 electrode-positioning mechanism model; 5-
integrating link; 6 - saturation  unit; 7 – arc model; 8 - oscilloscope; 9 - filter in voltage 
feedback; 10 - filter in current feedback; 11-model of disturbing affecting. 
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regulation characteristics, and also to ensure its operational stability in the field of small 
speeds.
 Specified above reasons have been taken as a principle to the block diagram of the 
electrohydraulic power regulator which implementation in software package Matlab Simulink 
is displayed on fig. 6. It reflects all basic features of the electrohydraulic power regulator at 
the registration of the assumptions accepted by development of elements models and also 
adding adaptation elements. Designations on the block diagram fig. 6 are saved in a 
transcription of application package Matlab Simulink. 
 Research of the given arc furnace power regulating system was carried on the developed 
model in the most typical arc furnaces operation mode - ignition of the arc. This mode is the 
most important as at fusion beginning frequent operation short circuits define speed of the 
repeated arc ignition and thereafter furnace capacity. The main research objective was 
determination of dead zone, regulator adjustment and admissible speed electrodes movement 
at which operational stability is ensured. Thus at invariable parameters of the furnace model 
gained on the basis of brought above experiments, were calculated transitive functions of arc 
current, arc voltage, electrodes displacement and speed, and were selected the width of 
regulators dead zone and it’s adjustment parameters.  
 Important parameter of regulators operation is the admissible speed of electrodes 
movement which was defined in the course of research. This value has a huge influence on 
stability of the arc ignition.  
 For its determination were examined using of the observed power regulator its operation in 
the arc ignition mode at change of the maximum speed of electrodes movement the model. It 
is established that the system works steadily using electrodes movement speed limit 1,5-2 
m/min. The oscillograms gained at such operation mode, are presented on fig. 7. 
 It is necessary to note that the watched recently trend to increase electrodes movement 

speed cannot be blindfold followed for the arc 
furnaces working in foundry. It can lead to 
excessive charges for hydraulic and 
electromechanical equipment of furnaces. It is 
enough for power regulating concerning small 
speeds of electrodes movement (up to 2-3 
m/min), on higher speeds it is difficult to 
ensure necessary quality of regulating. High 
speeds of furnace electrodes movement justify 
on high-capacity ovens (over 50 tons) where 
speeds over than 3 m/min should be used only 
in order to decrease the technological idle 
times that is linked with electrodes movement 
(for example, rise of electrodes before tapping 
or before crown turn at charge supply). In 
remaining cases, especially on small furnaces 
(up to 25-30 tons), it is expedient to design 
electrode-positioning mechanisms for the 
speeds to 3-5 m/min that allows considerably 
(on 150 % and more) divide out capital 
outlays for the furnace building. In such 
furnaces maximum motion of electrode does 

not exceed 2,5 - 3 m and at the maximum speed of an electrode of 5 m/min duration of 
electrodes raising from the lower position does not exceed 30 s. 

Fig. 7 Electrode displacement, arc 
voltage and arc current waveform
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 The results of presented work of the authors are discovered during the research new 
directions of arc furnaces power regulators improvement. All the recommendations that are 
developed for foundry electric arc furnaces in capacity to 25 tons contain choice of drive type, 
determination of its parameters and parameters of regulators adjustment. The basic results of 
researches (structures of power regulators) are reflected in the basic publications of authors [3 
– 5] and protected by utility patents of the Russian Federation [6, 7]. 
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NEW GENERATION ORE-RESTORATION FURNACES 

Bezrukov I.A, Kuznesov A.P, Malyshev S.N., Moiseev O.B., Pavlov V.V, Filimonenko V.N. 

Joint-Stock Company NPP "EPOS", Novosibirsk state technical university 

   The condition of the ore raw materials, the regulated power consumption and ecological 
restrictions of today demand creation essentially new ore- restoration units, for example, ore-
restoration mine plasma furnaces, with meeting the requirements modern highly effective 
functional technical and technical characteristics. The scientific production company of 
electric plasma equipment and systems (EPOS), along with known foreign firms, consistently 
works over the theory, researches of processes and creation of operating samples ore- 
restoration mine plasma furnaces of new generation. 
   Now opening advantages aren't estimated yet. Meaning existing before the scheme 
plasmotrons and furnaces, their low resources inherent in them lacks (including low 
EFFICIENCY), their applications limiting sphere, insist on not perspectivity plasma furnaces, 
on development domestic ferroalloy the industries on a traditional way that in the long term 
the next decade puts its backwardness and noncompetitiveness. 
   The designed, made and tested ruler of samples ore-restoration mine plasma furnaces 
capacity from 70 to 2000 kWt is defined by following prominent features: 
1. Plasma torches with operated distribution of characteristics thermal, 
and electromagnetic fields in the plasma stream, working under a layer , in contact to it 
and to a working arch burning with the cascade from coaxial electrodes on ore, without 

 an electrode, not polluting ore the impurity, not having restrictions on a resource 
are applied.
2. Deoxidation process is carried out with use complex, optimized on structure, structure and 
the sizes of a briquette of settlement mineralogical and element structure, with hydrogen 
participation, as product of decomposition of water, and recirculation hot dusty gases, 
moving on specially organized contour of the furnace in plasmotrons, the mines located in 
characteristic zones. As a hydrogen source independently functioning water steam and gas 
generator with wide change of operating parameters serves. As the basic reducers hydrogen 
and oxide  carbon works, processes go in the absence of an additional superfluous oxidizer, 
the reducer is required only for reactions of restoration and indemnification of losses, in oven 
gas on an exit from the furnace should be 2 and 2 .
3. The control system optimum uses regenerative and power properties gases forming plasma 
and a carbon reducer. Repeatedly, for the account recirculation  streams, regenerative gas and 
the chemical energy reserved in it is used. Recirculation of hot dusty gases is structurally 
provided with the organized contour: zone of shaft top – the plasma torch located in 
characteristic zones of mine of the furnace - a working zone of the furnace. 
4. "The high" mine designed for realized regenerative process, for optimum course of 
integrated normal and high-temperature regenerative processes is structurally realized. 
5. Optimum emission of gases and firm substances in atmosphere, according to ecological 
requirements is provided, thus the quantity of emissions in atmosphere repeatedly is less, than 
at traditional ore-smelting mine plasma furnaces. 
6. Power, regenerative and kinetic properties of components ore-restoration process as much 
as possible also it is operated are realized in each characteristic zone of high mine. 
7. Input of correcting dioxides, including – nano-sized – is carried out through an internal 
electrode in a working zone. 
The considered features are a consequence of formation and decisions of following models: 
1. Multiple-factor system statistical model of electrotechnological process ore-restoration 
mine plasma furnaces with certain restriction of intervals of entrance and target parameters 
and characteristics. 
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2. The determined mathematical models of the physical and chemical high-temperature 
processes proceeding in characteristic zones ore-restoration of the furnace (zone of shaft top, 
the mine, under the arch zone and zone in a bottom). 
3. Models of thermal and material balances. 
4. For the limited intervals of entering and exit values of parameters and characteristics 
estimations of possibility of use of the theory of similarity are spent. 
5. The model of adaptive management including features of considered process is preliminary 
formulated. 
   On the basis of offers of some the large enterprises of Russia for processing of ores and a 
ore waste, for 2008 - 2011 have been performed settlement and skilled works on working off 
of technology of extraction of metals from ores of new deposits, a technogenic waste of some 
the enterprises of Kuzbas, Ural Mountains, and also ores of deposits of Georgia, Ukraine, 
Kazakhstan. The performed works have shown that “EPOS-process” is effectively applicable 
for processing of a wide spectrum of ore mineral raw materials and technogenic formations of 
metallurgical industrial complexes and the enterprises of an extracting complex. Depending 
on structure of an initial product, technical and business advantages “EPOS-process” reach 
from tens percent - to 2,5 and more times, and department and factory creation on 
manufacture of ferroalloys manages twice more cheaply. Estimations of use of technology 
applying, for example, to raw materials of a deposit "Check-Sy" confirm that process on 
technology «EPOS-process» is realized at almost three times the smaller established capacity 
of the equipment, and spent capacity - almost twice smaller, than under the traditional scheme 
of processing, at increase in extraction of metals and better quality of a product on impurity. It 
can change essentially technology to the best and is sharp improve an ecological component 
of the project. 
   The scheme and design of the mine plasma furnace on realization «EPOS - process» in 2009 
year. Has received the positive judgement of industrial safety. Practical realization of features 
of new technology according to the developed models has allowed to generate new ore-
restoration mine plasma process. 
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ELECTROMAGNETIC ROTATOR STIRRER OF INDUCTION MELTING UNIT 

A. Idiyatulin, F. Sarapulov, F. Tarasov, S. Fatkullin, V. Frizen 

Department of Electrical engineering and electrotechnological systems, Ural Federal 
University,  

19 Mira Str., Yekaterinburg, 620002, Russia 

The department of electrical engineering and electro technological systems of the Ural 
Federal University has been conducting investigations in the field of special-purpose electro 
technological systems designed to produce alloys and composites which are difficult to obtain 
using other techniques. 
   The idea of electromagnetic stirring of liquid metal is not new. This approach is widely used 
for casting and crystallization ingot. Electromagnetic stirring generally applied like a support 
equipment for homogeneity chemistry and equalization temperature in the melt. In paper 
considered magnetohydrodynamic (MHD) power plant without which the basic process is not 
possible.  
   Electromagnetic stirrer is an integral part of the multi-purpose melting unit (MMU). The 
main purpose of the MMU is a melting on the rotating substrate oxide containing stock, and 
reduction oxide parts with strong metallic deoxidizing agent [1]. The specialties of MMU are: 

the melting not only metallic stock, but the stock contain 100% oxides; 
reduction oxide parts with strong metallic deoxidizing agent, e.g. Al or Si; 
the using MMU on the mini-metallurgical plants [1]. 

   The main purpose of electromagnetic stirrer is a contactless influence on liquid metal in the 
crucible using magnetic field with large intensity. Being influenced by the electrodynamic 
forces from electromagnetic field, the metal is moving in the crucible along its elaborate 
trajectory. As a result of movement along the circuit the metal should get a hole of parabolic 
shape. Such shape of hole allows carrying out a number of metallurgical processes which can 
not be held in the classic induction crucible furnace [1,2].  
Carrying out the process with rotation of melt allows: 

to increase the rate of recovery of metals from the slag melt reducing agent, due to the 
greater area of contact between the slag and metal in the hole; 

to improve the phase separation (slag and metal); 
create favorable conditions for melting scrap (increasing the speed of melting scrap. 

Removal of non-metallic impurities); 
to avoid contact with the walls of the slag phase of the chamber of MMU throughout 

its height. 
   Development model consists of number the same segments (divisible by three), or circular 
coils placed on the single magnetic core. Inductor winding is manufactured of copper wire 
circular section with varnish insulation. But there are some modifications of stirrer where 
winding is made from copper shaped tube with water cooling.  
   Nowadays are carried out design work to create the industrial model of unit to verify the 
results of numerical simulation and experiment. 
   The five options for installation of the electromagnetic stirrer in induction melting unit are 
given in fig.1. 
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Fig.1. Draft of multi-purpose melting unit : 1 – inductor of induction crucible furnace; 2 – 
inductor of electromagnetic stirrer
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Fig. 1. The Function diagram of a control system of induction crucible fur-
nace (mixer) with temperature estimation on indirect parameters: 1 – the cru-
cible, 2 – the melt, 3 – the inductor, 4 – the power supply, 5 – the voltage 
selector, 6 – the condenser battery, 7 – the PLC, 8 – the power sensor, 9 – 
the impedance sensor, 10 – the current sensor, 11 – the voltage sensor,
12 – the division block

WAYS  OF  REGULATION  OF  TEMPERATURE  OF  THE  MELT  IN  
INDUCTION  MELTING  FURNACES  AND  MIXERS 

A.B. Kuvaldin(1), M.Ya. Pogrebisskiy(1), M.A. Fedin(1)

(1)National Research University "Moscow Power Engineering Institute",                                   
Krasnokazarmennaya 14, Moscow, 111250 Russia 

Induction crucible (core-less) melting furnaces (ICF) and mixers (ICM) widely used in 
foundry manufacture for melting, overheat and storage of pig-iron, aluminum, copper and 
their alloys. For the purpose of alignment of temperature and chemical composition in melt 
volume  in  ICF  and  ICM  before  casting  the  storage  of  melt  is  carried  out  at  constant                    
temperature.  
   Depending on concrete technological process filling of ICF or ICM by liquid metal can be 
various. Level of melt in the crucible change leads to change of values of power consumption 
P, the power allocated in 
melt, and power of ther-
mal losses. Change of the 
power allocated in melt, 
will lead to metal over-
heat or cooling. 

As continuous direct 
measurement of tempera-
ture of the melt is com-
plicated, some variants of 
ICF and ICM control sys-
tems, based on tempera-
ture of the melt estima-
tion on indirect electric 
parameters [1] are devel-
oped by authors. 
   The function diagram of 
the first variant of a con-
trol system is presented 
on fig. 1 [2]. The system 
estimates value of tem-
perature t of melt in the 
crucible on the measured 
indirect electric parame-
ters (the true power P,
consumed by installation, voltage U1 and the inductor current I1) on the basis of the equation 
of power balance. Thus estimation of quantity of metal in the crucible is made indirectly on 
value of impedance of a furnace (a mixer).  
   In the second variant of a control system it is used, except voltage and inductor current sen-
sors, also the melt level sensor (strain gage) [3]. The function diagram of such ICM control 
system is presented on fig. 2. In this case temperature of the melt is calculated by the micro-
processor device on the basis of dependence of temperature from impedance of the furnace 
(mixer) and the melt level. 
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Fig. 2. The Function diagram ICM of control system with temperature 
estimation on indirect parameters and a strain gage: 1 – the crucible, 2 – 
the melt, 3 – the inductor, 4 – the power supply, 5 – the voltage selec-
tor, 6 – the condenser battery, 7 – the PLC, 8 – the strain gage, 9 – the 
impedance sensor, 10 – the current sensor, 11 – the voltage sensor,
12 – the division block, 13 – equipment for visualization

   The considered variants of a control system use functional dependences, individual for vari-
ous metals (alloys) and furnaces (mixers) of various capacities. Inclusion of control facilities 
by databases in structure of the software of system will allow making fast adjustment of sys-
tem, choosing concrete func-
tional dependences for this 
type of melt and capacity of 
installation (from 1 up to 40 
tons for various grades of 
alloys) from base of the de-
pendences preliminary re-
ceived by methods of math-
ematical modeling. Also 
construction of adaptive 
(self-adjusted) system is 
possible. 

Distinctive feature of of-
fered control systems is rela-
tive simplicity of computing 
algorithms and the algo-
rithms of management which 
are not showing high re-
quirements to productivity of 
the electronic-computing fa-
cilities. The system is real-
ized on the basis of the PLC 
which also can carry out reg-
ulation of power factor and a 
balancing mode, can be con-
nected means of computer 
networks with the Host PC 
which are carrying out visualization and recording of technological process and carrying out 
functions of a control panel. The PLC also can be included in a multilevel control system of 
technological process. 
   Continuous automatic control of temperature of the melt improves quality of production of 
foundry manufacture, raises power indicators of installation, in particular, reduces the specific 
expense of the electric power on carrying out of technological process. 
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OPERATION MODES OF THE MULTIPURPOSE MELTING UNIT   

A.A. Idiyatulin, F.N. Sarapulov, F.E. Tarasov, S.M. Fatkulin, V.E Friezen   

Boris Yeltzin Ural Federal University 
Yekaterinburg, Russia 

An advanced approach to using medium frequency melting units based on the crucible 
induction furnace (CIF) implies controlling the heat and electrodynamic effect on the melted 
metal at all stages of the melting process.  The approach is aimed at reducing the melting time 
and improving the quality of the metal produced. Besides, the electrodynamic action exerted 
on the liquid metal enables a new unit possessing an extended range of functions to be 
designed. This unit is referred to as a multipurpose melting unit (MMU).The multipurpose 
melting unit is based on CIF. The constructional peculiarity of this furnace is the height and 
the crucible internal radius being size commensurable. This size correlation can be mainly 
attributed to specific features of the technological processes. Thus, in reducing oxides, using 
the method of liquid phase reduction on the rotating liquid metal backing, excessive heat 
energy is developed due to exothermal reactions. The purpose of the charge heating becomes 
secondary, while the purpose of maintaining the melt rotation at the specified angular speed to 
ensure the sufficiently deep parabolic crater formation becomes dominating. The crater forms 
the so-called “vessel” for the oxides reduced from slag. This is being done by an inductor of 
the electromagnetic melt rotator (EMR) with rotating magnetic field. Fig. 1 shows the 
construction of the unit under consideration. The unit consists of a melting chamber (a 
crucible), an induction heater (a CIF inductor), a rotating end-type inductor and a cooling 
system. The MMU electrical equipment also includes power supply sources for the EMR to 
be supplied at a lower frequency and the induction heater at a higher frequency. 

   The following operation modes of the unit under consideration can be presented using the 
MMU capacity diagram (Fig. 2):  
1. The operation mode of backing preparing (without taking into consideration the filled-
in part of the branch): 
This operation mode is caused by the necessity to form a melted backing. The gross power 
supplied to the backing is equal to the sum of the electric power of the heating unit and that of 
the end EMR in the ON-position minus their inductors’ electric losses. 

The useful power supplied to the backing and used to heat it is equal to the difference 
between the heat energy and the energy lost through the bath’s walls. 
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2. Reducing reactions mode – technological (taking into consideration the filled-in part 
of the branch): 
   Under this operation mode the heat output used to heat the backing is lower than the useful 
power due to the reactions of liquid phase reduction. 

Fig 2. The energy diagram of the MMU operation modes. 

   In the process, it is necessary to ensure the sufficient heat dissipation as otherwise the metal 
is overheated, this results in the crucible lining destruction. To avoid this, a water cooled cap 
and intensified heat dissipation in the CIF inductor are provided for. 
   A mathematical model of a MMU has been developed, that was implemented as a computer 
model produced as a MATLAB/ Simulink package function. The model includes four units: 
data setting, weight calculating, heat calculating, electrical parameters’ calculating. The 
computer model allows for changing the electric parameters of the charge, depending upon its 
temperature, it also takes into account changing the charge geometry as a result of EMR 
connecting as well as in the process of another charging. The model also considers the 
specific features of the inductors’ operation when supplied by semiconductor frequency 
converters. Modeling can provide basic time dependences characterizing the unit operation in 
dynamics: the temperature of charging and other unit’s assemblies, charging output power, 
the weight of the agents being charged, slag and the product produced in the course of 
reactions, the unit electrical and power parameters. 
   The report presents the results of modeling the Khalaktyrski sand processing procedure. 
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THE MODEL OF THE MULTIPHASE CRUCIBLE INDUCTION FURNACE LUMP 
CHARGING

S. F Sarapulov., V. E Friezen  

Boris Yeltzin Ural Federal University 
Yekaterinburg, Russia 

In some cases of the induction heating practice, there happen to be several cylindrical 
conducting billets in the magnetic field of the cylindrical single-phase inductor. 
Electromagnetic phenomena occurring in all the objects being heated will then be identical in 
the direction of the wave plane incidence. The skin effect will be most evident in every object 
being heated while it is virtually absent in the set of these, as they are under equal conditions, 
and the magnetic field strength on the surface of each object being heated will be equal. As in 
the case described, the induction of the magnetic field in the charge has just one component, 
the problem to be solved in modeling the heated process can be regarded as one-dimensional. 
   The solution of the one-dimensional problem when the medium is heterogeneous has been 
presented by many researchers as being of practical importance at that time. Nowadays, the 
problem is to be extended up to a two-dimensional one to use it for describing 
electromagnetic phenomena in multiphase crucible induction furnaces. Both in this country 
and abroad, the development of a new generation of induction furnaces is under way. These 
furnaces allow the power distribution in the bath to be controlled in order to intensify the 
metallurgical processes at different melting stages, and the melted metal circulation in the 
furnace bath to be controlled as well. To achieve these purposes, the following systems have 
been developed: 

polyphase inductor supply; 
power focusing in different parts along the inductor axis; 
double frequency power supply. 

   The most effective way of solving the problem of improving electrodynamic metal stirring 
in the crucible induction furnace (CIF) is one-circuit circulation ensured by the moving 
magnetic field induced by a two- or three-phase inductor. As compared to the conventional 
one-phase inductor, the winding of a polyphase inductor contains several winding coils the 
number of which is multiple of the phase number, that are interconnected in the regular 
manner of forming the inductor winding section of the polyphase induction furnace. The turn 
number of the single-turn coils’ group is, in this case, the number of pole “slots” and phase 
“slots”. With the symmetrical current scheme used, a polyphase inductor induces a running 
wave of the magnetic field with  pole pitch length in the charge. Given this type of the 
inductor power supply system, there are tracking forces occurring in the melt in addition to 
regular repulsive ones, which allows inducing a single vortex motion of metal, ensuring the 
possibility for reversing the direction of this motion when the phase alternation of the supply 
voltage system is changed.  
   The polyphase inductor is most advantageous in providing the possibility for a more flexible 
regulation of the force influence on the metal in the crucible by changing current and 
alternating phases. In doing this, it is possible to introduce the artificial phase currents’ 
asymmetry thus changing the proportion between the tracking and regular forces. This also 
enables the proportion between the energy to be spent on metal heating and that on its 
relocation in various crucible sections to be changed.  

Unlike the field induced by the single-phase inductor, the field induced by a polyphase 
inductor contains an essential magnetic field strength component in the charge. To describe 
the field containing both the moving and pulsating components, it is not advisable to apply 
approached previously developed for describing the electromagnetic waves I lump charging 
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the crucible induction furnaces. The conditions mentioned are met by using the method of 
detailed magnetic equivalent circuits (DMECM).  

At the initial moment, the CIF charging is electrically separated metal lumps. Transient 
resistance (contact resistance) of separate lumps is very great (much greater than the internal 
resistance of the lump itself). 
   For the purpose of simplifying the description of the electromagnetic processes occurring in 
a separate lump, an averaged charge lump can be represented as a conventional object 
possessing the isotropy of magnetic properties in two directions only – regular (the direction 
perpendicular to the crucible axis) and tangential (along the crucible axis, correspondingly), 
as well as the isotropy of electrical properties in the tangential coordinate. 
   The object to be suitably used to model a charge lump is shown in Gig. 1. It is of a cylinder 
shape, having the same weight, density, specific electrical resistance as those of an averaged 
charge lump. In calculating, the axis of this rated cylinder magnetic conductor 1 (Fig.1) 
always coincides with the direction of  or n magnetic flux for which the lump magnetic 
resistance and the induced current density 2 (j  or  jn accordingly) are calculated. Taking into 
account the contact resistance between elementary cylinders, a cylinder electric conductor is 
built into the model charge lump, and the tangential current density 4 is calculated.  

Combined magnetic resistance of the cylinder magnetic conductors is calculated using a 
well-known Bessel function method.  

) )
Fig 2. CIF lump charge model : a) an elementary cylinder; b) elementary cylinder placement 
into the layer 

   Within the crucible space the elementary cylinders are grouped as rings the size of which is 
limited by the turn height and the radius splitting pitch selected (Fig. 1a).  
   The combined magnetic resistance of the layer in the axial or radial directions is calculated 
as a series-parallel combination of the conducting cylinders magnetic resistances calculated. 
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INVESTIGATION OF ELECTRICAL RESISTANCES OF UNBLADED RIGID 
CURRENT CONTACT JAWS OF ORE-THERMAL FURNACES 

. Aliferov(1), R. Bikeev(1), L. Goreva(1), . Inkin(2), . Blank(2)

(1)Department of Electrotechnology, 
(2)Department of Theoretical Fundamentals of Electrical Engineering,  

Novosibirsk State Technical University, 20 K. Marx Pr., Novosibirsk, 630092, Russia 

   A current contact jaw of a modern power ore-thermal furnace has a rigid stationary part (fig. 
1) which is made of a package of circular section bus-bars with water cooling and rectangular 
section bus-bars without it. As a rule this part is longer than all other parts of the so called 
“short network”. 

Fig. 1. Three-electrode ore-thermal furnace power supply circuit: 1 – transformer; 2 – 
compensator; 3 – power bus package; 4 – flexible current contact jaw; 5 – electrode, 6 –
electrode holder tubes. 

Short network parameters including power factor, phase load unbalance, specific power 
consumption, electrical efficiency and etc. greatly influence on furnace cost effectiveness. 
Short network wires carry extremely high currents of industrial frequency, inducing strong 
magnetic fields around wires. Hence skin effect, proximity effect, non-equal current 
distribution and power exchange between wires and phases, power losses in metal 
constructions become more and more important. 
   Short network reactance significantly impairs furnace electrical parameters and loads power 
supplies with high reactive power. Surface electrical efficiency depends on secondary current 
contact jaw pure resistance. 
   To reduce inductance rigid parts of short networks (position 3 of fig. 1) are made bifilar by 
wires reassembly in the power bus package. Reassemblies in rectangular and tubular power 
bus packages are shown in fig. 2 and 3. As it follows from these figures rectangular buses are 
maximally bifilar in fig 2,a and tubular buses are most bifilar in fig. 3,b. So the results of 
investigations are presented only for these cases. 
   The existing procedure of inductance calculation is based on theory and software used until 
1980s [1] and it can be applied if geometrical configuration of buses is simplified. When pure 
resistance is calculated correction factors are determined very inaccurately.  
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a) b) 
Fig. 2. Rectangular bus packages reassembly variants. 

a) b) c)
Fig. 3. Multiphase tubular bus packages reassembly variants: ) corridor, ) chess, ) corridor 
vertically displaced. 

Currently there is a number of programs based on electromagnetic field differential 
equations system solution. The investigations stated in this paper were performed by means of 
ANSYS Multiphisycs v 11.0 [2]. Model creation and calculations was programmed in APDL 
language supported by ANSYS system with initial data parameterization and iterative 
calculation of the great quantity of variants.  

The results of numeric simulation have been compared with ones calculated with the 
traditional procedure. Note that pure resistance can be obtained only from numeric simulation. 
The relative difference between the results obtained from numerical simulation and traditional 
procedure is from 10 to 35%. 
   When studying rectangular bus packages the following parameters were varied including 
buses quantity (n = 4, 8, 12), distance between bus centers (t = 0.02; 0.03; 0.04 m), bus height 
(  = 0.1; 0.2; 0.3; 0.4 m), bus thickness (b = 0.01; 0.012 m). The results of investigations are 
stated in fig. 4 and 5. 

   When investigating tubular copper buses packages with external diameter 50 mm and tube 
wall thickness 10 mm the following parameters ware varied including wires quantity in 
vertical and horizontal rows correspondingly n=1, 2,…, 8 and m=2, 3,…, 8, distances between 
horizontal and vertical rows correspondingly t=0,055 0,1m and p=0,055 0,1m. The results 
of investigations are stated in fig. 6 and 7. 
   As it follows from calculations, in any laminated package pure resistance and inductance 
reduce when wires quantity in a packed grows. (Fig. 4, 6) because of parallel wires quantity 
increase.  

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

248 |||||||



a) b) 
Fig. 4. Dependence of bus package pure resistance (a) and inductance (b) on buses height for 
different combinations of buses thickness b and wires quantity n, the reassembly in fig.2 and 
t=0,03 m. 

a) b) 
Fig 5. Dependence of bus package pure resistance (a) and inductance (b) on buses height for 
different combinations of buses thickness b and distance between bus centers t, the 
reassembly in fig.2 and n=8.

   In the considered reassembly variants increasing distance between wires leads to inductance 
growth as a package becomes less bifilar (Fig. 5, b and 7, b). 
   In the procedure [1] pure resistances in Fig. 2, a and 2, b should be the same because of 
geometrical form similarity, However pure resistances for both reassembly variants are not 
the same. Therefore, in the procedure [1] uneven current distribution on bus package wires 
and phase difference between currents in particular wires are not taken in account when pure 
resistance is calculated. 

a) b) 
   Fig. 6. Dependence of chess reassembled bus package pure resistance (a) and inductance (b) 
on vertical row tubular buses quantity n at fixed buses quantity m in a horizontal row (t = 0.08 
m, p =0,06 m). 
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) )
   Fig. 7. Dependence of chess reassembled bus package pure resistance (a) and inductance (b) 
on horizontal distance p between tubular buses at fixed vertical distance between buses t (n = 
m = 4).  

   Note that for all considered rectangular bus packages initial data combinations and tubular 
bus packages mostly applied relations n  6 and m  2 pure resistance is comparable with 
inductance although it is accepted that pure resistance is negligibly less than inductance.  
   It is shown in Fig. 5 that pure resistance is not a function of distance increase between wires 
rows in a package as distance between buses extremely less than buses sides turned to each 
other. Changing distance between wires in mentioned above limits do not effect on proximity 
effect influence. 
   In Fig. 7 it is shown that for the variant in Fig. 3, b pure resistance is minimal if horizontal 
and vertical distances between wires centers are equal. 

Further the results of the discussed investigation will be approximated by functions to 
calculate exactly and simply reassembled bus packages pure resistance and reactance. These 
functions are supposed to be the base of an engineering procedure for ore-thermal furnaces 
bus packages parameters calculation. 

The investigation is supported by the analytical target program “High School scientific 
potential development (2009-2011)”, Project N2.1.2/11944. 
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DIRECT SOLIDIFICATION OF MULTICRYSTALLINE SILICON IN COLD 
CRUCIBLE
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Wilhelm-Busch-Str. 4, D-30167 Hannover, Germany 

ABSTRACT 
This paper includes research results of directional solidification technology of multicrystalline 
silicon in induction furnace with cold crucible for photovoltaic cells. Those investigations are 
carrying out at Institute of Electrotechnology (ETP) Hannover University together with 
Department of electrotechnology (ETPT) Saint-Petersburg electrotechnical university. For 
studying of starting heating and technological parameters of the melting and crystallization 
technology was designed and produced induction furnace with square section cold crucible. 
Thermal and some electrical parameters during tests from start to steady-state mode are 
shown in the paper. 

INTRODUCTION
One of the ecologically cleanest ways productions of the energy is photoelectrical method of 

converting solar energy in the electricity. In many countries are realized government 
programs for support of the development land photoenergy. For example, increasing of the 
land photoenergy power has to be 7 – 15 GW/year according to the program of US Energy 
Ministry in period from 2000 till 2020. In that case approximately 15 % of producing energy 
for houses with using of solar batteries will be obtaining. In present time high cost of photo-
electrical converters (PEC) blocks widely use in solar batteries. Silicon PEC is more 
perspective one for the large-scale uses. Efficiency of the industrial silicon PEC reaches of 
14 – 17,5 % and life-time gets till 10 years. Price of the basic material – monocrystalline 
silicon of electronic quality, composes approximately 50% from the prime-cost silicon PEC. 
That is why decreasing cost of the silicon for the manufacture photoelectrical converters for 
the land energetically is actual task. 

The full cycle manufacture of the monocrystalline silicon is including of the next main 
steps: receiving of metallurgical silicon by recovery of mineral silica raw in powerful arc 
furnaces, chlorine treatment of metallurgical silicon and deep purification of chlorosilan in 
rectification installations, hydrogen recovery in precipitation reactors, and growth of the 
silicon monocrystals in crystallization installations. The price of 1 kg monocrystalline silicon 
with content of the pollutions less than 10-6 ppm exceeds 60 – 120 times the cost of 1 kg 
metallurgical silicon with content of the pollution approximately 0,5 ppm. 

This high purity of the silicon is not necessary for manufacture of high efficiently PEC 
silicon which can content electrically active pollutions till 10 -3 – 10-4 ppm. This silicon is 
called solar silicon (Solar Grade Silicon). 

In present for decreasing of the PEC cost scraps of the semi-conductor silicon are used. This 
silicon is formed during the manufacture of the microelectronic devices. However, it is 
expected that in the nearest future the demand of silicon for the PEC will exceed quantity of 
the material which can be produced from the scraps of semi-conductor manufacture in 2 – 4 
times. It is bound by that growth industrial manufacture of solar elements significantly 
advances rates of increase manufacture silicon for microelectronic. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

251 |||||||



2

Transition to the solar quality raw allows decrease the prime-cost of the PEC. Melt solar 
grade silicon with following directional crystallization of the melt is more perspective 
technology. Sizes of the column crystals significantly more than sizes of the polycrystals, 
which are created during the spontaneously crystallization of the melt, that is why 
conformable structure was called as multicrystalline silicon. Efficiency of the PEC is 
depended from the crystal sizes of the multicrystalline silicon. 

The silicon multicrystalline blocks is received by the Bridgman-Stockbarger method or in 
the same furnace where the melt of the silicon and its directional crystallization with 
movement through the zone of the growth crystals is carried out. Another way, at first melt 
spend in the individually furnace and then the melt is teemed in quartz crucible, which is 
placed in the second furnace where directional crystallization of the melt is carried out. The 
mass of the load is no more than 420 kg of the melt. The disadvantages that in both situations 
are necessity for use single-shot crucibles from the high purity quartz which cost should be 
taken into consideration at calculation of the cost price the silicon multicrystalline ingot and 
periodicity of the processes. 

Silicon
 ingot

Pull down

Auxiliary
  heater

Molten
silicon

Inductor

Cooling
  water

Copper
crucible

Raw silicon

Figure 1. Technological scheme of growth of multicrystalline silicon by continuous 
directional crystallization melt in induction furnace with cold crucible 

The more radical way of this problem solution is technological scheme organization of the 
process solar grade silicon ingots receiving. It combines not pollution method of heating with 
not pollution way of melting and continuous directional crystallization of the melt with square 
or rectangular cross-section which characterized large-block multicrystalline structure. 
Technological scheme of multicrystalline silicon growth by continuous directional 
crystallization of the melt in induction furnace with cold crucible is shown at figure 1. 

For today only two companies have industrial technology of directional continuous 
crystallization of the solar silicon in induction furnace with cold crucible: Sumko Solar 
Corporation (Japan) [1] and Emix (France) [2]. Advantage of thedirectional continuous 
crystallization of silicon in induction furnace with cold crucible in compare with directional 
crystallization in quartz crucible is staying understandable from the compare technical-
economic characteristics shown in the table 1. 

Analysis of developed technology by Sumco and Emixwas published in [3].Purpose of the 
investigation in the work [3] was obtainingof silicon ingot with multicrystalline structure in 
induction furnace with cold crucible, on installation working on frequency 100 kHz. 
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Table 1.Technical-economic characteristics of different methods of receiving 
multicrystallinesilicon 

Method
Square-section 

of ingot 
Rate of 

crystallization PEC Efficiency  Productivity by 
PEC square 

cm mm/min % m2/day 
Crystallization in 
quartz crucible 80  80 0.1 – 0.6 15 140

Crystallization in 
induction 

furnace with 
cold crucible 

35  35 1.2 – 1.5 15 500

EXPERIMENTALRESULTS 
Goal of our experiments were realization of starting processand receive the silicon ingot by 

continuous casting, hold the melt in steady-state mode for estimation of heat fluxes and 
electrical efficiency of the system. Melting was realized in induction system with crucible 
side size 12.5 cm, the crucible has square section. Tests were realized at installation Institute 
of Electrothermal Process, Hanover. Frequency of power supply during tests was 
125 kHz.Melting was carried out in argon atmosphere. For starting heating process was used 
piece of graphite (fig. 2 a) which heated in alternative electromagnetic field till 
temperature1500 .

Siliconingotthatwasreceivedduringtheexperimentisshownatthefigure 2 b. 

a) b)
Figure 2. Graphite bottom for starting heat and silicon ingot

During the melting process of silicon, with its subsequent solidification, continuously 
measured the electrical power losses in the induction furnace elements, which are presented in 
figure 3. At the time of the inclusion of the moving system the total power losses of the 
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induction furnace amounted 91 kW. Power losses in the cold crucible are added with a power 
released in the melt. The increase in power losses in the cold crucible with a continuous 
casting process occurred by increasing the generator voltage and increasing height of theload. 

Voltage of the generator during the continuous casting solidification of the silicon melt in 
induction furnace with cold crucible changed not significantly from 305 till 311 V. The graph 
(figure 3) is presented, that heating of the silicon till melting temperature and formation of the 
pool of melt is carried outover a sufficientlyshort time. 
Afterthat,themovingsystemofthebottomisswitch on and continuous solidification of the melt 
with constant speed is carry out. 

Mode of the generator and energetical parameters of the induction furnace with cold 
crucible characteristics of this stages are presented in table 2. 

Table 2.Main mode of the experimental installation 

Stages
Time of 

the 
test, 

s

Voltage of 
the 

generator, 
V

Power 
losses in 

cold 
crucible,

kW 

Power 
losses in 

the 
bottom, 

kW 

Power 
losses in 

the 
inductor, 

kW 

Power in 
the melt, 

kW 
Efficiency,

%

Measured parameters Calculated parameters
1 550 305 48 23 20 - -
2 3050 322 62 15 22 30 30
3 5250 329 78 9 21 35 32
4 6200 332 79 8 21 35 32

Figure 3. Electrical and energetically parameters of generator and induction furnace
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Considering the process of continuous casting of the silicon in induction furnace with cold 
crucible there are several stages: 

1  period of time at whichare starting heat and formation bath of melt, moment of switching 
on the moving system; 
2 period of time forwhich the bottom of the crucible moved down on distance 
corresponding the height of the graphite base, ie graphite left the inductor, the entire height 
of the inductor is melt of silicon; 
3  period of time corresponding to the distance that passed the bottom of the crucible that 
completely left the crucible, exit of the induction system to stationary station; 
4  period of time till switching off power supply, induction system is in the stationary 
station, power in the melt on the moment of switching off is 35 kW. 
Power  in  the  melt  of  siliconand  efficiency  were  detected  by  based  on  the  solution  of  

electromagnetic task. Geometry of numerical model completely repeated geometry of the real 
induction furnace with cold crucible with load inside. 
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MODE INDUCTION GRADIENT HEATING RESEARCH 

A. Kuvaldin, N. Nekrasova 

Moscow Power Engineering Institute (National Research University), 
 14 Krasnokazarmennaya Str., Moscow, 111250, Russia 

   Induction heating is widely applied in various industries, in particular, to heating metal billets 
under plastic deformation. In comparison with other methods of heating of billets induction 
heating allows to raise essentially productivity of the equipment, to reduce expenses of energy 
carriers, to lower a net cost and to improve quality of production. 
   In the cable industry induction installations for heating aluminium billets are applied both un-
der pressing of a current-carrying vein, and to imposing a metal envelope of a cable. Aluminium 
veins in many instances appear more preferentially copper, and aluminium envelopes in compar-
ison with lead and steel possess the best mechanical properties, greater shielding capacity, small-
er weight and lower cost. At hot pressing aluminium billets with high deformation thin and frag-
ile film of oxides formed on a surface of aluminium, is crushed and does not prevent accession a 
billet loaded into the container to the press-rest from the previous ingot. Thus, at periodic loading 
aluminium billets in press pressing veins and tight aluminium envelopes in continuous lengths is 
provided [1].  

The technological process of pressing requires appropriating temperature structured on length 
of a billet (so-called gradient heating). The temperature structure in an axial direction is provided 
with an arrangement of a billet in inductor, as well as formed at pressing owing to friction heat. 
The mode of metal heating before processing by pressure should ensure the required temperature 
of billet at its non-uniform warming up on section and length. At non-uniform heating after 
length and heating due to deformation, the billet becomes softer and plastic from the hot end that 
the press assists improvement of quality of pressing and an increase of service life of the 
technological tool [2]. 

In cable manufacture technological modes of pressing for process of imposing of a metal 
envelope depend on type of a cable. For maintenance of normal work press billets are necessary 
for heating up from hotter end to temperature 420-520  (depending on type press). 
   Thus, there is a problem of a choice and calculation of designs of inductors and modes of oper-
ation of induction installations for achievement of heating of billets with the set temperature dif-
ference on length, i.e. gradient heating, at maintenance of admissible temperature difference on 
section. 

With the advent of modern computer technologies, there was a possibility to carry out re-
searches of complex systems and objects by means of computer modeling which allows to carry 
out the joint analysis electromagnetic and thermal fields during heating. Computer models are 
easier and more convenient for investigating by virtue of their capacity to spend so-called com-
puting experiments when actual experiments are complicated and/or roads. 
   For the decision of this problem authors develop a procedure of modelling gradient heating in 
induction installation of industrial frequency with use of software package ELCUT by means of 
which calculations of electromagnetic and temperature fields in system inductor-billet by a 
method of final elements are spent. Package ELCUT differs presentation and simplicity, as well 
as is convenient for performance of engineering calculations at the decision of two-dimensional 
field problems [3].  
   Geometrica axis symmetric model of system inductor-billet in ELCUT environment where 1 – 
inductor, 2 – magnetic core, 3 – heated up billet, 4 – air, is presented on fig. 1. The model 
describes interoperability electromagnetic and thermal fields in system inductor-billet.  
   As an example heating aluminium billet with the sizes is considered: length - 438 mm and di-
ameter - 175 mm. The sizes of inductor - 550 mm, number of inductor’s coils - 90 coils, with a 
possibility of connection of a part of coils (an increase or reduction of their number).  
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Fig. 2. Construction of geometrical model of installation induction gradient heating in 
program ELCUT

Fig. 1. System inductor-billet

   The formation of a required curve of a temper-
ature field of billet in installation of induction 
gradient heating for imposing an aluminium ca-
ble envelope is carried out in three stages of 
heating, each of which is made at various values 
of quantity of the included coils and a current of 
inductor, as well as duration of heating. By 
means of the experiment lead on installation in-
duction of gradient heating of industrial frequen-
cy, intended for heating aluminium billets before 
pressing of a cable envelope, values of distribu-

tion of temperature in the end of each of three stages of heating have been received.  
   At the first stage (the basic heating) distribution of temperature with a failure in a zone of the 
middle of the billet (the greatest value 345 ) is reached. Further follows the second stage - a 
stage of endurance (the current in inductor is absent) for alignment of temperature at a level 
330 .
   At the third stage half of coils of inductor from "hotter" end of billet joined only and required 
distribution of temperatures practically under the linear law from 320 up to 420  is shaped [4]. 
   In program ELCUT for research and calculation of process of heating in this installation induc-
tor-billet where an axis of symmetry the horizontal axis serves is created geometrical axis sym-
metric model of system and physical properties of materials are set: magnetic permeability, heat 
conductivity, etc. (fig. 2).  
On border of rated area the regional condition is set – the magnetic vector potential is equal to 
zero (  = 0). 

   The first stage of the decision of a task in view is modeling heating of all rated area up to tem-
perature 20 . It is necessary for reception of proper results as in program ELCUT by default the 
initial temperature of all blocks makes - 273 . Further the received decision serves initial data 
for the associated problems of a magnetic field of an alternating current and a non-stationary heat 
transfer in a billet.
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Fig. 3. Distribution of temperature in billet at the 
end of stages heating

   The decision of an electromagnetic problem is based on a method of final elements of system 
of Maxwell’s equations in which the magnetic induction is expressed through functions magnetic 
vector and electric scalar potentials. In each sub area of model constant values of relative mag-
netic permeability µ, as well as a step of digitization are specified. In a sub area of inductor value 
of a current is specified. 
   Results of electromagnetic calculation were used as initial data at calculation of thermal pa-
rameters of heating. The algorithm of non-stationary thermal calculation is based on the solution 
to the problem of heat conductivity Furie. As initial data physical properties of aluminium, as 
well as geometry and a step of digitization were specified.  

   The program is developed for faster and 
convenient work on modeling by authors 
on the basis of project Visual Basic for 
Application — VBA by means of which in 
Excel the sizes and properties of installa-
tion details — blocks of geometrical mod-
el, property of edges (borders of these 
blocks), steps of a grid of final elements, 
working frequency and other data neces-
sary for work. Further the program incurs 
management of work ELCUT and the deci-
sion of the put technological task. 
   As a result of the calculation of the sev-
eral associated electromagnetic problems 
and problems of a non-stationary heat 
transfer by means of the developed pro-
gram, distributions of temperature to sites 
of rated area for three stages of heating 
have been received presented on fig.3: the 
basic heating (a), the endurance (b) and the 
gradient heating (c). 
   From fig. 3 it is visible, that already at a 
stage of the basic heating the directed gra-

dient of temperature is shaped. However in the end of the basic heating "failure" of a temperature 
curve preparation in the middle is observed. For this reason disconnect inductor from the power 
supply for alignment of temperature fields of preparation (a stage of endurance). 
   The physical reason for "failure" of temperature in a zone of the middle of billet is display of 
electric and thermal regional effects at an end face of billet owing to easing an electromagnetic 
field and an increase of thermal losses in face zones. 
  Heating of billet used in manufacture before pressing of a cable envelope in three stages labor-
consuming enough and its duration is high (119 seconds), that entails additional expenses for the 
electric power, as well as, decrease in output. Therefore there is a problem of realization gradient 
heating in one less long stage. 
   The results of calculation received by means of computer modeling, precisely enough coincide 
with results of experiment lead on working installation of induction heating of industrial fre-
quency (fig.4). The simulation of three stage mode of induction gradient heating of the metal 
preparations, lead with use of software package ELCUT and the program developed by authors, 
has allowed to offer versions of modernization of existing heating installation which carry out 
heating in one stage, that provides an increase of productivity of all technological process and 
decrease in a current consumption [1].  
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Fig. 4. Distribution of temperature on length of a billet at 3 stages of heating (cal-
culation and experiment) 

   The automated procedure of calculation developed by authors allows to solve electromagnetic 
and thermal problems, not leaving from Excel. For the user, application of the automated proce-
dure of calculation means what enough to enter into tables Excel data necessary for calculations 
and to start process. Further this procedure of calculation incurs management of work ELCUT
and the decision of the put technological task.  
   For creation of the automated procedure of calculation of parameters of the unit induction gra-
dient heating in program ELCUT the extensive toolkit ActiveField allowing, in particular, to in-
troduce in projects VBA, tables Excel programmed in the form of macroowls is stipulated. Thus 
in Excel the sizes are entered and properties of details of installation on which ELCUT builds ge-
ometrical model of system inductor-billet, calculates parameters electromagnetic and thermal 
fields (fig.2).  
   Modelling of gradient heating of aluminium billets in installation of induction heating becomes 
simpler and appears a possibility of search of wide range of versions with smaller expenses of 
time that allows to find the most effective designs and the modes of heating providing an 
increase of productivity of all technological process of manufacture of an aluminium envelope of 
a cable and decrease of a current consumption. 
   Program ELCUT supports technology ActiveField. This technology allows to make ELCUT
convenient means of development of the appendices based on use of a method of final elements. 
By means of COM Automation (OLE Automation) in program Delphi authors develop the 
appendix cooperating with program Excel which, in turn, cooperates with ELCUT and back.  
   Automation allows one appendix to operate other appendix. 
   For data input in the created automated procedure of calculation and processing of the received 
results by authors the program by means of programming language Delphi (fig. 5) is created. 
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Fig. 5. Window of data input in the program Delphi

   Thus, research of installation of induction heating significantly becomes simpler, as created in 
Delphi the program allows the user to enter initial data and to receive results of calculation with-
in several seconds.  
   Use of the program developed by authors provides the way quickly to make input and the anal-
ysis of the received data, to represent results of calculations in a tabulated and graphic type that 
facilitates work of the user.  
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Figure 1. Heating system component 
parts. 

HEAT PROBLEMS IN INDUSTRIAL HEATING SYSTEMS DESIGN  

E.O. Degtyareva(1), M.S. Tulyakov(1)

(1) Special Systems and Technologies, LLC 
Proektiruemyj proezd 5274 Building 7 Mytischi Moscow region, P.O. 141008, RUSSIA 

   Over the past twenty years, cable electric heating systems became part and parcel of the 
product refining process in many branches of industry: chemical, food, oil-and-gas. At that 
the oil and gas complex is the major user of the heating systems. The objects to be heated are 
trunk pipelines pumping oil products and gas, firefighting pipelines, process pipelines of 
refineries, storage vessels and processing facilities. Cable electric heating systems ensure the 
required thermal mode of the heated object by heat loss compensation. At that maintenance of 
the pipeline thermal mode can be effected as in product pumping mode as in long-term 
shutdown conditions.  
   Cable electric heating system represents an ensemble of the following subsystems: power 
supply and control equipment, heating elements and their connections, bracing (Figure 1).  

A distinctive feature of these systems is that 
they use special electric cables as heating 
elements. It is known that for power cables the 
main function of which is power supply to 
electric facilities excessive heat output is 
extremely undesirable. On the contrary, the 
heating cables design is specially intended to 
ensure the required heat output which may range 
from 10 W/m to 150 W/m.   

The advantages of cable electric heating 
systems are low material consumption, easy 
installation, corrosion resistance and automatic 
control that ensures maintenance of optimal 
temperature mode with the required accuracy and 
in accordance with the preset programs. An 
undeniable advantage of cable electric heating 
systems is their ecological compatibility and high 
reliability. Specially designed cable electric heating systems are used in explosion hazardous 
areas.
   For today, energy efficiency is an issue of highest importance for design and operation of 
virtually all processing facilities. Therefore, cable electric heating system should not only 
serve its main purpose – maintenance of the required temperature mode – but also efficiently 
use the energy resources of the heated object site. The energy consumption and the installed 
power of the cable electric heating system are influenced, first of all, by the thermal mode of 
the heated object. Thus, investigation of the heated object thermal modes is one of most 
important stages of the electric heating system design.  

The thermal mode of the heated object is sufficiently influenced by its configuration, 
thermal insulation design, presence of not insulated construction elements (supports and 
valves) as well as operating procedure of the object. Not insulated construction elements are 
sources of additional heat loss with negative influence to thermal mode of the heated object 
and energy balance of the electric heating system.  
   Normative documents in force should be followed at the system designing. The electrical 
heating systems design falls within the scope of the standard GOST R 60079-30-2-2009 
“Mains-powered electric resistive heaters. Requirements to design, installation and 
maintenance”. Design organizations normally work on the basis of construction codes and 
regulations but there are no SNiP (Construction Codes and Regulations) where 
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Figure 2. A vessel installed on 
saddle supports. 

Figure 3. External view of saddle 
support of horizontal vessels 

according to OST 26-2091-93 . 

Figure 4. Temperature field of 
horizontal vessel installed on 
saddle supports.

recommendations for calculation of heating system parameters are given. Some 
considerations can be taken from documents 
concerning thermal insulation design: SP 41-103-2000, 
SNiP 41-03-2003. The above normative documents 
enable to define heat loss of vessel or pipeline in case 
not insulated construction elements are absent. In this 
case the calculation is performed basing on Fourier's 
law taking into account boundary conditions of 1st and 
3rd kind [1]. We have developed our own methods for 
calculation of thermal modes of pipelines and vessels 
with not insulated construction elements by 
mathematical simulation using finite element analysis. 
ELCUT program was chosen as software that is an 
engineering system for simulation of two-dimensional 
electric, magnetic and thermal fields. Investigation of 
thermal modes of vertical and horizontal vessels is 
considered in more details below.  
   In most cases it is the supporting part of a vessel that 
is not insulated. Horizontal vessels are installed on 
steel or concrete supports represented by various 
design options. Saddle supports (Figure 2) are most 
often used. It is obvious that in this case increased heat 
loss and local product temperature lowering take place 
at not insulated supports location. To avoid this effect 
it is required to know the heat loss through the supports 
and compensate it by additional length of cable 
installed near to the support.  

Supports of this type have three-dimensional 
structure complicated enough (Figure 3). ELCUT 
program enables to solve two-dimensional flat or 
axially symmetric problems. For calculation of such 
objects in ELCUT program we have proposed the 
following method. The calculation of the heat loss of 
saddle vessel support should be performed using its 
characteristic cross-sections. Three sections are 
considered for calculation of a vessel installed on 
saddle supports. One of these sections (along vertical 
fins of the support) is presented in Figure 4.  
   Following parameters are used as input data for the 
calculation: 
- thermal conductivities of all materials used in 
the calculation;  
- product temperature to be maintained; 
- convection (heat transfer) coefficient from 
thermal insulation surface; 
- temperature of the most cold five days period is 
used as ambient temperature (with probability 0.92 
according to SNiP 23-01-99 “Construction 
climatology”). 
   The results of calculation for characteristic sections 
of the vessel are summed up. This method is valuable 
for its simplicity. The disadvantage of the method is the 
fact that heat loss from butt ends of the support is not taken into account in the calculation. 
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Figure 5. Temperature field of 
vertical vessel. 

The heat loss from butt ends of the support are to be calculated analytically using known 
equations for determination of convection heat transfer from a surface:  

= · ,

where  is heat loss, W; 
 is convection (heat transfer) coefficient, W/m2·K; 

S is surface are, m2.
An efficient method to lower heat loss through the supports is their thermal insulation. Let us 
examine effect of thermal insulation of vessel supports to energy consumption of electric 
heating system. Power required for heating of horizontal steel vessels RGS-10 m3 with 
insulated and not insulated saddle supports is given in Table 1. The insulation material is 
mineral wool. The vessel in installed in Irkutsk region, minimum design ambient temperature 
is 50 °C. 

Table 1. 

Type of vessel T,  
°C 

tins,
mm

Pinsulated,
W

Pnot insulated,
W

Wnsulated,
kW·h 

Wnot 
insulated,
kW·h 

RGS-10 m3 5 50 1574 2123 640 1040

   Following notations are used in Table 1: 
T – temperature of vessel to be maintained, °C; 
tins – thickness of vessel thermal insulation, mm; 
Pinsulated – heat loss of vessel with insulated supports, W; 
Pnot insulated – heat loss of vessel with not insulated supports, W; 
Wnsulated – energy consumption of heating system for vessel with insulated supports, kW·h; 
Wnot insulated – energy consumption of heating system for vessel with not insulated supports, 
kW·h; 
   As is seen from the above, thermal insulation of supports enables to lower significantly the 
installed power of the electrical heating system as well as the energy consumption. In the 
considered case, the energy saving for the heating system amounts to 400 kW·h for one 
season of operation.  

Vertical storage vessels for oil products are installed 
either directly on the ground or on a concrete base. As a 
rule, the bottom part of vertical vessels is not thermally 
insulated and has direct contact with cold ground. By this 
reason a probability of the product cooling in the bottom 
area of the vessel appears (Figure 5). The analysis of the 
heat problem implies calculation of depth-variation of the 
ground temperature [2], [3] caused by influence as of the 
vessel itself as of the environment. The temperature of the 
most cold five days period was used according to normal 
practice as ambient temperature (with probability 0.92) in 
the heat loss calculation from the surface of the vessel. 
The ground processes a great thermal inertia, by this 
reason it is expedient to use the average temperature of 
the coldest months as the temperature of the ground 
surface. At a depth of 10 m the ground temperature is 
stable and doesn’t depend on the air temperature 
variations. The ground temperature at this depth is 
determined by geographical location of the vessel. In permafrost regions the ground 
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temperature at this depth can be from minus 1 °C (in Arkhangelsk region) to minus 10 °C (in 
Yakutia). In central Russia the ground temperature at a depth of 10 m below the surface is as a 
rule 4 °C.  
   Of practical value is an introduction of unified coefficient (ratio) of heat loss dependence 
calculated by mathematical simulation in ELCUT program to analytically calculated 
dependence, k=Pelcut/Panalyt. We have considered standard vessels of RVS type having volume 
from 1.5 to 5000 m3 to plot analytical dependence. First of all, dependence of the coefficient k 
on thermal resistance of the insulation R was considered. The plot presented in Figure 6 
shows that there is a linear dependence that can be described by an equation in the form of 
k=aR+b.

        Figure 6. Dependence of k ratio on R Figure 7. Dependence of coefficient a on h

   In the next experiment dependencies of a and b on the height h and the diameter D of the 
vessel have been found. In the course of the investigation it has been figured out that the 
coefficient a is an explicit function of the vessel height h, and the coefficient b is an explicit 
function of the diameter to height ratio D/h. Accordingly, an analytical dependence of k ratio 
can be presented as follows: 

( , , ) = ( ) + = ,

where Sins is thermal insulation thickness, m; 
 – therma conductivity coefficient, W/m·K; 

D – vessel diameter, mm 
h – vessel height, mm; 
Pelcut – heat loss caluclated in Elcut program, W; 
Panalyt – heat loss caluclated analytically, W. 

The investigation has shown that approximation of the coefficient a (Fig.7) dependence 
within the full range of the vessel heights leads to significant error. Thereby for tanks with 
1950<height<3000 mm the following approximation is proposed:  

3.98 10 h + 2.77 10 h 0.66 10 h + 0.68.

   For vessels with 3000<h<12000 the coefficient a can be approximated in the following 
form: 

= 8.21 10 h 2.05 10 h + 0.17.

   Approximation of the dependence of b on D/h (Figure 8) is as follows: 

Thermal resistance R, m2K/W Vessel height h, m 
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0.092 + 0.801.

The obtained dependencies are valid for diameters D = 1060÷22800 mm and heights  
h = 1950÷12000 mm. 

Figure 8. Dependence of coefficient b on D/h Figure 9. Dependence of coefficient  on T

   For analyses of influence of the difference between the maintenance temperature and the 
ambient temperature, T to Pelcut /Panalyt ratio dependencies presented in Figure 9 have been 
found. For one of the vessels the dependence of coefficient c=kt/k (where kt  is Pelcut/P
ratio at a given T, and k is the same power ratio at T=45 °C) on the temperature difference 

T have been plotted. The resulted plots are shown for various thermal resistances of 
insulation R. As seen from the plots, the biggest deviations exist at minimum temperature 
difference and maximum thermal resistance. A conclusion that can be drawn is that these 
cases are outside the scope of real projects, and the influence of the temperature difference T
to the coefficient k can be neglected.  

The mathematical models developed for horizontal and verical vessels and proposed 
analytical approximations of the heat loss are widely used in industrial electric heating 
systems design.  
   Mathematical model approach is widely used in industrial electric heating systems design. 
Specialists of SST, LLC have developed methods of heat loss calculation for horisontal 
vassels intalled on not insulated supports and for vertical vessels installed on the ground. 
These methods make possible precise calculaton of the vessels thermal behavior . 
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NUMERICAL SIMULATION FOR INVESTIGATION AND DESIGN OF STEEL 
STRIP INDUCTION HEATING LINES FOR ROLLING MILLS 

B. Nacke(1), A. Nikanorov(1), D. Lee(2), Jongwoo You(2)

(1)Institut für Elektroprozesstechnik, Leibniz Universität Hannover 
Wilhelm-Busch-Str. 4, D-30167 Hannover, Germany 

(2)POSCO Technical Research Laboratories 
P.O. Box 36, Pohang, Korea 780-795 

ABSTRACT. Continuous steel strip casting lines in rolling miles are under active 
development. Due to high thermal losses the thin strip is cooling down very fast and therefore 
a sufficient heating system is necessary before final rolling. Only induction heaters can realize 
the necessary fast heating of the strip and a good energy efficiency of heating. Because of 
induction heating lines for rolling mills are of extremely high power, all even small 
improvements in their design and operating modes have significant technical and economical 
effects. However, the heating lines need an optimal design of the complex induction systems 
and only numerical simulation is a way to solve the problem. Both two- and three-
dimensional numerical simulation approaches developed and applied for investigation and 
design of longitudinal induction heaters are described in the paper. The numerical models 
have been successfully used for development of modified coils allowing high efficient heating 
of thinner strip using the same operating frequency. Additionally electrical impedance of the 
modified coils has been provided on the level necessary for using the existing power supplies 
and matching equipment. Beside high electrical efficiency, the modified coils improve the 
temperature distribution over the strip width by increased heating of the strip edges. The 
optimized and modifies induction coils have been successfully tested in industrial line. 

INTRODUCTION
Development of strip or thin strip casting lines in rolling miles becomes again very actual [1, 
2]. Due to high thermal losses the thin strip is cooling down very fast and therefore a 
sufficient heating system is necessary before final rolling. Compared to slab casting lines it is 
extremely non-effective and in most cases even impossible to use gas fired furnaces in thin 
strip casting lines. Only induction heaters can realize the necessary fast heating of the strip 
and a good energy efficiency of heating. However, induction heating lines need an optimal 
design of the complex induction system. Only numerical simulation can help to solve the 
complexity of electromagnetic and thermal processes in induction heating lines, where 3D 
effects appear even in longitudinal flux heating systems. 
Induction heating lines for rolling mills are of extremely high power. That is why all even 
small improvements in their design and operating modes have significant technical and 
economical effects. Induction heating lines for rolling mills can be based on either 
longitudinal or transverse flux induction systems [3, 4]. In the paper presented only 
longitudinal induction heaters are under consideration first of all because of their wide spread 
use. 

DESCRIPTION OF THE PROBLEM 
A traditional approach to investigate and design classic longitudinal induction heaters is based 
on regularities coming from mathematical description of electromagnetic process in infinite 
long solenoid with infinite long workpiece. End effects of the workpiece as well as end effects 
of the induction coil are not taken into consideration at all. It is a fact, that in most operating 
modes of induction heaters for rolling mills, the workpiece is endless and the end effects of 
the workpiece do not exist. However, the induction coils are significantly short because of 
strongly limited space between the transporting rolls. Additionally, the “copper-copper” gap 
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in such coils is relatively big to provide enough space for thermal refractory and to guarantee 
free movement of the workpiece which can come to the heater deformed. By these two 
factors, ratio of the coil length to “copper-copper” gap is so small that the traditional 
calculation approach leads to significantly incorrect results in the investigated field. 
Impedance of the coil and even electrical efficiency of the heater depend on operating gap and 
other parameters of the coil design. 
The second assumption made usually to investigate and design the longitudinal induction 
heaters is to consider that eddy currents in the workpiece are flowing normally to the direction 
of motion only. In this case, the edge effect of the induction coil is completely excluded from 
the analysis. Under the mentioned assumption, the edge effect of the strip is pronounced in 
small region at the strip edges and usually it is neglected. In case of slab, if the edge effect of 
the workpiece is considered in two dimensions, this assumption gives good results for long 
induction systems. In our case, the both edge effects of the induction coil and the workpiece 
result to not homogeneous distribution of temperature over the strip width as it could be 
expected in most of longitudinal flux coils. It means that electromagnetic and thermal 
processes in such kind of heaters are significantly three-dimensional. 
Numerical modelling is only a way to investigate and design modern induction heaters of high 
efficiency. Both two- and three-dimensional numerical simulation approaches have been 
developed and applied for analysis and optimization of longitudinal induction heaters for 
rolling mills. 

2D ELECTROMAGNETIC MODELS 
2D electromagnetic models of longitudinal flux induction heaters for rolling mills have been 
created for investigation of integral parameters of the heating systems like electrical 
efficiency, power factor and electrical impedance of the coil. They allow optimizing the coil 
design to increase electrical efficiency and provide necessary matching conditions. 2D 
statement of the models is realized by excluding the head parts of the coils with the strip 
edges from the analysis. The numerical technique is based on Finite Element Method (FEM). 
The model includes all electromagnetic active components of the heater: the heated strip, the 
induction coil with electromagnetic screen and the transporting rolls (see Figure 1). The strip 
of any thickness is lying on the transporting rolls, so vertical positioning the strip in the 
induction coil is generally not symmetric. Only main parts of the rolls are included in to the 
model. The induction coil is presented by four windings of rectangular shape copper profile. 
To keep a freedom to shift the coil windings, no symmetry opportunity has been applied to 
reduce size of the system. The coil is covered by copper plates to screen the transporting rolls 
from magnetic field of the coil. In the model, the described electromagnetic system is 
surrounded by space box, which is big enough for correct distribution of magnetic flux. 

Figure 1. 2D electromagnetic model of classic longitudinal flux induction system 
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FEM mesh has been created fine enough to provide at least three elements per 
electromagnetic penetration depth in all conductive materials. Small temperature rise in the 
strip inside each inductor allowed using material properties which are not temperature 
dependent. It makes of no need any iterative procedures in the models. Induction coil current 
of required frequency is input to each coil winding according to the current direction. On the 
basis of induced power in the strip, power losses in the coil, screen and transporting rolls, the 
model calculates electrical efficiency of the inductor. Calculated voltage of all coil windings 
is used for analysis of the coil impedance and power factor. 

NUMERICAL INVESTIGATION OF 2D ELECTROMAGNETIC EFFECTS 
   The developed 2D electromagnetic models have been used first of all for parametrical study 
of classical inductors running in the rolling mill line. Electrical efficiency, as the main 
criterion for the investigation, has been calculated for the heated strip of biggest width taking 
into account additional power losses in the head parts of the coil. 
   Figure 2 shows which electrical efficiency can be reached for heated strip with thickness of 
10 mm and 30 mm applying different frequency. For 30 mm strip the highest value of 
electrical efficiency can be provided at all frequencies starting from 2 kHz. However, for the 
strip with thickness of 10 mm the highest value of electrical efficiency can be only reached at 
frequency higher than 25 kHz. Frequency of 6 kHz, used in the existing heating installation, 
provides electrical efficiency up to 77% in case of heating the 30 mm strip, while in case of 
10 mm strip electrical efficiency does not exceed 53%. 

Figure 2. Electrical efficiency vs. frequency 

   Figure 3 demonstrates how electrical efficiency is changed in wide spectrum of the heated 
strip thickness using the existing power supply with frequency of 6 kHz. Electrical efficiency 
is reducing if the strip thickness becomes below 20 mm and it dramatically drops down below 
15 mm of the strip thickness. 

Figure 3. Electrical efficiency vs. strip thickness 
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Next step of investigation should answer the question how electrical efficiency can be 
improved to heat the strip of 10 mm thickness using existing power system with frequency of 
6 kHz. One investigated way to increase electrical efficiency is to reduce operating gap of the 
induction coils. This way can be effective when the coils are relatively short. The simulated 
potential of the coil gap reduction to increase electrical efficiency is shown in Figure 4. 
Electrical efficiency really grows with reduction of the coil gap, but this increase is not big 
enough to solve the problem using this way only. Each 20 mm of the gap reduction give only 
5% additionally to electrical efficiency. 

Figure 4. Electrical efficiency vs. coil gap 

   Another way to increase electrical efficiency of heating the strip with thickness of 10 mm is 
to modify the induction coil design so that the coil windings above the strip are shifted 
compared to the coil windings below the strip. Geometry of such kind of induction system is 
shown in Figure 5. Eddy currents, induced by upper and downer coil windings, do not 
compensate each other compared to classical coils. Figure 6 shows how electrical efficiency 
of the modified coils depends on value of the winding shift. Electrical efficiency grows up to 
64% with the shift value of 150 mm and becomes 70% with the shift value of 250 mm. 
However, shifting the coil windings opens the well screened electromagnetic system and 
magnetic  flux  can  reach  the  transporting  rolls  where  the  strip  does  not  screen  them.  This  
dangerous overheating of rolls grows with increasing the value of the shift. Results of 
numerical tests, presented in Figure 7, show that measurable power losses in the rolls appear 
when the shift value becomes bigger than 100 mm. The losses dramatically grow when the 
shift value becomes bigger than 150 mm. This value of 150 mm seems a boarder for 
reasonable increase of the shift.  

Figure 5. Modified coil with shifted windings 
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Figure 6. Electrical efficiency vs. coil shift

Figure 7. Power losses in transporting rolls vs. coil shift 

   One can conclude, that numerical investigation shows possibility to heat strip of 10 mm 
thickness with high efficiency using existing power system with frequency of 6 kHz, if to 
combine the modified coil design with reduction of the coil gap. Figure 8 shows that the 
modified coil design with shifted windings provides higher electrical efficiency only for the 
strip of thickness smaller than 14 mm. For the strip thicker than 14 mm classical coil design 
gives slightly better results. So, final decision to apply the modified coils with shifted 
windings depends on specified range of the strip thickness. 

Figure 8. Electrical efficiency of the modified coil for 10 mm and 20 mm strip thickness 

   Because of the modified coils should work with existing power system, they must have the 
matching characteristics of the existing coils. Generally, shifting the coil windings increases 
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the coil impedance, while reducing the coil gap makes it lower. Numerical investigation has 
shown that it is possible to reach an optimal combination between these two effects and, in 
this way, keep the coil impedance out of significant change.  

3D ELECTROMAGNETIC MODELS 
   In induction heaters for rolling mills, the outlet temperature profile over the strip width is 
formed by inlet temperature field in the strip, distribution of energy induced in the strip and 
thermal losses from the strip surface. The inlet temperature field in the strip comes from 
previous technological processes and strip transportation conditions before the heater. Usually 
the inlet temperature field is far from homogeneous one. Typically the strip edges are coming 
to the heater with lower temperature than the middle part of the strip. Intensive thermal losses 
from the strip surface are not the same over the strip width because of different radiation 
conditions. Distribution of energy, induced in the strip inside the coils, is only a factor to 
provide necessary level and required temperature profile over the strip at the outlet of the 
heater. 
   The induced energy distribution has been analysed using the developed 3D electromagnetic 
models where all edge effects of the coil and the workpiece as well as end effect of the coil 
are taken into account. Similar to the described 2D models, the 3D models include all 
electromagnetic active components of the heater: the heated strip, the induction coil with 
electromagnetic screen and the transporting rolls. Geometry of transporting rolls has been 
extended by additional local disks according to the rolls design. The disks and the main part 
of the rolls are input to the model made of different materials. Geometry of induction coil and 
screening box is extended by adding their head parts. One symmetry opportunity is used to 
reduce numerical size of the model. The mentioned electromagnetic components are 
surrounded by 3D space box with corresponding boundary conditions for correct simulation 
of magnetic flux distribution. 
   FEM mesh in the created 3D models has been optimized to reach a compromise between 
fine enough elements in most important parts of the system and the model size. The material 
properties are not temperature dependent, so no iteration loops are needed. Induction coil 
current of required frequency is input to each coil winding according to the current direction. 
Electrical efficiency of the inductor, voltage and impedance of all coil windings are calculated 
taking into consideration three-dimensional processes in the head parts of the system. 
Effectiveness of screening was estimated by power, induced in the transporting rolls, and 
additional analysis of hot spots in the screen. 

3D electromagnetic models have been accomplished by simplified 3D thermal analysis 
without calculation of thermal losses from the strip surface. This analysis helps to predict the 
distributed temperature rise in the strip inside each coil zone taking into account local 
temperature equalization in the strip inside this zone. 

NUMERICAL INVESTIGATION OF 3D ELECTROMAGNETIC EFFECTS 
   The developed 3D models have been used to investigate the distribution of energy induced 
in the strip and temperature field in two induction heating systems: with classical and 
modified coils. Geometry of the simulated systems with FEM mesh is shown in Figure 9. The 
screening box is not shown in the figure for better visualisation. 
   Both induction systems have been numerically studied with varied thickness of the heated 
strip at frequency of 6 kHz. Distribution of energy induced in the strip using classical coil has 
been compared with energy distribution using modified induction coil with different shift of 
windings. Distributed power losses in the screen and in the transporting rolls have been 
investigated as well, especially in the parts of rolls which are not covered by the strip. Results 
of electromagnetic analysis have been used for calculation of temperature field in the strip and 
finally the temperature profile over the strip width. 
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Figure 9. Simulated classical (left) and modified (right) induction heating systems 

   Two typical examples of three-dimensional induced energy distribution in the strip of 20 
mm thickness are shown in Figure 10. Numerical results confirm that additionally to non-
homogeneous distribution through the strip thickness which is native for longitudinal flux 
heating, the energy distribution in plane of the strip is also not homogeneous even in case of 
classical longitudinal flux coil (see Figure 10 left). The modified coil with shifted windings 
provides stronger heating in the region of the strip edges (see Figure 10 right) because of 
additional current has to flow directly in the strip edge. 

Figure 10. Distribution of energy inducted in the strip by classical (left) and modified (right) 
induction coils 

Figure 11. Temperature field in the strip heated in classical (left) and modified (right) 
induction coils 
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Corresponding temperature rise distributions in the strip in one zone of classical and 
modified induction coils, calculated using simplified 3D thermal analysis, are shown in Figure 
11. At the investigated frequency, the classical longitudinal flux coil (see Figure 11 left) gives 
slightly increased temperature near the strip edges especially at the strip edge corners. The 
modified coil provides more strong and pure edge heating in comparison to the middle part of 
the strip (see Figure 11 right). Investigation has shown that this effect can be controlled by 
value of the winding shift in phase of coil design. Thus it can be effectively used for 
compensation of higher radiation losses from the strip edges. 
   The thermal analysis allowed building very important temperature rise profile over the strip 
width in the zone of each induction coil. Some examples of such profiles for the strip 
thickness of 10 mm and 20 mm in case of classical and modified coils are shown in Figure 12 
and Figure 13. For classical coil, the edge effect is changed qualitatively while the heated strip 
differs in thickness. The edges are overheated more pronouncedly for the thicker strip. The 
modified coil provides qualitatively similar edge effect for strip of different thickness. This 
effect is much stronger compared to the classical one.  

Figure 12. Temperature raise profiles over the strip width for the existing coil with 10 mm 
and 20 mm strip thickness 

Figure 13. Temperature raise profiles over the strip width for the modified coil with 10 mm 
and 20 mm strip thickness 

   The investigated induction coils of classical and modified design have been successfully 
tested in industrial conditions at POSCO.  
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CONCLUSIONS
   Both two- and three-dimensional numerical simulation approaches have been developed and 
applied for investigation optimization of longitudinal induction heaters for rolling mills. The 
numerical models have been successfully used for investigation of modified coils allowing 
high efficient heating of thinner strip using relatively low operating frequency. Beside high 
electrical efficiency, the modified coils improve the temperature distribution over the strip 
width by increased heating of the strip edges. The optimized and modifies induction coils 
have been successfully tested in industrial line. 
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   ABSTRACT. In this paper we present the main results of the treatment of refractory oxide 
materials (Al2O3, ZrO2, MgO) in an air plasma jet RF plasmatron 1000 kW/0.44 MHz. RF 
plasmatron - 1000 kW/0.44 MHz has a large capacity (400 to 500 kW on discharge and 300- 
360 kW in the jet), a large amount of plasma torch and the opportunity to work in an 
environment of molecular and inert gases at atmospheric pressure. 

   INTRODUCTION. Radio-frequency plasmatron (RF plasmatron) - 1000 kW/0.44 MHz 
used to process refractory oxide materials (Al2O3, ZrO2, MgO), that dictated by market 
demand of these materials, as well as a number of unique characteristics and properties of RF 
plasmatron. 
   In terms of best use and efficiency of industrial production most suitable RF plasmatron-
1000 kW/0.44 MHz, which has a large capacity (400 to 500 kW on discharge and 300 kW in 
the jet), a large amount of flare plasma and the opportunity to work in an environment of inert 
and molecular gas at atmospheric pressure, 
including, in the air, the cheapest gas industry. When using RF plasmatron–
1000 kW/0.44 MHz for the processing of particles to solve complex problems in the 
dynamics of a particle in the heating plasma jet and its interaction with plasma, 
to determine the optimal modes of thermal heating of a large number of particles in the 
plasma and maximum load, depending on the power of the plasma jet 
and specific particulate materials. 

The paper identifies the main technological parameters of the process of 
obtaining MgO, ZrSiO4: thermal efficiency is equal to the MgO (68.6 83)%, ZrSiO4 –
 (67 74)%, Al2O3 – (75 86)%  of heating, temperature and velocity of particles in the 
plasma (particle velocity in the reactor vsz= 30 m/s; melting temperature of the particles 
TMgO= 3100 K, TZrO2= 2800K, TAl2O3= 2317 K), the movement and heating of the plasma 
torch (speed in the center of the plasma torch vz = 113 m/s, maximum temperature 
9246K) loaded particle flux with regard to their interaction (the effect cool down) weight limit 
processing of particles in given parameters of the plasma set (for the MgO – 240 kg/h fraction 
of 100 m, for ZrSiO4 – 520 kg/h, 100 m fraction, for ZrO2 – 350 kg /h, 100 m fraction). 
   To simulate the processing of particles in the plume RF plasmatron 1000 kW/0.44 MHz to 
solve complex problems to determine the dynamics of heating of particles in the plasma jet 
and its interaction with the plasma. From the viewpoint of practical use to determine the 
installation and optimal modes of thermal heating of a large number of particles in the plasma 
and the limit load, depending on the power of the plasma jet of particles and specific 
materials. The paper presents the main technological parameters of the process of obtaining 
MgO, Al2O3 and ZrSiO4: thermal efficiency is equal to the MgO (68.6 83)%, ZrSiO4 - 
(67 74)%, Al2O3 - (75 86)%; degree heat, temperature and speed the plasma particles (the 
particle velocity in the reactor vsz = 30m/s, the melting temperature of the particles TMgO = 
3100 K, TZrO2 = 2800K, Al2O3 = 2317 K), the movement and heating of the plasma jet 
(velocity at the center of the plasma torch vz = 113 m/s; maximum temperature of 9250 K), 
the loaded stream of particles, taking into account their interaction (cool down effect), 
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limiting treatment weight of the particles at the given parameters of the plasma set (for the 
MgO - 240 kg/h, 100 m fraction; for ZrSiO4 - 520 kg/h, 100 m fraction; for ZrO2 - 350 
kg/h, 100 m fraction; for Al2O3 - 340 kg/h, 100 m fraction). 
   The elucidation of the physical picture of heating and motion of particles in the plasma, and 
determination of process parameters such as thermal efficiency, the degree of heating, 
temperature and velocity of particles in the plasma motion and heating of the plasma torch, a 
stream of particles loaded with their interactions, optimal heating and optimal treatment of the 
material and plant operation; weight limit treatment options for a given particle plasma 
system can be based on a study of heat transfer and movement of solid particles. It should be 
noted that many important results can be obtained in a model assessing the role of individual 
factors with significantly simplified conditions, especially when it comes to processes that are 
limited only by melting and heating of the substance, and is not intended to obtain a product 
of a given composition and dispersion in complex physical and 
chemical transformation of raw materials. Plasma torches are widely distributed (fig.1) with a 
counter-feeding powder processed from the top down [1]. But due to clogging of the torch 
processed material in the industry use torches to feed from the bottom up (fig. 2) [2]. 

Fig. 1. RF-setting 60 kW/1.76 MHz 
processing MgO particles in the jet with 
distributed particles from the top down.  

Fig. 2. The experimental setup of the plasma 
torch RF- 1000 kW/0.44 MHz.  

The plasma torch is designed for penetration and spheroidizing fine powder 
materials and the synthesis of the gas components. Processing of particles in the plasma jet 
improves the material: the particles spheroidizing and cleaned of contaminants, improved 
insulating properties of periclase increased surface area. The results of treatment of periclase 
powder (MgO)  fractions (50 150) m are shown in Fig. 4.  
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Fig. 3. Periclase powder (MgO) 50 150 m
fractions prior to treatment in air plasma - 
RF 1000 kW/0.44 MHz. 

Fig. 4. Periclase powder (MgO) 50 150 m
fractions after treatment in air plasma - RF 
1000 kW/0.44 MHz. 

MODEL TO CALCULATE THE MOVEMENT OF HEATING FOR A SINGLE 
PARTICLE.
In the case of heating gradient boundary equations of motion and heating of the particles form 
a system of nonlinear ordinary differential equations that describe the heating of a single 
particle in the plasma flow (1), the particle motion in the z-axis and r (2-3), as well as 
distance, which was particle before the meltdown in the z-axis and r (4 - 5) [3-8]: 
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   Model of the plasma torch, loaded stream of particles. We present a model that allows to 
calculate not only the rate of acceleration and heating of dispersed particles in the plasma, but 
also take into account the inverse effect of particles on the parameters. The model allows to 
describe the interaction of the flow of solid particles from the plasma and from a 
technological point of view allows you to accurately determine the important parameters of 
the processing of particles - the ultimate weight and material usage efficiency of the process 
and the installation [4]. In the model of the plasma torch, loaded stream of particles composed 
of the following equation: the equation of motion and heating of particles of the plasma 
energy balance equation taking into account the loss of power to heat the particles. We 
believe that all the particles at a given point of coordinates and at the same time have a certain 
average temperature and velocity, and the particles do not interact with each other [5].Thus, 
we can apply the equations of motion and heating of a single particle to determine the 
parameters (temperature and velocity) of particle flow. Also note that the proposed model is 
valid only for the scale of the plasma flow is much larger cultivated species [7]. 
   The equation of heating the particles. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

277 |||||||



snssp
s

s
zspss GTTT

ddz
dTv 46

(6)

   where the particle density and heat capacity, respectively; Tp - temperature of the plasma at 
the outer boundary of the particle; Ts - temperature of the particle; (Ts) the emissivity of the 
particles;  is the Stefan-Boltzmann constant. 
   The equations of motion of particles.  

0
dz
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The energy balance equation taking into account the plasma torch power loss 
to heat a large number of particles.  
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   where Urad - the specific power of plasma radiation; Gsn - coefficient is defined as the 
volume ratio between the material being treated and the plasma, or volume occupied by the 
particles per unit volume of plasma and particles. The relationship between Gsn and  Gs (the 
weight limit load) is defined as follows:  
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   This is a dimensionless coefficient. The corresponding dimension values as follows: G s -
 kg/h, s - kg/m3, D - m, vs0 - m/s.  
   Heating of particles in the plasma flow is mainly determined by the active heat transfer and 
assessed by the criterion of Nusseldta [9-10]. Since the difference in temperature between the 
plasma and the surface of the particles in the plasma flow is often substantial, and the 
conditions of heat transfer depend on the parameters of the boundary layer on the surface of 
the particle 
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   where  p , p  - the density and viscosity of plasma; ps , p - the thermal conductivity of 
the plasma taken at the surface temperature particle and at the plasma temperature. Reynolds 
as the ratio of the intensity of convective and viscous flow is defined as [12]: 
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   where p , s  - the plasma velocity and particle; sd  - particle diameter. Prandtl number as 
the ratio of the intensity of the viscous and conductive flow is defined as [12]: 
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   Cd drag coefficient is [12]: 
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The heat transfer coefficient  characterizes the heat exchange between the 
plasma and particle. It is defined by the criterion Nusseldta [10]: 
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   Efficient processing zone of the particles in the reactor RF plasmatron. We can distinguish 
an effective treatment area of the particles with a mean temperature, which is responsible for 
melting the particles in the plume VCHI-torch and the reactor [11].Calculations of heating a 
large number of particles in an effective area significantly simplified to a one-dimensional 
model. To determine the average temperature of the effective cross-sectional area to find the 
power allocated to this section and in the enthalpy to determine the 
average temperature of the jet:  

effR

zjet rdrTHvP
0

)(2 (15)

   where Reff - channel radius of the plasma torch having a temperature above the melting 
temperature of the material particles; H (T) - enthalpy of the plasma.  
   Next is the plasma gas flow rate, taking into account the effective radius:  

effR
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0
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   where G – the specific consumption of plasma gas. The average enthalpy of the plasma in 
the cross section:  

jetP
H

G
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Fig. 5. The temperature distribution of the plasma torch in a reactor RF-1000 kW/0.44 MHz 
and trajectory of particles of various fractions prior to penetration 

   On the resulting value of the average enthalpy, according to the ratio value of the enthalpy 
with temperature is the average temperature in the reactor. Thermal efficiency processing the 
material in the plasma jet is defined as:  
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   - heating capacity of the particle flux. 
   RESULTS AND DISCUSSION. 

To calculate the heating and processing of materials in air plasma RF-1000 
kW/0.44 MHz  used the properties of the material particles from [13-15]. 
   From Fig. 5 shows that the particles are large-diameter fly longer distances and longer time 
to melt. The data can be used to determine the degree of heating and melting the particles in 
the air plasma RF-1000 kW/0.44 MHz. 

Fig. 6.Heat flux of heating particles MgO for 
different factions.  

Fig. 7.Heat  flux of heating particles Al2O3 for 
different factions.  

Fig. 8. The maximum loading on the particle 
size ZrSiO4, MgO, Al2O3.

Fig. 9. Efficiency particle size for ZrSiO4,
MgO, Al2O3.
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Fig. 10. Changing the temperature of the 
plasma load (80 240) kg/h MgO. 

Fig. 11.Changing the temperature of the 
plasma load (200 360) kg/h Al2O3.

   The jump in heat flux in Fig. 6, 7 indicates that the particle initially receives a lot of heat 
because of the large temperature difference - the difference between the temperature of the 
particles and the temperature of air plasma RF-1000 kW/0.44 MHz, then by reducing the 
temperature drop of plasma and particle surface heat flux is increasing more slowly. 
   The maximum loading on the particle size ZrSiO4, MgO, Al2O3 presented on fig . 8. From 
fig. 9 the dependence of particle loading on the size fraction shows that the highest thermal 
efficiency has aluminum oxide. Thermal efficiency presented by the oxide powder is stable in 
the range (67 86)%, indicating that the efficiency of data processing materials. 

From Fig. 10 and Fig. 11 shows that with increasing loading of the particles in the air 
plasma temperature decreases plasma. The maximum load corresponds to the maximum 
temperature of the plasma, which allows the penetration of particles of the material. 
   CONCLUSION 
   Using the obtained estimates can be concluded that the limit load MgO oxide powder is 245 
kg/h for a fraction of 50 m. Thermal efficiency MgO powder processing is at the limit 
(67.8 82.64)% for the particle fraction of 350 and 50 m respectively. Maximum upload 
ZrSiO4 oxide powder is 530 kg/h for a fraction of 50 300 m. Thermal efficiency MgO 
powder processing is at the limit (67.03 74.4)% for the particle fraction of 500 and 50 m
respectively. Given the fact that in zircon ZrSiO4 contains a percentage of 66% zirconium 
oxide ZrO2, then the maximum output will be 350 kg/h. Using the obtained estimates can be 
concluded that the limit load Al2O3 oxide powder is 340 kg/h for a fraction of 50 m. Thermal 
efficiency processing of Al2O3 powder is in the limit (74 86)% fraction of particles 350 and 
50 m respectively. 
   A universal model for the calculation treatment of refractory oxide powders. The efficiency 
of using air plasma RF-1000 kW/0.44 MHz for treatment of refractory oxide powders. Found 
outside the installation options: thermal efficiency Use the maximum load. Internal 
parameters: the distribution of velocity and temperature in the reactor RF-1000 kW/0.44 
MHz. A model of interaction between the particles of oxide materials with air plasma, shows 
the influence of a large number of particles in the plasma temperature. All of the above 
demonstrates the effectiveness and prospects for treatment of refractory oxide materials of the 
particles in the air plasma RF-1000 kW/0.44 MHz. 
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CALCULATING HOW PULSED ELECTROMAGNETIC FIELDS INTERACT WITH 
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   Implementation of pulsed electromagnetic fields (EMF) is one of the most promising 
directions for evolution in technologies of electromagnetic materials treatment at the moment. 
With their aid one can get power density released in the volume of the material, essentially 
inaccessible by other means, and simultaneously reduce energy consumption during the 
treatment process. The development of this trend is largely hampered by the lack of sufficient 
mathematical techniques, accurately describing how pulsed EMF interacts with substance. 
We introduce a method which allows applying the well-developed mathematical techniques 
of calculation how harmonic EMF interacts with substance in case of studying how pulsed 
fields behave with conductive materials. 
   The offered method is based on the Fourier transform and relies on representing a pulsed 
EMF as a superposition of harmonic fields. The well-known behavior of each harmonic 
component spreading in the substance volume allows determining how its amplitude and 
phase transform at any distance from the surface. The shape transform of the EMF pulse at 
different distances from the surface in the conductor is determined by calculating the offcut of 
the Fourier series. 
   The method, which is described above, enabled us to determine: 

the effective penetration depth of the EMF pulse into a conductive material. By 
analogy with  the traditional idea of penetration depth, this parameter allows to determine the 
resistance of a  conductor to the pulsed current; 

time-dependent impedance of the conductive substance to the EMF impulse. This 
allowed us to  determine the design parameters of pulsed heating of conductive materials; 

EMF pulse shape at a given distance up into the material from the irradiated surface, 
which  allows accurate calculation of the electromagnetic shielding properties of substance 
respecting to pulsed fields. 
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   The work of many elements of the heat engineering equipment is accompanied by large heat 
fluxes. High temperatures and temperature gradients develop in surface layers and material 
volume in accordance with heat flux parameters (form, distribution, time of influence) and 
thermophysical properties of the material. As a consequence, significant thermomechanical 
stresses arise. They can change essentially the general stressed state of the element and affect 
its serviceability. 
   Generally, stating the problem of heating effect it is necessary to take into account the 
following: gas-dynamics processes, processes of melting and evaporation, processes of 
thermomechanical destruction and plastic deformation in view of structural condition and 
varied physicochemical characteristics of the material. To a first approximation, however, it is 
possible to restrict our attention to the research of a stressed-deformed condition for 
structural-stable zones. Our researches deal with the moving spot of an electric arc affecting 
the working surface of a plasmatron copper electrode (long hollow cylinder). To determine 
thermal fields one, two, three-dimensional tasks of thermal conductivity have been solved. 
Melting and evaporation of material surface is taken into account. The thermophysical and 
mechanical properties of the electrode material depend on temperature. 
   Because of local character of heating, while the arc spot influences the electrode surface, in 
the very beginning of the process the intensive volumetric expansion of metal takes place in 
the zone of arc effect. The intensity and size of expansion are determined by heating velocity 
and temperature.   The cold layers surrounding the area of heating hinder volume increasing. 
Therefore compressing stresses develop in the zone of temperature influence, and the more 
the temperature of metal heating is, the higher the value of the stresses. The compressing 
stress growth takes place until the heated metal is not plastic, and temporarily arising stresses 
are not relieved partially or completely. To determine the temporal thermostresses caused by 
pulsing source action, a quasi-static problem of thermoelasticity was used. However, yield 
stress of pure copper is very small at high temperature, and the elastic-plastic electrode 
condition has been studied too with the deformation theory of thermoplasticity. The problem 
was solved by the method of “elastic” decisions in the assumption of small deformations with 
the von Mises yield condition and with application of operators of additional stresses.  
   The character of stresses behaviour changes together with electrode heating. These 
calculations have shown that the impulse impact of the electrical arc spot results is a sign-
alternating distribution of the thermal stresses just inside the cylinder. The results have 
demonstrated that in a copper electrode the tensile stresses could exceed the ultimate tensile 
somewhere in the middle of thickness, whereas compressing stresses – near the hot internal 
surface of the cylindrical electrode. The values of stresses can exceed the copper yield stress, 
too. Thus plastic zone forms, which can rise at, further repeatedly-variable influence of the arc 
spot and cause irreversible changes in material structure. But variable compressive stresses 
can result in surface hardening. On peripheral sections of the zone of spot thermal influence, 
the tensile stresses, causing formation of microcracks, prevail. The occurrence of set cracks 
causes changes in temperature distribution (increasing temperature of the surface, evaporation 
of the surface, and mechanical effects of increase of erosion).  
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DETERMINATION OF ELECTRON DENSITY IN ARGON RF PLASMA FROM 
SPECTRUM CONTINUUM IN ULTRA-VIOLET SPECTRUM REGION WITH A 

“SOLAR-BLIND” PHOTORECEPTOR 
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nguyenquocshi@yahoo.com

National Research University MPEI, 
Krasnokazarmennya St. 14, Moscow 111250, Russia 

   ABSTRACT. A spectrum response of a photoreceptor to the RF plasmatron radiation is 
determined in the present work by means of a spectrophotometer utilizing a gas-filled 
photoreceptor. A continuous radiation spectrum was observed in the wavelength interval of 
190 – 260 nm. Electron concentration of argon RF plasma was also determined for 
atmospheric pressure using the relative intensity method in the conditions of strong 
oversaturation by external sources in the visible wavelength interval. 
   INTRODUCTION. A method for argon RF plasma diagnostics in ultraviolet (UV) range is 
suggested and has been utilized in which a solar-blind gas-filled photoreceptor is used for 
radiation registration, the threshold of which is located in the UV spectrum area; due to that it 
does not register radiation in the visible spectrum area, Sun’s radiation being the most 
important component to be excluded. Earth’s surface is reached by the solar radiation with 
wavelengths >290 nm. Radiation with <290 nm is absorbed by the upper layers of the 
atmosphere. Therefore, when a solar-blind photoreceptor is utilized, there is no need to screen 
it from the external radiation, i.e. measurements in UV range can be performed without taking 
intense daylight radiation into account. 
   Operating like a Geiger’s counter, the gas-filled photoreceptor allows to measure absolute 
radiation measurements while taking into account the spectral sensitivity of the photoreceptor 
and the values of quantum output for the given wavelength. 

Electron concentration was determined using the local thermodynamic equilibrium 
approach. 
   EXPERIMENTAL TECHNIQUE. 
   Spectrophotometer. In order to register plasma radiation a single-channel spectrophotometer 
was assembled using a universal compact monochromator (UCM), a gas-discharge 
photoreceptor, its power and output signal shaping circuit and PC interface board. The general 
functional diagram is given in fig.1. 

Fig. 1. Functional diagram of the 
spectrophotometer. 
1 – radiation source, 
2 – monochromator’s entrance slit; 
3 – photoreceptor with a 300V voltage 
converter, 
4 – compact universal monochromator, 
5 – low voltage power supply, 
6 – electronic curcuit for signal shaping,
7 – personal computer. 
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   RF plasma radiation 1 passes the input slit 2 of the monochromator 4 where the diffraction 
grid with variable spacing and curvilinear grating is installed. That allows to substantially 
compensate spectral line image defocusing and aberration. The number of lines per millimeter 
at the centre of the grid is 1200. 
   Registration of the selected spectral interval is performed with a gas-filled photoreceptor 3, 
which has spectrum sensitivity range of 180 – 270 nm. 

A considerable advantage of using this monochromator is the possibility to register 
spectrums of first three orders, it allows not only to solve standard spectrophotometric 
problems, but also to actually measure radiation coherence time. 
   Solar-blind gas-filled photoreceptor has the form of a coaxial system (fig. 2), in which an 
anode made of thin tungsten wire 4 is placed on the axis of the cylindrical photocathode 3
made of copper. 

The electrodes are placed into a sealed cylindrical glass container 1 with a uviol glass 
window on its end. The tube is filled with noble gas (neon with an admixture of argon). When 
the photocathode is exposed to UV radiation, its surface emits electrons which are accelerated 
by the electric field in the gap between the photocathode and anode and cause atom ionization 
of the noble gas, what, in turn, causes arc ignition which is then extinguished by reducing the 
voltage on the photoreceptor, in order not to allow it become a stand-alone arc. 

Fig. 2. Schematics of the gas-filled 
photoreceptor. 
1 – chamber of the photoreceptor, 
2 – uviol glass window, 
3 – cylindric copper layer, 
4 – anode, 
5 – cylindric chamber’s glass wall.

   Such operation mode limits time resolution of the photoreceptor to 0,05 s, but at the same 
time considerably increases its sensitivity. The main point of this is as follows. The 
photoreceptor’s response to the radiation is not the output current, but the number of 
discharges within a given time period, i.e. the photoreceptor acts as a Geiger’s counter with 
discharge initialization by electrons from the photocathode’s surface. Thus the gas-filled 
photoreceptor can be used in photon count mode when the average time interval between the 
two successive photoelectrons is larger than the time resolution of the photoreceptor. The 
photoreceptor’s threshold is near 270 nm and is determined by the photoelectric work 
function of copper, and is 190 nm from the direction of short waves what is caused by the 
transmission cutoff of the uviol glass. 
   The signal from the photoreceptor’s anode was sent to the input of the signal shaping circuit 
and then was recorded on the PC’s hard drive. The length of recording is only limited by the 
capacity of the disk and count speed. 

Absolute spectral intensity of the radiation that passed the entrance slit of the 
spectrophotometer was determined from the eq. (1) by the number of impulses per second for 
the given wavelength while taking into account the quantum output of the photoreceptor  
(fig. 3) and the geometrical characteristics of the system: 

exp_
NI

V
(1)

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

286 |||||||



where exp_I  - the experimental value of the spectral intensity of radiation; N - the measured 

number of impulses per second;  - the photoreceptor’s quantum output rate; - the energy 
of a quant at the wavelength ;  - the wavelength interval defined by linear dispersion of 
the monochromator and slit width;  and V  - the spatial angle and plasma volume from 
which the radiation is measured;  - the monochromator’s transmission coefficient for the 
given wavelength. 
   The formation of a continuous spectrum in plasma is explained by two mechanisms: braking 
and recombination radiation [1]. For the UV wavelengths at the electron temperature of about 
10000 K (0.9 eV) in argon plasma the contribution of the braking radiation is negligible 
because, according to Maxwellian distribution law, the number of electrons having enough 
energy for braking recombination is very small. Therefore recombination radiation prevails 
for the first and second excitation energy level on the UV spectrum region (and the 
corresponding quant energy region).  

Fig. 3. Quantum response of the gas-
filled photoreceptor with copper cathode. 

   Spectral intensity of the plasma’s recombination radiation is determined by [1]: 

2 2 *

exp exp 1e
R

Z nI C
kT kTT

(2)

where _RI  - the spectral intensity of the plasma’s recombination radiation; 381.08 10C ,
3 1/2erg cm K ; Z - the degree of ionization; en  - the concentration of electrons, equal to the 

concentration of ions in  ( e in n ); *
gE  - the binding energy of the lowest excited state 

(for argon plasma at the atmospheric pressure 4.3 eVgE ); eT T  - the plasma temperature. 
   Thus, assuming that exp_ RI I , it is possible to find electron concentration in plasma 
from eq. (1) and (2): 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

287 |||||||



exp_

*
2

4

exp exp 1
e

T I
n

C Z
kT kT

(3) 

   EXPERIMENTAL RESULTS. Fig. 4 shows spectral dependencies for photoreceptor 
response to the argon RF plasma radiation in three diffraction orders (i.e. numbers of impulses 
per second for given radiation wavelength). The dependency of quantum response  on 
wavelength  (fig. 3) is taken into account. As it can be seen, in the first diffraction order and 
in the wavelength interval of 190 – 260 nm radiation spectrum has the form of continuum 
with slowly changing intensity. In order to find electron concentration with formula (3), 
wavelength  = 230 nm was chosen with corresponding number of impulses per second  
N =12.2, as given by line 1 in fig. 4. This wavelength has the corresponding frequency 
interval  = 7,1 1012 s-1 wavelength found while taking into account linear dispersion and 
entrance slit width of the monochromator. The distance from the radiation source to the 
entrance slit of the monochromator is r = 280 mm and the width of the slit b = 50 µm give the 
spartial angle  = 6.4 10-6 sr and plasma volume V = 0.15 cm3 from which the radiation is 
registered when there is no lens between the plasma and the entrance slit. The average value 
of electron concentration over the plasma volume in its middle cross-section was found to be  
ne = (1.1±0.2) 1016 cm-3 with the temperature of electrons Te = 9960 K using the local 
thermodynamic equilibrium approach. Electron temperature of the plasma was determined 
using the relative intensity method [3]. 

Fig. 4. Spectral dependencies of 
the photoreceptor’s response 
(counts per second) to the 
radiation of the argon RF plasma 
for three diffraction orders: 
upper line – first order, 
middle line – second order, 
lower line – third order. 

   CONCLUSION. The obtained results allow us to conclude that using a gas-filled 
photoreceptor as a UV radiation receptor on the monochromator’s exit is possible and 
promising. The developed and validated technique to find plasma radiation intensity in UV 
wavelength range by the measured number of photoreceptor arc discharges can be used to 
determine spectral response range of UV radiation receptors. Electron concentration value in 
RF plasma of ne = (1.1±0.2) 1016 cm-3 agrees with the results found in the work [2] obtained 
using “hydrogen thermometer” method for argon RF plasma with the temperature of Te = 
10000 K (ne = 1.5 1016 cm-3).
   The data obtained in this work allows determination of photorecombination cross-sections 
of argon ions. In the future, we plan to use a solar-blind electon-optical convertor in 
conjunction with narrow-band filters to obtain data on the distribution of the radiation 
intensity over plasma volume. 
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LIST OF NOTATIONS 
Te — electron temperature in plasma, K;
ne — electron concentration in plasma, cm-3;
ni — ion concentration in plasma, cm-3;

 — cyclic frequency, -1;
exp_I — measured spectral intensity of radiation, W/sr cm3  s-1;
 — monochromator’s transmission coefficient for the given wavelength 

N — measured count of impulses per second;  
 — quantum output rate of the gas-filled photoreceptor;  

_RI  — spectral intensity of the plasma’s recombination radiation, W/sr cm3 s-1;
 — spatial angle, from which radiation is measured, sr; 

V — plasma volume, from which radiation is measured, cm3;
 — photon energy, eV; 
* — binding energy of the lowest excited state, eV; 

UV — ultraviolet wavelength range of the radiation; 
RF — radio frequency (plasma torches). 
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ABSTRACT  
   Wide spread used in industry induction through-heaters of various metal products must be 
of high effectiveness not only in “quasi” steady-state operation but in different transient 
modes as well. Nowadays they are usually designed to provide the required characteristics in 
“quasi” steady-state operation mode mainly. Nevertheless, in industrial practice the heaters 
can operate under various disturbances more than a half of time. So the transient processes 
play significant role in effectiveness and quality of the heating. Investigation of dynamic 
characteristics of the heaters in dynamic modes can be only done by numerical modelling 
based on special algorithms providing a time loop additionally to coupling between 
electromagnetic and thermal analysis. Such numerical models have been developed and used 
for investigation of dynamic modes for heating line of strip, thin slab or slab for rolling mills. 
The received results can be used for design of induction through-heaters and improvement of 
their characteristics in dynamic operation modes. 
INTRODUCTION

Induction through-heaters of various metal products are wide spread used in industry 
because of their ability to be directly built into technological lines. Because of this, the 
through-heaters must be of high effectiveness not only in “quasi” steady-state operation but in 
different transient modes as well. Induction through-heaters are usually designed to provide 
the required characteristics in “quasi” steady-state operation mode mainly. Nevertheless, in 
industrial practice, regime of the heater can be under changing more than a half of total 
operation time. Transient processes, caused by controlled change of technological conditions 
and uncontrolled disturbances in the line operation, play significant role in effectiveness and 
quality of the heating. 
   Investigation of dynamic characteristics of the heaters in dynamic modes can be only done 
by numerical modelling. To simulate different kinds of transient modes in induction heating 
systems, a special group of numerical models is required to be developed. The models must 
simulate the heating process distributed not only in space but in time as well. That is why the 
transient models of induction through-heating should be based on special algorithms 
providing a time loop additionally to coupling between electromagnetic and thermal analysis. 
An important feature of such algorithms is also a necessity to simulate the heating process in a 
line consisting of several inductors installed one after another. 
   Such numerical models have been developed and used for investigation of dynamic modes 
for two types of induction installations: through-heaters of heating line of strip or thin slab 
and slab for rolling mills. 
THROUGH-HEATERS OF STRIP OR THIN SLAB FOR ROLLING MILLS 
   Strip or thin slab casting lines with rolling mills are nowadays under active development 
[1]. After casting they are cooled down very fast because of high thermal losses. So, 
additional reheating of strip or thin slab is needed before final rolling. Compared to thick slab 
casting lines, it is extremely non-effective and in most cases even impossible to use gas fired 
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Figure 1. Typical structure of induction heating line for rolling mills with ten inductors

Figure 2. Algorithm for numerical 
simulation of dynamic modes in multi-
coil induction heating lines 

furnaces in strip or thin slab casting lines. Only induction installations can realize the needed 
fast heating of the strip with good energy efficiency. However, induction heating lines need 
not only an optimal design oriented to “quasi” steady-state mode but also effective control in 
dynamic modes.  

   Induction heating lines for rolling mills are of extremely high power. Typically they consist 
of numerous inductors located between transporting rolls one after another like it is shown in 
Figure 1. Even small improvements in design or operating modes of such big lines provide 

significant technical and economical effects. 
Induction heating lines for rolling mills can be 
based on either longitudinal or transverse flux 
induction systems [2]. They are very close in 
behaviour in “quasi” steady-state operation 
mode, but their dynamic characteristics can be 
rather different. Only numerical simulation of 
electromagnetic and thermal processes in 
induction heating lines can help to solve the 
problems in their dynamic behaviour. 
   Numerical models for simulation of induction 
through-heating process in dynamic operation 
modes have significant features compared to 
traditional models for “quasi” steady-state 
mode. Of course, they have to include coupled 
electromagnetic and thermal analysis taking 
into account the workpiece movement. 
Additionally, very often these models should 
consider the system geometry changed in time. 
Such task, especially for 3D simulation, 
required development of very stable simulation 
algorithm shown in Figure 2. As usually in 
numerical simulation, continuously running 
physical heating process is replaced by big 
enough amount of time steps. At each time step 
the system geometry is assumed of no change. 

The first part of the algorithm includes 
creating all electromagnetic and thermal 
environments needed in the second part of the 
algorithm. The created environments are saved 
in form of database and have all records 
necessary for solution like system geometry, 
numerical mesh and boundary conditions. The 
electromagnetic environments are only opened 
for actual temperature distribution for 
correction of material properties and for 
excitations in form of induction coil current or 
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Figure 3. 3D model of longitudinal flux 
induction system 

Figure 4. 3D radiation losses from the 
strip surface 

Figure 5. Temperature field at the 
beginning of the strip in case of 
longitudinal flux heating 

voltage as well as frequency. The thermal environments read initial temperature distribution 
from the previous time step and distribution of power density coming from the 
electromagnetic analysis. 

The second part of the algorithm starts from a set of electromagnetic and thermal 
calculations at each time step of the heating process in the first inductor. Then this procedure 
is repeated for the heating process in the next induction coil. All results of electromagnetic 
and thermal calculations are saved at the end of each time step. 

The developed algorithm is realized in commercial program package ANSYS based on 
Finite Element Method. Electromagnetic analysis is carried out in harmonic statement with 
temperature dependent material properties. Structure of the algorithm allows simulating 
longitudinal as well as transverse flux induction systems or their combination. The thermal 
system includes the heated strip and refractory of the inductor with radiation exchange 
between their surfaces. The thermal system can be extended if necessary. Numerical mesh is 
optimized to reach a compromise between good calculation accuracy and acceptable runtime 
of the model. 
LONGITUDINAL FLUX THROUGH-HEATERS OF STRIP OR THIN SLAB 

   Induction installations for heating of strip or 
thin slab are wide spread in industry because of 
their numerous advantages against gas fired 
furnaces. Mainly they are based on longitudinal 
flux concept which provides robust and stable 
generation of energy in the strip with uniform 
distribution over the strip width. 
Electromagnetic edge effect in the strip can be 
significant in case of thick slab or short coils. 

As an example, one induction heating line 
consisted of ten longitudinal flux coils running 
with frequency of 20 kHz has been numerically 
investigated in their dynamic operation modes. 
Steel strip with width of 1200 mm and 
thickness of 10 mm is reheated before final 
rolling starting from uniform temperature of 
900°C. Beginning of the strip goes through all 
running induction coils like it is shown in 
Figure 3. Each coil has fore windings. It is 
covered by electromagnetic screen made of 
copper plates. The coil is accomplished by 
refractory for better thermal insulation (see 
Figure 4). Thermal losses by radiation from the 
surface of the strip and refractory are calculated 
according to 3D view angles. Convective losses 
are included into the model as well in spite of 
their small impact to the heat exchange process. 

The processes at the beginning of the strip 
with length of one induction coil heating zone 
have been simulated in the example presented. 
Qualitative temperature field at the beginning 
of the strip is shown in Figure 5. As it was 
expected, temperature profile over the strip 
width is mostly homogeneous except the strip 
edges which are colder on around 100 K 
because of bigger thermal losses. At the 
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Figure 6. Temperature profiles over the strip width and length after each longitudinal flux 
coil

Figure 7. 3D model of transverse flux 
induction system 

Figure 8. Temperature field at the 
beginning of the strip in case of 
transverse flux heating 

beginning of the strip one can see a zone of 20 mm with around 70 K higher temperature 
while an opposite effect could be expected because of higher thermal losses from the strip 
beginning (see Figure 6). It shows that even longitudinal flux heating concept gives 3D 
effects in temperature field at least in the beginning of the strip. 
TRANSVERSE FLUX THROUGH-HEATERS OF STRIP OR THIN SLAB  

   Induction heating of strip or thin slab can be 
also done using transverse flux concept, which 
provides several advantages against 
longitudinal one especially for thinner 
products. First of all, high electrical efficiency 
can be reached with much lower frequency. Big 
potential to control temperature profile over the 
strip width is the second advantage of the 
transverse flux concept. This advantage is of 
high importance for induction heaters for 
rolling mills where even inlet temperature 
profile is very far from homogeneous one. 

One example of numerical investigation of 
dynamic modes for the heating line described 
above is presented in case of transverse flux 
inductors (see Figure 7). The heaters operate 
with frequency of 1 kHz. Qualitative 
temperature field at the beginning of the strip is 
presented in Figure 8. Temperature profile over 
the strip width with overheated edges is typical 
for transverse flux approach without special 
optimization of the coil heads (see Figure 9 
left). It is one of very powerful methods to 
control temperature profile over the strip width. 

Behaviour of temperature field at the 
beginning of the strip is completely different 
from the longitudinal flux heating. One can see 
a zone of around 50 mm where temperature 
grows dramatically (see Figure 9 right). This 

effect is much stronger than in case of longitudinal flux heating. At the same time the corners 
at the beginning of the strip are not heated at all and, therefore, temperature drop in there can 
be very big. 
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Figure 9. Temperature profiles over the strip width and length after each transverse flux 
coil

Figure 10. Algorithm with variable frequency for numerical simulation of dynamic modes 
in single-coil induction heater 

DYNAMIC CHARACTERISTICS OF THE SLAB HEATER 
   Like in the case of the heating of the strip and thin slab, the slab of normal thickness can be 
heated by using either longitudinal or transverse flux concepts too. The investigated geometry 
of the heating line is the same like in case of induction heating for the strip and thin slab. Only 
the distance between the inductors was increased.  

In practice, strip or slab incoming to the induction coil changes the inductance of the 
induction system. This changing leads to flow of resonant frequency because of reaction from 
power supply. Figure 10 presents an algorithm of the numerical model which takes into 
account the effect of variable frequency. Block 1 of the algorithm is completely the same to 

the presented in the Figure 2. In the second block the inductance is calculated after each 
electromagnetic/thermal step and resonant frequency of the induction system is corrected for 
the next electromagnetic analysis. Value of inductance is calculated according to the Ohm’s 
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Figure 11. Variations of frequency in longitudinal (left) and transverse (right) flux 
induction systems for heating of slab

Figure 12. Dynamics of power in longitudinal (left) and transverse (right) flux induction 
systems for heating of slab

law in the complex form and it is used for correction of resonance frequency with constant 
value of the capacity. This value of capacity is assumed from induction system when the 
workpiece is fully located in the coil.  
   Simulated variations of frequency in case of longitudinal and transverse flux heating of slab 
with the thickness of 100 mm and various widths are presented in the Figure 11. The left 
graph shows the frequency dynamics in longitudinal flux induction system while the right one 

is devoted to transverse flux concept. It is visible that longitudinal flux system has less 
deviation of frequency.  In both cases this deviation increases with growing the slab width. 
Because of opposite current directions in transverse flux inductors shown in the Figure 7, a 
small “step”-effect appears in the frequency behaviour.  
   Dynamics of power in longitudinal (left) and transverse (right) flux induction systems for 
slab heating is presented in the Figure 12. Three types of power control have been simulated. 
The first type of control provided constant current in the induction coil. The second type 

stabilized the induction coil voltage. Finally, the third type of control stabilized the induction 
coil voltage together with correction of operating frequency. All simulations have been 
carried out to keep the same power of full inductor. 

CONCLUSIONS
   Dynamic operation modes play significant role in forming main characteristics of induction 
through-heaters. Dynamic behaviour of the heaters have been investigated by numerical 
modelling. Several approaches have been developed and applied for simulation of different 
dynamic regimes of induction through-heaters. Numerical models and results of investigated 
for the first start of through-heaters for rolling mills have been presented. Significant 
difference of dynamic behaviour between longitudinal and transverse flux induction heaters 
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has been detected. The received results can be used for design of induction through-heaters 
and improvement of their characteristics in dynamic operation modes. 

REFERENCES
1. http://www.steel-n.com/esales/general/us/catalog/minimill/ 
2. Zlobina, M.; Nikanorov, A.; Blinov, Yu.: Different concepts for in-line steel strip induction 

heating. Proceedings of the International Symposium on Heating by Electromagnetic 
Sources. Padua, September 12-14, 2001, ISBN 88-86281-64-1, pp. 539-540. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

296 |||||||



NATURAL CONNECTION BETWEEN PARAMETERS OF RADIATION OF 
ELECTRIC ARCS AND FLAMES OF ARC-STEEL-MAKING FURNACES 

A.N.Makarov , V.V.Rybakova, E.V.Kruglov

Tver State Technical University, Athanasius Nikitin's Quay, Tver, 170026, Russia 

Electric arc represents itself ionized gas space, consisted of isothermal coaxial layers, 
located between electrodes - K-cathode and A-anode (Fig.1). Such pattern of electric arc is 
typical for all the considered arcs, glowing in gases, vacuum, metallic vapors [1-4]. 
   Electric power, released in the arc regions, determines heat exchange with the environment 
surfaces. In arcs of arc steel-melting furnaces (ASFs) and ASFs of direct current only 4-11 % 
power is released in the near-electrode regions and 89-96 % power is released in an arc 
column that radiates the intra-furnace space. In plasma-arc-steel-making furnaces (PASFs) 
with a ceramic crucible, the conversion of electric into heat energy occurs in a gas –pressed 
arc column. According to [4-6], electric energy is mainly converted into radiation energy, 
whose fraction is 80-90 % in the total arc energy balance, for PASF arcs with a length of 0,5-
2,0 m, a current of 6-10 kA.  
   In heat exchange calculations of electric arc furnaces, electric arc is simulated with radiating 
isothermal coaxial cylinder gas ionized layers. (Fig. 1,a). The author of [ 7 ] hypothesized of 
radiation simulating all the isothermal coaxial cylinder gas ionized layers with radiation of 
one element cylinder gas ionized space (Fig. 1,b), whose radiation density is determined by 
eq. 

,22r
coscos9,0

d/aq (1) 

where  - angle between N1 normal to the axis of OO1 cylinder in the A point and direction 
of radiation;  -angle between N2 normal to the dF01 element platform in the M point and 
direction of radiation; r-distance between A and M points. 
   At fig .1,b dF0- square of lateral area of cylinder; d  - plane angle, within which cylinder 
radiates on dF01 platform ; d -solid angle at which dF01 platform from A point is indicated. 

Equation for calculating the density of radiation flow from buried shielded arc on 
calculating platform has the form: 

,
a

22 lr
oplcoscos9,0

d/aq
a

(2) 

   where lop - open slag and metal -unshielded region of arc, radiating on calculating platform. 

Subsequently geometrical, physical, analytical model of electric arc was developed as a 
source of thermal radiation in electro –arc, plasma arc furnaces along with the methodology of 
calculations of heat transfer on its basis[8,9]. The hypothesis was confirmed with the 
discovery of regularities ,accompanying conversion of electric energy to thermal energy in the 
electric arc and energy of fuel to thermal energy in flame[9]. 
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Fig, 1.Elecric arc isotherms, glowing between carbons in the air with current of 200 A (a) and 
arc modelling with element cylinder ionized gas space (b). 

   Flaring gas fuel in ASFs and ASFs of direct current 90-99% of power, generated in the 
flame, radiates by it in all the directions, including particles heated [10,11]. Radiative heat 
exchange is the main type of heat transfer in furnaces, combustion chambers of gas-turbine 
plants. In most cases working space of furnaces is exemplified in the form of rectangular 
parallelepiped and the torch is modeled with isothermal gas, and in the classical zone method 
of calculation of radiative heat exchange, torch is modeled by a set of rectangular 
parallelepipeds, filled the free space of the furnace with various temperatures and radiation 
characteristics. 
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   Using zone method, the net flow to i-zone of system from n-calculating zones, divided by 
gas environment with Tg temperature is defined by the following equation [11], based on the 
law of Stefan-Boltzmann:  

n

1k ik

4
k

4

k

4
i

4

P 100100100100
T

iscq (3) 

   where i, i, k, k - the degrees of blackness and temperatures of i- and k-zones 
accordingly; ik- permitting slope radiation coefficient of i-zone on k–zone. 
   Many facts, proving the imperfection of existing methods, its fallacy have accumulated in 
the last two decades . Flame capacity and, hence heating output of articles can be rised by fuel 
rate increasing or fuel utilising with higher heat combustion that is seen form eq: 

aVfaQQf , (4) 
   where f – flame capacity; ,Q combustion heat and fuel rate; Qfa, Va sensible heat and 

air rate. 
   Paradoxical cases are observed when using this method. 
   It follows from (3), that flame power may be increased by the expense of air heating.That is 
for example, when air is heated up to 600 0 , flame power increases by 17 %, flame 
temperature rises from 1300 0  to 2000 0 , that is 1,5 times [17]. That is for example, when 
air is heated from 20 0  up to 600 0 , flame power increases by 17 %, flame temperature rises 
from 1300 0  to 2000 0 , that is 1,5 times [17]. According to eq. (3) net radiation flow density 
in calculation zone from flame must increases 5 times, flame intensity must increases 5 times 
either, that contradicts the law of conservation of energy. 

Real conditions of furnace exploitation provided, when air is heated, flame power is 
increased, flame intensity arises by 12-15 % that is directly proportional to flame power 
increase, but not to temperature at 4 th degree [12]. 

Photographs of 2- flame, which is made by single nozzle burner, show that flame is 
exemplified geometric body, similar to rotation body in the form of truncated cone with 
vertex at burner shearing. When time lag is decreased at flame photographing, geometric body 
is seen distinctly in the form of spheroid, which is inside of truncated cone [Fig 2, a]. 2 -
Flame length equals spheroid length, inside which is burnt over 97% of fuel. Calculating heat 
transfer while flame is being modeled, the author offered to inscribe isothermal coaxial 
cylinder gas nonionized spaces, consisted of a set of radiating and absorpting isothermal 
coaxial cylinder gas non ionized layers into spheroid[9] . At fig 2, b calculating model of 
flame, consisted of 5 isothermal coaxial cylinder gas non ionized spaces is represented . Each 
space consists of a set of isothermal coaxial cylinder gas non ionized layers. 
   Flame and electric arc, glowing in metallic vapors at atmospheric pressure, are identical 
according to processes of power convection :in flame fuel power is convected to radiative 
thermal flow, in electric arc energy is convected to radiant thermal flow. Radiation of element 
cylinder spaces of small sized- cylinders is investigated, experimental and analytical results of 
investigation are based to developed method of heat transfer calculations in electroarc and 
plasma- arc steel-making furnaces (7-9).However, the difference between cylinder gas ionized 
spaces from 30 mm height up to 2 m and from 15 mm diameter up to 300 mm. which electric 
arcs and plasma column are modeled by and cylinder non ionized gas spaces from 300 mm 
height up to 80 mm and from 150 mm diameter up to 10 m , with which flame is modelled is 
significant. Let us investigate radiation of big cylinder gas spaces.  
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Fig 2 . Fuel oil flame pattern and volume isotherms distribution structure (a) and geometrical 
model of gas flame in the form of cylinder gas spaces in heating furnace (b). 1- burner 2- 
flame 3 -combustion products 4-isothermal coaxial cylinder gas non-ionized spaces. 

   Assume, that during fuel combustion isothermal cylinder gas body of 10 m height, 4,9 m 
diameter, 180,9 m3 volume is formed. 700 MWt  h power is generated, which uniformly 
distributed on all the space of cylinder. Divide isothermal cylinder radiating and absorpting 
gas space by three cylinder bodies of equal volume. (Fig. 1, D). Radius of the third cylinder is 

 1,39, the second  1,96, the first  2,4 m, volume of each cylinder is  60,3 m3.
Perpendicular to the center of surface element transits of 900 to axis of symmetry cylinder gas 
space through its upper foundation. The shortest distance. l  from axis of coaxing cylinder gas 
spaces to surface element amounted to 5,2 m. 

dF

1
2
3

l

Fig 3 To calculate radiations from coaxial cylinder gas spaces 
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Element geometric configuration factors of 1 – 3 coaxial cylinder gas spaces on dF are 
determined by the following way [10]: 

0003815,0
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   where 321 ,, dFFdFFdFF – geometric configurarion factors of surface element on 
cylinder spaces accordingly 1  3; FdF – square of dF surface element; F1  F3 –lateral 
surface platforms of 1  3 cylinder spaces. 

As follows from calculation results, element geometric configurarion factors of coaxial 
cylinder spaces of equal height are equal. It is the first regularity of coaxial cylinder spaces.
Simulating radiation of hundred and thousand coaxial cylinder gas layers, composing the 
space of the first cylinder space, analog result to be obtained :element geometric configuration 
factors of coaxial cylinder spaces are equal. 
   The first regularity of isothermal coaxial cylinder radiating gas layers allows to determine 
geometric configuration factor of any cylinder gas space by one time integrating on height of 
cylinder gas space of small diameter. 
   Calculate radiation flux on dF platform of coaxial cylinder gas spaces, in which radiation 
power  1 =  2 =  3 = 700/3 = 233,3 MW is generated.Take medium parameters: particle 
concentration is 0,06 g/m3,diameter dr = 0,3 mcm,flux 2 · 103 kg/m3, medium rejection ratio k
= 1,5 / (dr ) = 0,15.Calculation results of radiation fluxes of coaxial cylinder gas spaces on 
dF platform: 
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 (8)  

   where l1 = l2 = l3 – average paths length of 1 – 3 cylinders. 

   Average path length were determined as arithmetic mean distance from surface elements, 
which cylinder radiating layer consisted of to dF calculating platform[10] Average path length 
of any isothermal coaxial cylinder layer equals arithmetic mean distance from summitry axis 
of coaxial cylinder layer to dF calculating platform. 

Calculation results according to (8) give evidence of two more properties of coaxial 
radiating and absorpting cylinder gas spaces. The second regularity: average path length from 
coaxial cylinder gas spaces to calculating platform equals arithmetic mean distance from 
calculating platform to summitry axis of cylinders. The third regularity: radiation flux 
incident from coaxial cylinder gas spaces on calculating platform are equal. 

Total radiation flux incident from three coaxial cylinder gas spaces on dF platform is 
determined according to the superposition principle:

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

301 |||||||



3

1
2kW/m330

i dFiFFdF qq  (9) 

   Assume, that radiating power of 700 MW is generated in one of cylinder gas spaces, in the 
third, for instant. Let find radiation flux of the third cylinder gas space on dF platform:

.kW/m330
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107000003815,0 28,715,0
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3 F
q

dF

dFF
dFF  (10)  

   The fourth regularity of coaxing radiating and absorbing cylinder gas spaces, which follows 
from calculation results, according to formulas (9) and (10) and the above mentioned three 
properties: total radiation flux incident on calculating platform from several radiating and 
absorbing cylinder gas spaces equals radiation flux of coaxing cylinder gas space of small 
diameter on calculating platform at radiation power, generated in cylinder gas space of small 
diameter, equaled total radiation power, generated in all the coaxing cylinder gas spaces 
radiating on calculating platform. It is very important regularity of coaxing radiating and 
absorpting cylinder gas spaces, which it allows to pass three-, four times integrals [13] over 
one time integration at calculating of local geometric configuration factors of cylinder gas 
spaces on surface elements. 

The fifth radiation regularity of coaxial cylinder gas spaces is synthesized from 
abovementioned four regularities and is noted as follows: flame modelling with coaxial 
cylinder gas spaces and radiative heat transfer, calculating results joined in volume radiation 
and absorption of all the layers of flame [14]. 

Regularities discovered, accompany as fuel energy convection to thermal, as electric to 
thermal in arcs of steel-making furnaces. Arc consists of coaxial cylinder gas ionized layers 
and all the regularities obtained are true for radiation of these layers. Discovered regularities 
confirmed the correctness of hypothesis concerning modeling of radiation of electric arcs in 
furnaces with cylinder radiation sources. 
   All the five regularities are united in one: at equality of height, spaces. powers of isothermal 
coaxial cylinder gas layers , formed the flame or electric arc , its geometric configuration 
factors, average path length, density of incident flows on every voluntary located, filled gas 
with constant factor of easing platform are equal . 

Discovery of regularities, accompanying fuel energy convection to thermal , radiant in 
flame and electric energy to radiant in electrofurnace arc was established in 2001 [9] and 
following decade was spent for testing, experimental confirmation , development analytical 
model of flame, method of heat transfer calculating in torch furnaces, burners, combustion 
chambers, then in 2010 claim was given and soon after in 2011 a discovery diploma was 
received. [14] 

Discovery creates new possibilities of heat transfer analysis in torch and electro arc 
furnaces. On the basis of discovery many scientific and technical problems may be solved, 
more advanced torch and electroarc metallurgical furnaces, higheffective ways of metal 
heating and burning may be created. 
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INFLUENCE OF AN ELECTRIC ARCH ON LIQUID METAL 
IN ARC FURNACES 

Mironov J.M., Mihadarov D.G. 

Chuvash State University named after I.N.Ulyanov, Cheboksary, Russia 

   The essential increase in capacities and working currents of arc steel-smelting furnaces re-
sults in more and more appreciable influence of electrodynamics processes on technology of 
fusion in furnaces. Interaction of arches with currents in secondary lines leads to occurrence 
of electrodynamics influence on a surface of the liquid metal, causing occurrence 
("meniscus"). In the given work materials of comparative mathematical research of laws of 
occurrence of "meniscus" in liquid metal for various types of furnaces (one-and three-
electrode furnaces of a direct current and three-phase arc furnaces of an alternating current) 
without taking into account and taking into account a deviation of an arch from vertical posi-
tion are resulted. (Fig. 1,2).  

Fig. 1. Meniscus profiles on a direct current without a deviation of an arch (1) and taking into 
account (2) 

Fig. 2. Profiles of a meniscus for instant values of a current in the three-phase three-electrode 
furnace during the various moments of time 

   It is shown, that a major factor influencing for the sizes of "meniscus" is force of a current. 
The most intensive influence on a surface of a bath of liquid metal is observed in one-
electrode furnaces of a direct current, in three-phase arc furnaces of an alternating current (fig. 
3). The obtained data well enough prove to be true data of the experimental researches result-
ed in the literature.  
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Fig. 3. Dependences of depth of a meniscus on a current 
1-settlement for DSP; 2 – settlement for DSPPT; a dotted line experimental data on DSP 

   Changing an arrangement of electrodes in three-electrode furnaces of a direct current, there 
is a possibility at the expense of the directed deviation of an arch to regulate position and 
depth of a meniscus. 
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INNOVATIONS IN INDUCTION INSTALLATIONS  
FOR FLUID HEATING AND ELECTROPHYSICAL TREATMENT  

K.V.Khatsevskiy(1), V.S.Cherednichenko(2)

(1)Omsk State Technical University, 
(2)JSC Sibelectrotherm 

51, Petukhova str., Novosibirsk, 630088, Russia 

  Newly developed induction installations for heating fluid with concurrent electromagnetic treatment 
provide for heating water with guaranteed substantial decrease of incrustation rate on heated surfaces. 
This could be obtained by reducing specific surface heating power without limiting installed power 
due to increasing the area of heated surfaces. In the developed induction systems, this could be done 
by using multi-ring secondary circuits of drum shells installed coaxially to the inductor. The realized 
technology provided for decreasing 6 to 10 times the specific surface heating power as compared to 
that of old-type heaters (electrode ones or those based on tubular electric heating elements) and, con-
sequently, for decreasing 10 to 15 times the incrustation rate with concurrent electrophysical descal-
ing the heated water [1, 2]. 
  It is established while carrying out the work that the augmentation of thermochemical reactions is 
not so much determined in treated fluid by absolute values of the electrodynamic forces and magnetic 
field strength existing in the system as by these forces vorticity. Local combined action of force 
electrodynamic field and electromagnetic field intensity affecting the area of fat liquid solutions 
while heating water, increases significantly the rate of insoluble salt formation providing thus for wa-
ter hardness decrease.  
  To create industrial installations of such type, a science-based method was developed for calculation 
of coaxial drum shells electric heating on the basis of solving Helmholtz equations for each system 
layer [1]. On the basis of this solution, a stage circuit has been created for heating system replace-
ment at the expense of each layer formalization with the help of T-shaped local passive network 
equivalent circuit. Further investigation showed that drum shell replacement by variously shaped 
rings enabled significant increase of electromagnetic field intensity gradients and intensification of 
thermochemical processes in fluids.  A construction diagram of the installation with ring  short-
circuited cylinders and an equivalent magnetic circuit are presented in fig.1. 

a b

Fig.1  Construction diagram of the induction system (a) and its magnetic equivalent circuit (b)  
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   Short-circuited rings coupled by the common magnetic flow are formalized as series-parallel resis-
tors comprising a layer system for fluid heating and electromagnetic treatment. To increase the pro-
cess efficiency, it is recommended to assume the ring thickness as commensurable with the depth of 
current penetration into the ring material. It is shown that even four coaxial ring layers are installed 
heat generation and magnetic field intensity are observed in the outer layer, these phenomena are de-
fined by parameters proportional to no less than 10% of the power input. A previously revealed prop-
erty of such induction systems is confirmed [3], i.e. the maximal energy release  is observed in the 
ring layer with the maximal / e ring thickness/penetration depth ratio. If an induction system con-
sists, for example, of four equally thick elements (inner and outer cylinders and two ring layers) 
made of steel – copper, the maximal energy (up to 80%)  will be released in the copper rings because 

eCu < Fe. This property of the electromagnetic system concerned provides for generating a gradient 
intensive magnetic field within the working space for moving fluid electrophysical treatment. 
   Solution of electrothermal problem for heating ring at the expense of internal heat sources with 
asymmetrical heat exchange on each ring interior and exterior showed that the most perspective 
scheme is as follows:  the inner and outer cylinders, providing for the fluid vessel tightness, are made 
of high-resistivity material while the spacing rings are made of low-resistivity material. The revealed 
effect of  energy redistribution in the induction system concerned provides for creating efficient in-
dustrial installations having coefficient of efficiency   95 – 98%, cos  0.99. 
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ELEMENTS OF MATHEMATICAL MODEL OF THE CONSUMABLE 
ELECTRODE BURNING –OFF DURING ELECTROSLAG MELTING 

K. Vdovin, G. Doubsky, L. Egorova 

Magnitogorsk State Technical University of G.I.Nosova 
Lenin's prospectus 38, Magnitogorsk, 455000, Russia 

   To determine the optimal velocity of feeding a worked-out roller as the consumptionable 
electrode into melted slag bath in electric slag remelting it is necessary to exactly calculate the 
velocity of melting front movement for the electrode. The most efficient method for that is 
Bio variational principle [1] based on Lagrangian Formalism [2].  
   Let’s suppose that a thermodynamic system, consisting of semi-space filled with solid body 
(electrode billet), which has constant thermal conductivity -  and heat absorption – c, melts 
under effect of a given heat flow JQ . Besides, the flow of melt metal – Jm, goes without delay 
through the slag bath into crystallizer, and the heat flow comes straight to the melting front 
which form is considered flat (Fig. 1). 
   Non-fixed temperature distribution in the electrode body in direction from melt front – q1(t)
is approximated by the expression: 

,
)t(q

)t(qx1)x(
2

1
m

 (1)

which contains two indefinite parameters – depth of melting q1(t) and depth of heat flow 
penetration into solid unmelted metal with the given heat flow  JQ .

   Change of a common coordinate q(t) and its velocity )(tq  will be calculated upon given 

approximation (x) and Bio variational principle, and q1(t) )(1 tq – from supplementary 
equation for energy balance on the melting front, which is not included into Bio equation. 

Fig. 1. Thermodynamic system “electrode – melt” Symbols: 1 - consumptible electrode; 2 – 
melting zone of consumptible electrode in the considered moment of time; q1(t) - common 
coordinate determining depth of melting; q(t) – common coordinate determining temperature 
front depth of penetration into the billet body from the melt zone boundary; m – temperature 
in surface boundary melt-electrode;  x – current coordinate; JQ – heat flow coming to surface 
boundary of melt; Jm – flow of evacuating mass of melt metal 

   Let’s introduce the following thermodynamic parameters after Bio principle: 
1. Thermal potential: 
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1

1

dxc
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2. Thermal shifting: 
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q

1

1

dxcH   . (3) 

3. Thermal dispersion potential: 

,dxHc
2
1 qq

q

1

1

(4) 

in which  
t

HH  – partial time derivative from thermal shifting.  

4. Generalized thermal strength on the melting border:   

)t(qx
m

1
)t(q

HF . (5) 

   After Bio principle, these thermodynamic parameters correspond to the following equation: 

F
qq

U . (6) 

The following is a calculation of thermal potential, thermal dispersion potential and 
generalized thermal strength from (2), (4) and (5), using approximation Q(x) after (1): 
1. Thermal potential: 

qc
6
1U m . (7) 

2. Thermal shifting: 
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3. Thermal dispersion potential: 
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11
2

2
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in which mQcM .
4. Generalized thermal strength on the melting border:   

3
mc

3
1F . (11)

   Using (7), (10), (11) and substituting into (6), gives the following equation: 

a
3
1q)q1,0q56,0( 1

, (12)

in which 
c

a – temperature conductivity of consumptionable electrode, corresponding 

common coordinate q(t) (Fig. 1). To solve equation (12) for the depth of melting  q1(t), it is 
necessary to elaborate an additional equation, which follows from energy balance on the melt 
front surface. This equation is as follows: 

const)t(qc
4
1)t(qcQJ m1mQ , (13)

in which JQ –  heat flow on the melt surface; Q – specific energy of phase transition. 
   Thus, using Bio variation principle, approximating equation for (x) and energy balance 
terms on the melt front surface, the following closed set of equations can be derived: 

const)t(qc
4
1)t(qcQJ

a
3
1q))t(q1,0)t(q56,0(

m1mQ

1
(14)

This set of equations (14) allows to calculate both common coordinate q(t) determining 
temperature front depth penetration into the body of electrode, and its velocity of penetration 

)(tq , also common coordinate q1(t)  for depth of melting per time unit, and velocity )t(q1  for 
its progress. 

   To find q(t) and )(1 tq , exclude )(tq  out of the second equation of the set (14): 

2

11

25,0
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)(
K
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   From (15) follows: 
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in which  – the time of establishing of stationary melting process with given JQ (otherwise, 
the time of the process relaxation).    
   Substituting (15) and (16) into the first equation of the set (14), an equation for q1(t) can be 
derived: 

a
K

tqKJ
tq

K
tqKJ QQ

3
1

25,0
)(

)(1,0
25,0

)(
56,0

2

11
1

2

11 . (17)

   After some transformations, equation (17) can be read as: 

CtqBtqA )()( 1

2

1 , (18)

in which 
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   The resulting equation (18) is a quadratic one relatively )(1 tq and has the following solution: 

A
B

A
C

A
Btq

24
)( 2

22,1

1  .    (19) 

   Striking off the value of  )t(q1 with negative sign as non-sensible, we get only the positve-
signed value: 

A
B

A
C

A
Btq

24
)( 2

22,1

1  .    (20) 

   Consideration of (20) shows, that the velocity of melting front movement is a function of 
the coming heat flow – JQ, and temperature conductivity  – a of consumptionable electrode, i. 
e.:

aJftq Q ,)(1 .  (21) 

   To calculate optimal velocity )t(q1  in dependence of heat flow JQ ,  it’s  necessary to find 

derivative of )t(q1  on JQ and equal it to zero: 

0)(1

QdJ
tqd . (22)

   Upon finding dJQ , substitute it in (21), after that optimal value of )()(1 tq can be found. 
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SUMMARY 
1. A mathematical model, based on Bio variation principle, is presented for calculation 
of the velocity of melting front movement in consumptionable electrode. 
2. A solution of the equation set, following the Bio principle, shows that the velocity of 
melting front movement is the function of coming heat flow and temperature conductivity of 
consumptionable electrode material. 
3. Algorithm for determination of optimal melting velocity with given heat flow 0

QJ  and 
temperature conductivity a.
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NUMERICAL INVESTIGATION OF METHODS TO CONTROL TEMPERATURE 
FIELD IN INDUCTION SYSTEMS FOR HEATING BY ROTATION

. Muratov(1), S. Galunin(1), Yu. Blinov(1), A. Orlov(1), B. Nacke(2)

(1)Department of Electrotechnology and Converter Engineering, 
St. Petersburg Electrotechnical University, 
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ABSTRACT 
Nowadays mainly longitudinal induction heating is widely utilized at aluminium extrusions 

plants to preheat aluminium billets before extrusion. The efficiency of the conventional induction 
heaters does not exceed 50 – 60 % because of 40 – 50 % of total power is transformed into heat 
in the copper windings and removed by the cooling water. To improve the process efficiency an 
innovative induction technique has been proposed. The approach is based on generating a 
magnetic field by DC in coils. Rotating of the billet in the DC magnetic field leads to the eddy 
current induction and heat generation in the billet. The induction system consists of two coils and 
a billet placed between them so that the magnetic field is oriented perpendicular to the billet axis. 
The power loss in the system includes the losses in the electric motor to rotate the billet and 
thermal losses from the billet surface. This approach should increase the electrical efficiency of 
the aluminium billet heater up to nearly 90 %. The optimal heating process needs an accurate 
design of coils or permanent magnets. Mathematical modelling is a suitable tool for optimal 
design of the heaters. Calculation results by means of 3D codes have shown that the temperature 
field in the billet is strongly inhomogeneous over the billet length. For considered induction 
system electromagnetic end effect results in overheating of the billet ends. Several concepts to 
control the temperature field at the induction heating of aluminium billets by rotation in 
superconductive magnets have been investigated by 3D numerical code. 

INTRODUCTION 
At present time various hot forming techniques for nonferrous metals are used in industry. 

Extrusion of profiles is one of the widespread hot forming methods. The worldwide market of 
extrusion products is actually around of 6 million ton per year. The European extrusion market is 
the major market especially for aluminium products with of around 2.8 million ton per year. 
Around 480 presses for extrusion of aluminium profiles are actually installed in Europe. 

Heating increases the plasticity of the metal, and thus facilitates its pressing conditions. 
Aluminium and copper are fairly well to treatment, particularly in elongation of wires and rolled 
into thin sheets form. In addition aluminium has several unique qualities and properties, valuable 
in industry: it is strong enough, lightweight, has good resistance to corrosion and more. 
   Aluminium billets are heated from ambient temperature up to 450 - 500 ºC prior to extrusion. 
Gas fired furnaces and induction heaters are mostly used for aluminium billet preheating before 
extrusion. Final choice which type of furnace has to be used depends on many factors. 
   All metal heating techniques are characterized by high demands of energy. At the same time, 
there have to provide: 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

314 |||||||



the required level of final temperature with slight deviation; 
uniformity of the temperature distribution in the billet; 
low investment costs; 
low operating costs (high efficiency, service and possible repairs, low defect rate in the 
adjustment); 
high performance; 
willingness to start fast; 
no damage to the environment. 

Nowadays mainly longitudinal induction heating is widely utilized at aluminium extrusions 
plants to preheat aluminium billets before extrusion. The efficiency of the conventional induction 
heaters does not exceed 50 – 60 % because of 40 – 50 % of total power is transformed into heat 
in the copper windings and removed by the cooling water. The power losses in the coil windings 
is greater than all other losses of the induction heating system therefore reduction of losses in coil 
turns is the main way to improve the total efficiency of the aluminium billet heaters. 
   Heating of metal billets by induction is usually produced at frequency of 50 Hz or higher. The 
induction heating system should be designed so that the required temperature distribution in the 
billet is provided. Optimal temperature profile in the entire billet depends on requirements of the 
overall extrusion process. Temperature distribution along the billet length should be uniform or 
tapered to provide a high quality of the extruded product and high speed of the process. 
   Power of induction heating system is usually from 200 to 1000 kW. Main advantage of using 
the frequency of 50 Hz is to reduce capital investment and energy consumption because of no 
frequency converter can be installed theoretically. Low operating frequency can reduce the 
heating time as well. These advantages are realized in large power plants, especially when the 
highly conductive materials such as aluminium alloys are heated. Review of the literature shows 
that the energy efficiency of the heating process of aluminium billets before extrusion can be 
significantly improved using a technology of heating in DC field by rotating (see Figure 1). For 
improving the energy efficiency of such process, an innovative induction technique has been 
recently proposed, which makes use of DC superconductive windings, able to produce high 
intensity magnetic field in large volumes. Necessary for induction heating time change of 
magnetic flux penetrating the billet causes by the rotation of the billet relative to the field 

excitation. The rotation in a constant 
magnetic field causes the flow of induced 
currents, which produce the field 
preventing the rotation. Almost all the 
energy is converted into heat in the 
workpiece, and thus the mechanical 
energy of the asynchronous motor is 
transformed into heat. Theoretically this 
approach can increase the electrical 
efficiency of the aluminium billet heater 
up to 90 %. [1]. 

Thermal stresses and deformations, 
which may be beyond the elastic limit 
appear in the heat treated product. 
Residual stresses can be added to the 
running thermal stresses and their amount 
can exceed the ultimate strength, which 
leads to crack formation and destruction 

Fig. 1. The technology of billet heating in DC 
field by rotating 
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of the products. In addition, the tensile residual stress reduces the wear resistance and resistance 
to cyclic loads. 
   In this regard, the actual problems are: to study the processes occurred in the heating systems 
for aluminium billets by rotation in high intensive DC magnetic field, the spatial temperature 
field control, application of modern commercial packages to simulate electromagnetic and 
thermal processes during the heating as well as search efforts to optimize the design of the 
heaters. 

Currently, several installations for heating of aluminium billets by rotating in DC field are 
known in the world. Nevertheless, they do not provide or provide partially the possibility of 
spatial control for the temperature field. It underlines that the presented work is of high actuality. 
   Methods for spatial control of temperature field in the heated billets can be divided into two 
groups: active and passive. Active tools are associated with the systems generating magnetic 
field. Extraneous bodies around the billet can be applied for temperature field control as the 
passive tools. They can be in form of non-magnetic or/and ferromagnetic materials of various 
shapes and located in various positions. 

The optimal heating process needs an accurate design of coils or permanent magnets. 
Mathematical modelling is a most suitable tool for optimal design of the heaters. In general 
strategy of the induction heating installation design consists of several steps, which are common 
for all engineering problems. The mathematical simulation involves transcribing an engineering 
description of the problem into well-defined mathematical statement, development of the model 
using numerical technique, for instance, finite-element method, which provides an approximate 
solution. 
   Nevertheless both electromagnetic and thermal analysis of the induction system for billet heating 
by rotation in DC magnetic field requires building the full three-dimensional numerical model 
taking into account the rotation speed and all temperature dependent properties of the materials. A 
universal commercial package ANSYS offers good opportunities to conduct both electromagnetic 
and thermal analysis of the induction heating taking into account rotation of the billet. 
   Investigation of methods to control the temperature field in the heated billet has been split into 
two stages. At the first stage, a possibility to create homogeneous magnetic field, in which rotates 
the heated billet, was investigated by tools of numerical modelling. At the second stage, influence 
of passive tools, brought in magnetic field, on temperature 
distribution in the heated billet was analyzed. 
   To investigate the influence of passive control tools on the 
distribution of temperature in the heated billet, it was decided 
to carry out simulations for the case when aluminium billet 
rotating with constant angular velocity  in a uniform 
magnetic field (see Figure 2). In practice, this field distribution 
is quite difficult or not economically feasible to obtain, but it is 
done to eliminate the influence of researched tools on 
temperature distribution in the billet when the field is of 
practical measure. In this case it is possible to investigate fully 
and thoroughly the possibility of passive control tools to form 
the temperature field in the heated billet. 
   The uniform magnetic field can be created in several ways. In the paper two interchangeable 
methods are used. In the first way long flat conductors with current (inductor) are used to create a 
field (see Figure 3a). The second way uses permanent magnets (see Figure 3b). One can see in 
the figures that the magnetic field is uniform in the region of heating billet in both cases. 

Fig. 2. Rotating billet in 
homogeneous magnetic field 
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a b
Fig. 3. Magnetic field lines created by inductor (a) and permanent magnets (b) 

without rotation of the billet 

a b
Fig. 4. Magnetic field lines created by inductor (a) and permanent magnets (b) with 

rotation of the billet 

When the billet is rotated with a constant angular velocity, the field is distorted, as shown 
in Figures 4 a for the inductor and 4 b for the permanent magnets. Distributions of power density 
in the billet cross-section in case of inductor and permanent magnets are shown in Figures 5 and 
6 respectively. 

Fig. 5. 2D Joule heat distribution in case 
when magnetic field is created by 

inductor 

Fig. 6. 2D Joule heat distribution in 
case when magnetic field is created by 

permanent magnets 
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To provide a homogeneous magnetic field in the region of the billet, the dependence of the 
power generated in the billet on the width of the inductor has been investigated for various 
geometries of the induction system. Particularly, results for two distances between the current 
conductors are presented in Figure 7. Relative power induced in the billet grows with the 
conductor width going to saturation. This power is bigger for smaller gap between the 
conductors. 

Fig. 7. The dependence of the power generated 
in the billet width various inductor width and 
two distances between the current conductors 

Fig. 8. 3D Geometry of the induction 
system for the creating of the uniform 

magnetic field 

As mentioned above the aim of the induction heater design is to provide the required 
temperature distribution. Coil-billet geometry has a significant influence on the temperature 
distribution due to a distortion of the electromagnetic field in the ends of the billet. The 
temperature field in the billet is also formed by temperature equalization by thermal conduction 
and thermal losses from the billet surface. 
   Calculation results by means of 3D codes have shown that the temperature field in the billet is 
strongly inhomogeneous over the billet length. For considered induction system electromagnetic 
end effect results in overheating of the billet ends. Design of a DC coils is very complicated to be 
adapted to the required heating process therefore independent measures from coil design have 
been considered in order to provide the required temperature profile in the billet.  
   To create a uniform magnetic field in 3D, a system 
shown in Figure 8 has been used for simulation. Full 
3D Joule heat distribution in the billet is presented in 
Figure 9. The distribution has absolutely different 
nature in comparison to classical induction heating. 
One can see that the temperature field of rotational 
symmetry in the billet will be finally created only by 
the billet rotation. In this case end effects in the billet 
become of very high importance. 

Primary, the end effects have been basically 
investigated by the induced power integrated in the 
billet cross-sections like it is shown in Figure 10. 
Using the described approach, the power distributions 
along the billet length have been built for various 
length of the billet (150, 300, 600 and 1200 mm). The 
diagram of the power distribution for various billet 
length is presented in Figure 11. Short billets 

Fig. 9. An example of 3D Joule heat 
distribution in the billet 
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demonstrate much stronger end effect 
with significant overheating of the billet 
ends. Increasing the billet length 
stabilized the end effect intensity with 
some overheating of the ends and small 
reduction of power in the region before 
the ends of the billet. 

The billet end effect depends on the 
angular velocity as well. Relative 
integrated power distributions along the 

biller length are shown in Figure 12. Increasing the velocity makes the end effect more 
pronounced with more homogeneous distribution in the regular part of the billet.  
   Investigation of the billet end effect in uniform magnetic field gives full understanding of the 
process conditions necessary for future development of active and passive tool for temperature 
control. 

Fig. 11. The diagram of the power 
distribution for various billet length 

Fig. 12. The diagram of the power 
distribution in the billet for various 

angular velocity 

CONCLUSIONS 
   Both electromagnetic and thermal analysis of the induction system for billet heating by rotation 
in DC magnetic field have been carried out in full three-dimensional numerical model taking into 
account the rotation speed and all nonlinear physical properties of the materials. Calculation 
results by means of 3D codes have shown that the temperature field in the billet can be strongly 
inhomogeneous over the billet length. For considered induction system electromagnetic end 
effect results to overheating of the billet ends. Design of a DC coils is very complicated to be 
adapted to the required heating process. Therefore independent measures from coil design have to 
be considered in order to provide the required temperature profile in the billet. The results of 3D 
numerical investigation have shown that the homogenous temperature profile has to be obtained 
by means of special sets of active and passive tools. 
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Fig. 10. Integration of Joule heat in the billet 
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SOFTWARE COMPLEX TO CALCULATE INDUCTANCES OF SECONCARY 
CURRENT CONTACTS OF ELECTROTECHNOLOGICAL INSTALLATIONS 

Aliferov A.I., Bikeev R.A., Vlasov D.S., Goreva L.P., Domarov P.V. 

Novosibirsk State Technical University, 
Karl Marks avenue 20, 630092 Novosibirsk, Russia 

ABSTRACT. The description of mathematical model and software complex for calculation 
of inductances of electrotechnological installations three-phase systems secondary current 
contact jaws are presented. The results of short networks calculation for high-power arc steel 
furnaces are stated and compared with experimental data in references. 

INTRODUCTION. 
When you design and modernize power three-phase electrotechnological installations it is 

necessary to perform optimization calculations of current contacts carrying electric energy 
from a source to an operating zone. To present day these calculation were made analytically 
assuming conductors are placed in parallel. However current contacts of modern power 
electrotechnological installations such as high-power arc steel and ore-thermal furnaces, 
electroslag refining installations and etc. have irregular space configuration. Hence pure 
resistances and inductances of these current contacts are calculated analytically with great 
error (up to 40%). 

The greatest part of impedance of the circuit, usually has an inductive resistance, therefore 
efforts of the authors of this paper were aimed at developing the software, which allows to 
calculate the inductances of phase of the secondary current lead of smelting furnaces, and as 
well current leads inductances of other electrotechnological installations, if you enter the 
appropriate coordinates of conductors. 

THE SECONDARY CURRENT LEAD CONSTRUCTION. 
Most relevant problem of determining the inductive resistance of the secondary phase 

current supply is for the arc smelting furnaces (ASF) and ore thermal furnaces (OTF). Current 
leads of these installations have the same purpose and are slightly different in functional areas 
design. 

A rigid fixed part named busbar bridge is joins to the power supply. The bridge is 
implemented as a package of rectangular buses (OTF) or as a package of water cooled tubular 
buses with the round cross-section (ASF, OTF). In contemporary ASF the secondary current 
conductor jaw circuit “transformer wye” where delta-wye transformation of the furnace 
transformer secondary winding is performed inside the transformer. 

The next part is a flexible current contact jaw or a cable string. This part provides in 
electrotechnological installations such operations as electrodes moving, furnace inclination 
for sinking, lifting and flapping of the vault for furnace top loading. This part is made as a 
group of water cooled cables. 

Then there is a rigid mobile current contact jaw to the electrode. In ASF its motion is in-
plane vertical parallel. 20 years ago this part was implemented as tubular buses fixed on a 
bearing hose. In modern furnaces current is channeled to the electrode along the hose. First it 
allowed to simplify appreciably this node construction and to increase its operation reliability. 
In addition it gave possibility to decrease pure resistance and inductance of this part and the 
whole current contact jaw because of approaching phases and reducing electrodes break-up 
diameter.  
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In ASF graphitized electrodes are used that are made of standard length sections. An 
electrode of a required length is assembled of several sections screwed together by means of 
nipple junctions. In round furnaces three electrodes are placed in one plane in vertexes of an 
equilateral triangle. Evidently electrodes resistances in different phases are equal. Such 
electrodes placement called triangulation for the whole secondary current contact jaw allows 
to balance phase resistances. In practice middle phase conductors are raised a little above 
boundary phases to be placed in equilateral triangle vertexes. 

The described method of calculation of self-inductances and mutual inductances of 
arbitrarily placed rectilinear conductors has become a base of the software complex “KorSet” 
developed at the department “Automated electrotechnological installations” of Novosibirsk 
State Technical University. This complex is able to calculate ASF secondary current contact 
jaw phases inductances. If conductors coordinates are entered current contact jaws 
inductances of other electrical aggregates can be calculated.  

PROGRAM COMPLEX DESCRIPTION 
Mathematical model and algorithm of calculation of own and mutual inductances of three-

phase secondary current leads of electrotechnological installations, developed by the authors 
is given in [1] 

Figure 1. “Busbar bridge” tab. 

The program complex has all necessary attributes of a Microsoft Windows application 
such as main menu, toolbar, tabs and etc. 

Each tab of the main window is used for entering geometrical data for different parts of the 
ASF secondary current contact jaw. 

For example, after the short-cut                        the tab “Busbar bridge” appears (figure 2) 
where for each phase the number of rectilinear parts is specified. For each rectilinear part 

Busbar bridgeFor example, after the short-cut                        the tab “Busbar bridge” appears (figure 2) Busbar bridgeFor example, after the short-cut                        the tab “Busbar bridge” appears (figure 2) For example, after the short-cut                        the tab “Busbar bridge” appears (figure 2) Busbar bridge
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begin and end coordinates are set, configuration is selected and cross-section sizes are 
specified. 

After the short-cut                          is pressed the “Cable string” tab appears (figure 3). In 
each phase the cable string hanger points coordinates are set on fixed (Xt) and mobile (Xp ) 
drags, cable length, section sizes for a single-phase cable group. 

Figure 2. “Cable string” tab. 

Figure 3. “Electrodes” tab. 

The tab “Electrodes” (figure 4) sets electrode sizes in millimeters, electrode section height, 
maximal rake takeoff. In the tab for a furnace bath liquid metal bath height is specified. 

The entered geometrical data can be saved in a special format data file to use in the next 
session. To calculate inductance select in the main menu Calculate => . If initial data are 

After the short-cut                          is pressed the “Cable string” tab appears (figure 3). In Cable string
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correct the text window appears (see fig. 4) containing all initial data and results of 
calculating self-indactances, mutual inductances and phase inductances on functional parts, 
phase inductances of the whole installation, average phase inductance, unbalance factor of 
phase inductances. Information from this window can be easily copied to any text editor, 
printed or saved in an *.rtf file. 

Figure 4. Results window. 

“KORSET” APPROBATION 
“KorSet” was used for confirmatory calculation of secondary current contact jaw 

inductance of ASFs developed in different years at open joint-stock company 
“Sibelectroterm”: DSP-100I6, put into operation in 1980, DSP-100I8, put into operation in 
1990, DSP-100N10, put into operation last five years. These furnaces have different break-up 
electrodes diameter. This construction size defines short network geometrics and form. The 
installstions DSP-100I6 and DSP-100I8 have tubular buses along the bearing hose. DSP-
100N10 has current carrying hoses.

The calculated using “KorSet” average phase inductance of the secondary current contact 
jaw of the furnace DSP-100I6 is 3.47894 m . It differs from the experimental one equal to 
3.8°m . The difference is 8.5%. 

CONCLUSIONS
The mathematical model and the software complex are developed for calculating 

inductances of arbitrarily placed rectilinear conductors three-phase systems with error up to 
10%.

The developed program complex allows to optimize three-phase current contact jaw 
systems of power electrotechnological and electrical installation when developing new 
equipment and improving existing one. 

- PHASE INDUCTANCES OF SECONDERY CIRCUIT 

Self phase inductances: 
Lself1 = 1.53827E-05 H, Lself2 = 1.54132E-05 H, Lself3 = 

1.53827E-05 H 
Mutual phase inductances: 

M12 = 5.27245E-06 H, M23 = 5.26777E-06 H, M31 = 5.29891E-
06 H 

Actual phase inductances (without transformer): 
Lph1=1.00970E-05 H, Lph2 = 1.01431E-05 H, Lph3 = 1.00993E-

05 H 

- PHASE INDUCTIVE RESISTANCE OF SECONDERY CURCUIT 
WITHOUT INDUCTIVE RESISTANCE OF TRANSFORMER 

X1 = 3.17206 mOhm, x2 = 3.18656 mOhm, X3 = 3.17280 mOhm
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The research work was made as a part of the analytical departmental target program 
“Development of high school scientific potential”, project No. 2.1.2/4159. 
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THE FORM–FACTOR AND RIPPLE CONSTANT FOR THE CURRENT IN THREE-
PHASE BRIDGE RECTIFIER CIRCUIT WITH AN ACTIVE-INDUCTIVE LOAD 

AND  COUNTER–ELECTROMOTIVE FORCE AT THE OUTPUT 

G.N. Tsitsikyan, A.N. Kaznacheev, Sludnikov A.E. 

Federal State Unitary Enterprise “Central Research Institute of Marine Electrical Techniques 
and Technology” 

Russia, 196128, Saint-Petersburg, Blagodatnaya st. 6 

Form factor value can serve as an indicator of curve deviation from the preferred, in 
particular, ideal sinusoidal with a form factor = 1.11 and a perfectly-smoothed sinusoidal 
with a form factor = 1.
   Form factor is related to the ripple constant  by the formula = 1 + . Therefore, 
when = 1, = 0, and for the positive half-wave sinusoid = 1.11 1 = 0.482.
These integral coefficients can act as quality indicators of quasi-settled processes in 
semiconductor rectifiers. In work [1] degree of compliance for processes in semi-conductor 
active and inductive load rectifiers and counter - electromotives with optimum conditions is 
considered through the prism of assessing specifically these indicators. At the same time 
values are also given in [1] only by means of plot dependences on a firing delay angle 

.Therefore expediency of  and  closed-form estimated value calculation is quite 
justified. 

Let us review processes in the most common three-phase bridge rectifier with active - 
inductive resistance and counter - electromotive force at the output, assuming ideally balanced 
three-phase input voltage, and with semiconductor switches, for which switching spaces are 
much smaller than the duration of repeated cycles of the rectifier. Besides that, we will 
consider counter–electromotive as a constant on magnitude throughout several operational 
cycles of the rectifier. For some reasons [1,2], we will confine ourselves to considering 
regime (mode) of a continuous current on a rectifier output. At discontinuous current appear 
difficulties with regulation though they can be overcome, as it is known, by means of 
adaptable control [1]. 

Besides that, during intermittent current, deterioration of the engine work is caused by 
relatively high speed of the current rise on low turns, and also by other reasons[1]. 
Scheme of the rectifier is demonstrated in Fig. 1, and variation of phase voltage in Fig. 2. 

Fig.1 Rectifier circuit with counter–electromotive force, active load and inductance. 
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Fig. 2 Graphs of phase voltage variations  with firing delay angle .

   We begin time reckoning in accordance with the voltage change record in the form: 

= 2 sin /6)

   Thus is equal to [3].   
2 , and 2 sin /6), where - rms phase voltage. 

So = 2 sin /3), and at the moment t=0 line to line voltage ,
with rms  , reaches  of its maximum value, by /6 becomes  maximum,  and  by   /  3  
decreases to a value responsible time t=0, which corresponds to the beginning of the current 
flow in the active-inductive load due to the voltage . In case of delay in receiving control 
pulse at the angle  relevant thyristor starts to conduct current, starting from  (Fig.2). 
Let us consider < .
   In this case, we reckon time from moment (Fig.2).  
   Then we can record: 

= 2 sin + ),

= 2 sin + 2 cos( ),

2 sin .

   For the line to line voltage :

= 2 sin + sin =
= 2 sin + ), (1) 

where = 3
   That is from the time point = 0, that the current ) on the rectifying side, taking into 
account the delay, will be caused by voltage  as (1). 
   Let us record expressions for  and :

= 2 sin( ) = 2 sin( (2) 
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Starting from the point = , voltage , remaining positive, is less than , but 
due to the delay of the control pulse at the angle , switching voltage to  happens when 

=  or = + , that is when = 2 sin +  and 

= 2 sin 3 + .

   This means that, throughout  , current in the active-inductive load will be caused by 
voltage , no different from .
   As a result, current  differs from zero point and is ( ) throughout the angular spacing  

, and is equal to zero throughout . However, here counter–electromotive brings corrective 
amendments. 
   Indeed current ( ), taking into account counter - electromotive, submits to the 
differential equation: 

sin + + = ( )
( )

+ ( ), (3) 

   where = , - as before, the rms of phase to phase voltage, - counter - electromotive 
constant, .

   For the current flow we need fulfillment of the condition < 2 sin + .
We will calculate the solution of the differential equation (3) using the method of 

integrating multiplier [4]. 

= ( )

   which allows to find a solution for the current ( ) as: 

( ) = sin + + + , (4) 

where = , 3
   If ( ) = 0 at = 0, then  

sin + (5) 

   If (0)  at steady-state process, based on repeated operational cycles of the circuit  
(Fig. 1), then A is equal to 

= sin( ) (6) 

As a result, equation (4) can be modified and for the current ( ) we can obtain: 

( ) =

= sin + + + sin( ) (7) 
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The condition under which ( ) = 0 at = 0 in this case is determined by the equation: 

= sin 3 + + sin( )

Then, to avoid discontinuity of current at = 0  counter–electromotive force should not 
exceed the value counted according to expression: 

= sin 3 + + sin

When = ,  is equal to zero. Therefore, the case of =  is to be excluded. When 
,  should not surpass the value 

=
3

= 3

Here it is necessary to exclude the case with = .
   Since the form factor of current  by definition is the ratio of the rms value of . to the 
average , then, on the basis of (7), we obtain: 

=
3

( ) =
2

3 = 3 =

= ,     (8) 

= ( ) = [1 + ( , )] + (9)

where = , = , and ( , ) is defined by the expression 

( , ) =
3 3
2 cos(2 2 ) +

3
( )

6

sin sin( ) sin + sin   (10) 

   Hence it follows that: 

= =
[ ( , )]

  (11) 

   Expression (11) simplifies when = 0

( = 0) =
[ ( )]

 (11a) 
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where ( ) (0, ) and is equal to: 

( ) = cos(2 ) + ( ) sin  (10a) 

in full accordance with the expression given in [3] 
   In particular case where  = 0 the value  (0, ) becomes a simple 

(0, ) =
3 3
2 2

and if we assume that = 0, is equal to 

=
( )

(11b) 

   On the basis of (11b), the coefficient ripple constant when = 0, 4 , 3 is equal to 
0.042, 0.311, 0.535, and very close to the values, determined according to the diagram in 
Fig.3.7 for three-phase rectifier in [1].
   Knowing and .and  we can proceed to determine such an important indicator as 
power factor, taking in consideration that 

, , =  actual current values in phases A, B, C are equal to of the rms value of 

current on the side of rectification. Power factor is the ratio between the active power and the 
apparent power: 

= . = ( ) + . = ( ) + (12)

With = 0

= (12 )

and determined by applying the above conditions for 
   Then the power factor can be recorded as 

= [1 + ( , )] (12b) 

If = =  we obtain = 0.676
Such a low value for  cannot be considered satisfactory. In conclusion, we give some 

examples of tabulated   and  calculations. 
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Table 1 
KF KP

0,45 0 0 1,0032 0,0796
0,45 0 /4 1,3659 0,9304
0,45 0 /3 9,3009 9,2470
0,45 /4 0 1,0029 0,0764
0,45 /4 /4 1,0079 0,1260
0,45 /4 /3 1,6428 1,3033
0,45 /3 0 1,0068 0,1170
0,45 /3 /4 1,0065 0,1140
0,45 /3 /3 1,2365 0,7272
0,45 3· /8 0 1,0089 0,1340
0,45 3· /8 /4 1,0100 0,1420
0,45 3· /8 /3 1,2028 0,6684
0,40 0 0 1,0026 0,0724
0,40 0 /4 1,2570 0,7616
0,40 0 /3 3,4395 3,2910
0,40 /4 0 1,0024 0,0695
0,40 /4 /4 1,0053 0,1031
0,40 /4 /3 1,1023 0,4639
0,40 /3 0 1,0056 0,1064
0,40 /3 /4 1,0043 0,0933
0,40 /3 /3 1,0330 0,2588
0,40 3· /8 0 1,0074 0,1219
0,40 3· /8 /4 1,0067 0,1162
0,40 3· /8 /3 1,0279 0,2379
0,3 0 0 1,0019 0,0613
0,3 0 /4 1,1455 0,5588
0,3 0 /3 1,7517 1,4382
0,3 /4 0 1,0017 0,0589
0,3 /4 /4 1,0029 0,0757
0,3 /4 /3 1,0203 0,2027
0,3 /3 0 1,0041 0,0902
0,3 /3 /4 1,0023 0,0684
0,3 /3 /3 1,0064 0,1131
0,3 3· /8 0 1,0053 0,1033
0,3 3· /8 /4 1,0036 0,0853
0,3 3· /8 /3 1,0054 0,1040

   As the table shows, the highest value of form and ripple factor is when  is 0.45 from 
the peak value of phase to phase voltage, there is no smoothing inductance ( = 0) and firing 
delay angle is at its maximum ( = 3), with a decrease in , but, with the same 

and , coefficients also go down, but still remain significant. With the increase of  the  
influence of inductance is more noticeable. 
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EXPERIMENTAL INVESTIGATIONS OF THE HYBRID PLASMA TORCH 
WITH REVERSE VORTEX STABILIZATION 
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ABSTRACT. Results of investigation of a reverse vortex hybrid plasma torch were 
described. The hybrid plasma torch is a combination of RF plasma torch and arc plasma torch. 
In this kind of torch a reverse vortex gas stabilization was used to increase an efficiency of 
plasma energy. At the start of operation an arc plasma jet is used for the ignition of RF 
plasma. It was shown that hybrid plasma torch operates successfully with different plasma 
gases, and its characteristics is better than the arc plasma torch and RF one taken separately. 

KEYWORDS: hybrid plasma torch, reverse vortex gas stabilization, nanopowder production. 

INTRODUCTION
   Modern interest in the use of nanostructured materials in various industries associated with 
the demonstration of some specific properties of these materials determined by a dimensional 
factor. 

Nanostructured materials are bulk and dispersed materials containing structural elements 
(grains, crystallites, blocks) which geometric dimensions do not exceed 100 nm at least in one 
dimension and having a qualitatively new functional and operational characteristics. 
   The strongest changes of the properties of nanomaterials and nanoparticles are observed in 
the range of grain sizes of about 10..100 nm that is due to the fact that the part of atoms 
situated in a thin surface layer (its thickness shall, as a rule, the order of 1 nm) is markedly 
increased in comparison with the meso - and microparticles. For the nanoparticles almost all 
of the material will act as a surface layer whose thickness is estimated in the range of about 
0.5 ... 20 m. 

Nanostructured bulk materials are described by a high strength under static and fatigue 
loading as well as high hardness compared to materials with conventional grain size [1-6]. 
Therefore the main focus of their application in the present is an application as a high strength 
and wear-resistant materials. Thus, the yield strength can be increased in 2.5-3 times 
compared to the normal state and the flexibility decreases very slightly or increases in 4 times 
for Ni3Al [3, 7]. Composites reinforced with carbon nanofibers and fullerenes are considered 
as promising materials for application in conditions of shock dynamic effects. 
   At present the most promising application is the application of nanomaterials as components 
of composites of different purposes. Adding of nanopowders to usual powders in the 
production of steels and alloys by methods of powder metallurgy can reduce the porosity of 
the product and improve its mechanical properties [3]. 

To date a large number of technologies of production of nanomaterials in the form of 
nanoparticles was developed. A very promising method is the plasma chemical synthesis of 
nanoparticles allowing to achieve a high productivity of the process and to adjust flexibly the 
parameters of the final product. 
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Plasma chemical synthesis is performed using low-temperature plasma of arc, high-
frequency or glow discharges. Metals, halides and other compounds are used as a raw 
material. Due to the relatively high temperature of plasma (about 10 000 K) and high rates of 
interaction the transition of almost all the starting materials to the gaseous state is provided 
with their subsequent interaction and a condensation of products in the form of nanopowder 
with particles of regular shape having dimensions of 10 to 200 nm. The highest temperature 
and power are provided by the use of installations with arc plasma torches, the most pure and 
homogeneous nanopowders obtained by using microwave plasma torches [2]. Nanopowders 
of carbides, nitrides, borides and oxides of different elements as well as multi-component 
compounds are produced by plasma synthesis using the active gases containing carbon, 
nitrogen, boron, oxygen and other components [2, 9, 10]. There is possible to obtain powders 
of refractory metals from oxides when using the recovery surroundings [2, 10]. 
   Arc (DC) and radio-frequency (RF) induction electrical discharges are used in the industry 
for generation of plasma [11]. 

Arc plasma torch does not provide necessary parameters of plasma for technological 
process. Main problems of DC torches are plasma jet pollution by material of electrode 
erosion and short time of continuous work. 
   Unique technical characteristics of RF plasma torch in comparison with arc plasma torch 
are: plasma generation in a large volume; cleanness of plasma due to no-electrodes; simplicity 
of a design; possibility of wide change of a plasma velocity; simplicity of in-feeding into 
plasma; big time of material staying in plasma jet; long lifecycle; reliability in operation; 
workability various gases, including aggressive ones; possibilities of power scaling up to 10 
MW. 
   Radio-frequency induction plasma torch is intended for generation of non-electrode pure 
plasma in an atmosphere of various gases: air, argon, nitrogen and other. Heating of plasma 
gas in an RF induction plasma torch is carried by the inductor due to the energy of alternating 
electromagnetic fields created by the vacuum-tube oscillators (Fig. 1). RF induction plasma 
torch consists of the following basic elements: metal water-cooling sections (fingers); quarts 
tube; body-corpus and gas former (see Fig. 2, one section of the metal water-cooling chamber 
is presented separately). 

Figure 1. Induction heating of plasma in an RF induction plasma torch: 
1 – inductor coils, 2 – plasma, 3 – quartz tube 
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Figure 2. RF induction plasma torch with metal water-cooled chamber 

REVERSE VORTEX HYBRID PLASMA TORCH 
   One of the disadvantages of RF induction plasma torches is a relatively low plasma gas flow 
rate. With increasing of the flow rate of high enthalpy gas (air, nitrogen, oxygen, etc.) it is 
required a significant power increase of the power source to maintain the temperature of 
plasma. To maintain a plasma existence with a relatively low value of high-frequency power a 
hybrid torch may be recommended where an arc DC torch is used to maintain the existence of 
inductively coupled plasma. Reverse vortex RF plasma torch has the high efficiency of 
plasma energy. Therefore reverse vortex hybrid plasma torch has been chosen for 
experimental studies [12].  

Reverse vortex hybrid plasma torch is combination of RF plasma torch and arc plasma 
torch. Schematically and visually hybrid plasma torch is presented on Figs. 3 and 4. Technical 
parameters of hybrid installation are resulted in Table 1. The arc plasma torch that is a part of 
hybrid torch is presented in Fig. 5. For air arc plasma the thermochemical hafnium electrode 
was installed. For argon and nitrogen arc plasma the lanthanum tungsten electrode was 
installed. Ignition of the arc plasma torch is carried by oscillator. 

DC plasma torch

Plasma gas

RF plasma torch

RF inductor

RF + DC plasma

Reactor gas 
(Inversely vertical)

Figure 3. Schematical view of the hybrid (RF + DC) 
plasma torch 

Figure 4. Photo of the hybrid 
(RF+DC) plasma torch (assembled) 
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Table 1 
Adjectives of the experimental setup 
Parameter Value 

Working frequency of the tube generator 5.28 MHz 
Power of the RF plasma torch 15…25 kW 
Power of the arc plasma torch 10…15 kW 
Weight-average temperature at the outlet cross-section of the 
plasma torch 5500 K 

Type of a plasma gas Air, Argon, Nitrogen 
Gas flow rate 1…3 g/s 

Figure 5. Arc plasma torch: 3D model and photo 

MATHEMATICAL MODELING 
   In order to establish the necessary operation modes of arc and RF induction plasma torches 
a preliminary analysis of thermal, gas dynamic and electromagnetic processes taking place in 
the torches was carried out by mathematical modeling based on previously developed 
mathematical model [13-14] using the finite volume method. 
   The results of calculation of the arc plasma torch have shown that the required conditions 
are provided at the power of 10 kW, gas flow rate of 0.5 g/s (example is shown in Fig. 6). 
   The results of calculation of RF induction plasma torch are presented in Fig. 7 which shows 
that the required conditions are provided at the power of 30 kW, gas flow rate of 3 g/s. In this 
operation mode the power of the plasma jet (plasma torch output power) is 20 kW. The most 
effective operation mode is provided at a frequency of 5.28 MHz. 
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Figure 7. Distributions of plasma temperature 
(in 103 K): operation of ICP torch only, 

plasma power is 30 kW, gas flow rate is 3 g/s

EXPERIMENTAL RESULTS 
At the initial stage of the hybrid plasma 

torch investigations the following 
experiments were performed: 
   1. A study of parallel start-up of DC and RF 
plasma torches; 
   2. A study of the influence of gas flow rates 
through the RF + DC discharge on the 
stability of the discharge; 
   3. A study of the influence of power of the 
RF + DC discharge on the stability of the 
discharge; 

4. A study of the influence of the outlet 
diameter of the RF torch on the maximal gas 
flow rate; 
   5. A study of the influence of the direction 
of gas rotation in the arc plasma torch swirler 
and in the gas feeder of the reverse-vortex RF 
plasma torch. 
   As a result it was possible to achieve total 
gas flow through hybrid torch equal 3 g/s in a 
mixture of plasma gas. Namely, gas flow rate 

Figure 6. Distributions of plasma temperature 
(in 103 K): operation of arc plasma torch only, 
plasma power is 10 kW, gas flow rate is 0,5 g/s

through RF torch was 1.5 g/s and gas flow rate through DC torch was 2 g/s.
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Ignition modes of hybrid torch were realized on next step. But the main goal of these 
experiments was studying of stability of the RF + DC discharge for pure air and nitrogen 
plasma gas under the condition that total gas flow was equal 3 g/s (it is maximum allowed gas 
flow received in the previous experiments). 
   It was found that ignition of discharge using pure air or nitrogen is not possible. Therefore 
plasma ignition occurred on argon, and then carried out connection and transition to pure air 
or nitrogen plasma gas. Breakdowns between coils of inductor arose in transition on air or 
nitrogen regularly. Transient process is the primary cause of these breakdowns because the 
gas change is accompanied by variation of plasma conductivity that provides an overvoltage 
on the inductor coils. To achieve avoiding of breakdowns the inductor coils were isolated by a 
protective cover. 
   Summary results of experiments are presented in Table 2. Visualizations of reverse vortex 
hybrid plasma torch operating modes in various atmospheres are presented on Figs. 8-10. 

Table 2 
Experimental data of hybrid torch investigations 

Figure 8. Argon combined operation mode of hybrid (DC + RF) plasma torch 

Figure 9. Air combined operation mode of 
hybrid (DC + RF) plasma torch 

Figure 10. Nitrogen combined operation 
mode of hybrid (DC + RF) plasma torches 

Gas 

Parameters and modes of 
RF plasma torch 

Parameters and modes of 
DC plasma torch 

Ua Ia PRF GRF U I PDC GDC

kV A kW g/s V A kW g/s 
Argon 6,5 5,5 16 0,4-1,5 140 80 11 1,6-2 

Air 6,5 5,5 16 0,8-1,5 100 100 10 1,2-1,5 

Nitrogen 7,5 7 25 0,4-1,5 140-175 80-100 14 0,5-1 
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CONCLUSIONS
Positive effect of hybrid (DC + RF) plasma torch operation in an atmosphere of various 

gases has been achieved. 
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110 KV THREE PHASE VACUUM INTERRUPTER 

G.V. Krylov, V.V. Mullin 

NPP Kontakt, JSC, Saratov, Russia 

ABSTRACT. Vacuum interrupters (VIs) are widely used for switching high voltage AC 
circuits. A number of challenging technical issues are to be resolved, in order to produce a VI 
designed to operate at voltages exceeding 100 kV [1]. So, to switch high voltage circuits, 
serial VIs are used thus subjecting each of them to a lesser voltage. This paper describes the 
development of a110 kV outdoor vacuum circuit breaker using two serial VIs. 
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THE DIAGNOSIS OF THE SUPERSONIC GAS-POWDER CLADDING 
ELECTROTECHNOLOGY PROCESS BY NANOSTRUCTURED ALLOYS 

M. Radchenko, T. Radchenko, V. Kiselev 

The Ministry of Education and Science, The Altay State Technical University,  
46 Lenin Ave., Barnaul, 656038, Russia 

   Gas-dynamic methods of applying protective coatings are widely used in the manufacture of 
new and reconstruction of worn machine parts, which are special requirements for reliability 
and durability, such as working conditions of abrasive or impact-abrasive wear.  
One application of gas-powder deposition technology is the restoration of defects of cast iron 
castings. Currently in industry gas-powder surfacing surfacing by hand with special burners 
type Stoody JS-100, MST-100, GN-5P, GN-2U. As a working gas using acetylene, propane, 
butane and oxygen. The equipment allows you to overlay Self-fluxing powder alloys based on 
nickel, cobalt and iron. At the same time to increase the hardness of the deposited coating 
alloy powder is added to 80% tungsten carbide. This composition of the alloy powder is 
usually used to protect the surfaces of components operating under conditions of intense wear 
and tear. [1,2,3]  
   Currently the market offers a variety of formulations of powder alloys for surfacing and 
spraying both imported and domestically produced. Powder materials based on nickel 
STOODY (TG 60, TG 85, etc.) are used to create the weld coatings for various purposes - 
with exceptional resistance to abrasion, corrosion and high temperature, high ductility and 
workability, and other powder materials based on nickel, a series of "T-Thermo" - for the 
deposition and sputtering of fusion, " T-Exo" on the basis of nickel and composite Ni-Al - for 
thermal spraying.  [2,3]  

Of special note is widely introduced into automated manufacturing systems and robotic 
welding and arc welding using special surfacing electrodes. Robotic welding - a modern, new 
level of production, to speed work and improve the quality of its production, as well as to 
avoid spoilage. Robotic welding systems allow strengthening and restoring the specific details 
in accordance with the process of production.  

Thus, the most important shortcomings is the way of gas-powder surfacing equipment 
manual execution, unsolved problems of ensuring the stability of the quality of the deposited 
layer by oxidation and overheating of the base material.  
   One way of modernization of this method is to increase the concentration of power in the 
spot heating through the use of supersonic nozzles (supersonic gas-powder cladding way 
surfacing alloys based on Ni-Cr-B-Si). ]  
   Due to the fact that high-quality performance coatings are a direct consequence of the basic 
technological parameters of the process of their application, there is a need for monitoring and 
diagnosis supersonic gas-powder surfacing process. This system will allow real-time monitor 
and if necessary correction or change to the basic parameters of the coating.   
   The most simple and accurate method for simultaneous study of gas-powder jets of gas and 
the flame is the diagnosis of his own light and the light flux of powder particles: optical 
emission spectroscopy, integral methods for measuring particle velocity and temperature, 
high-speed photography and video registration process, etc.  

In the process of supersonic and subsonic gas-powder surfacing when applying powder 
material  in  a  gas  flame,  a  sharp  increase  in  intensity  in  the  flame  of  sodium  atoms  Na  and  
oxygen isotope, respectively, at wavelengths of 589.6 nm and 754.2 nm, 757 nm 2, indicating 
that that when applying the powder in a supersonic gas-powder jet, there is a change of 
excitation conditions of these substances - Flame emission intensity increases (Figure 1). [8]  
When introduced into the flame of the tungsten electrode and the flow intensity increases 
(Figure 2).
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a) b)  
Figure 1. - The process of subsonic surfacing alloy PG-SR3 burner GN-5P: a) heating of the 

substrate without alloy powder b) surfacing on the heated substrate with a powder feed.  

a)

b) 
 Figure 2 - The process of supersonic combustion: a) gas flow b) the gas flow from the site of 
the bright glow of flames in making tungsten electrode.  

   Based on the foregoing, it can be concluded that the gas-powder jets occurring chemical and 
physical processes in place to judge the quality and character of both subsonic and supersonic 
combustion of oxygen-propane mixture.  

To create a system of monitoring and diagnostics in the production of supersonic gas-
powder surfacing of the studied main characteristics are:  
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 The temperature of the gas and gas-powder mixture. Measured by optical pyrometry 
indirectly by emitting tungsten probe for varying the intensity and nature of the flame 
(carburizing, neutral, oxidizing).  
The temperature and velocity of powder particles. Studied by means of high-speed photo and 
video deposition process on the different technological regimes, as well as integral methods of 
measurement.  
The temperature of the substrate before applying deposited powder. Is determined by 
removing the substrate heating cycles thermometry of supersonic jets with different values of 
the working gas flow rate and the coefficient of correlation and cooling it in time.  
 Supersonic gas-powder cladding technology welding system control and diagnostics can 
expand the range of applied coatings combined with nanostructured materials based on 
carbides of chromium and tungsten, as well as industrial diamonds in the nickel and cobalt 
binder. These technologies allow to apply the method of supersonic gas-powder surfacing not 
only to protect the wear parts of various engineering equipment, and tools for creating models 
with desired properties of metal surface processing - high resistance to aggressive media, and 
mechanical abrasion.  
   Created prototypes of the deposited coating alloy of Ni-Cr-B-Si-deposition supersonic gas-
powder cladding with subsequent introduction into the surface coating of the cluster diamond 
grains of different fractions (40/28 50/40 63/50) have distinctive properties that are 
characteristic for nickel-diamond coatings obtained by other methods (sintering, 
electroplating, etc.) combines ease of application with a relatively low cost and material 
process. The saturation of the nickel matrix of diamond grains yielded a new type of 
composite coating combines the advantages of flame and diamond-plated. Base material fused 
to the surface, thereby creating an entirely monolithic connection, and the introduction of the 
hardening phase in the form of diamonds has increased the rates on the order of hardness and 
wear resistance. Figure 3 shows photographs of the surfaces of nickel-diamond coatings 
obtained by different methods.  

 a)    b)  
Figure 3 - The surfaces of the nickel-diamond coatings obtained by different ways: a) 
electroplated b) supersonic gas-powder cladding  

   With similar properties of the surface coating obtained by the method of supersonic gas-
powder surfacing has no tendency to peel due to the formation of chemical bonds with the 
base material, as well as chipping diamonds, since the introduction of diamond coating at high 
temperature the transition of diamond into graphite, and its dissolution in the nickel matrix to 
form a very thin boundary layer between the diamond grain and the coating material.  

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

343 |||||||



Temperature characteristics of the flame and measuring the temperature of heating the 
substrate during the deposition can judge the quality of penetration of the base material and 
coating with embedded diamond grains [9,10].  

Investigation of properties of coatings obtained by the combined supersonic gas-powder 
cladding materials, and testing of practical products with given properties of the weld surface 
allows this method is widely implemented in various industries. Characteristics of deposited 
coatings on the order of the superior properties of other methods of hardening and recovery of 
parts possible to obtain the required performance characteristics of finished products at 
relatively low cost.  

The combination of portability and low cost process of supersonic gas-powder cladding 
makes it indispensable in the production of works directly to the repair area without the need 
for transportation costs for transportation of the equipment. This is particularly true in the 
repair of the boiler equipment in remote rural areas.  
   The presence of a mobile office supersonic gas-powder cladding at the industrial enterprise 
ensures efficiency and lower costs for production and repair of parts with combination 
coatings on the basis of the system Ni-Cr-B-Si. A system for monitoring and diagnosing 
process of surfacing as soon as possible will produce the technological preparation of 
production and selection of rational parameters of coating process on the basis of composite 
materials.  

REFERENCES
1. http://mctse.ru  
2. http://www.tehnap.ru  
3. http://thermadyne.fis.ru  
4. http://irobs.ru/naplavka  
5. http://alfarobot.ru  
6. 07/04/2006,  27/01/200.
7.  02.2.007 00 277

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

344 |||||||



ENERGY AND RESOURCE SAVING STARTING DEVICES FOR ASYNCHRONOUS 
MOTORS 

A. Sarvarov(1), M. Petushkov(1)

(1) FGBOU ”Magnitogorsk state technical university named after G.I. Nosov”,  
38 Lenina Str., Magnitogorsk, 455000, Russia 

   Problems launching powerful AC motors are very sharp. It is about overcoming the heavy start-up 
high-voltage machines. Number of lines starts for them, as you know, limited. In these 
circumstances, the idea of using high-voltage transformers to create a transformer-thyristor starting 
devices released using the equipment (transformers and thyristor power units), or staffed by 
proposed by us method. 
   The theoretical background of such devices are quite simple: in the absence of control pulses to 
the thyristor switch, the transformer is in idle mode. His resistance is large enough and the engine in 
this case remains stationary or in a state of saturation limits the voltage to the motor. With a smooth 
transfer of the transformer short-circuit mode voltage of the primary phase windings markedly 
reduced, leading to increased stress on the engine and thus to its acceleration. At a certain rate of 
change in the angle control can ensure a smooth start of the engine to limit inrush current. The 
prospects of such a starter for the high-voltage electric motor is very optimistic, because the 
transformer is very simple and relatively inexpensive device, and a switch can be used by any unit 
with thyristor valves incorporated opposite (Fig. 1). 
    From the standpoint of the choice of rational structure of the starter were analyzed by a variety of 
options for the construction of high voltage motors. At the same time as the main indicator of the 
ratio of voltage transformer is selected and the engine. This indicator ultimately determines the 
capacity of the transformer and converter.  As a rule, the leading manufacturers of launchers 
winding current is limited to 4In  current. In the linear and exponential law of change of the angle 
control compliance with this condition leads to an increase in the starting time and the deterioration 
of the thermal regime of the motor windings due to increasing energy losses. As a rule, the leading 
manufacturers of launchers winding current is limited to 4In current. In the linear and exponential 
law of change of the angle control compliance with this condition leads to an increase in the starting 
time and the deterioration of the thermal regime of the motor windings due to increasing energy 
losses.
   To implement the hybrid transformer-thyristor starting device was designed and built 
microprocessor control system, a functional diagram is shown in Figure 2. 
   Configurable System-on-chip E5 Trisend company is a complete processor unit and integrates on-
chip high-speed improved model of the microcontroller, based on the standard 8051, advanced 
power system RAM, a high-speed system bus, and a configurable logic associated with the 
processor and internal bus. E5 is a family of highly integrated set of completely static systems that 
are implemented on a single chip and are optimized for embedded system applications. Each chip 
family of E5 has an identical microcontroller and a set of resources. As the amplifier is electrically 
isolated from the input circuits of the controller was chosen as a differential amplifier HCPL-7840 
the company Aggilent. The microprocessor is supported by internal 8 KB nonvolatile 
programmable ROM many times programs and 640 byte non-volatile programmable ROM many 
times the data. Was designed printed circuit board module of the system on a chip. rinted circuit 
board is made of four layers.   Attention is drawn to the design concept itself Corps, which are 
mounted the power supply board, the board intelligence module, a keyboard and display. Electronic 
unit in commercial operation is set in a closed cabinet mounted type machine shop training 
agloshihty Hall  2 JSC "MMK" to control the induction motor 132 kW electric fan.  The software 
is implemented the initial task of opening angle valves with reference to the phases. Figure 3. are 
the generalized vector of the starting current for the two programs, launch control. 
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   From the above chart shows a significant reduction in starting current of 1.8 and 2.1 times. With a 
slight increase in the starting time. Thus we can say the device improves energy efficiency 
installations. The device was put into pilot operation. 
   To reduce these losses must be managed to start so that the start time of the induction motor will 
be minimal. Minimize start-up time can be achieved if the initial inrush current limit level (1-2) In,
followed by a rapid increase up to 4In and maintaining this value until the end of acceleration. This 
will allow the one hand, reduce the influence of shock electromagnetic torque on the mechanical 
actuator, on the other - to minimize heated coils at the start. It should be noted that the best results 
are obtained by building management systems with current feedback, which can be synthesized, 
given the potential starter [5]. 
   Technologies offered by us will, simultaneously with a decrease in energy consumption, to obtain 
the additional effect of resource applied to equipment in steel production: 
- Reduce the starting current of motors, extending their service life. 
- Optimization of transients and a decrease in the average speed has a positive impact on the 
operation of technological units. 
- Reduce consumption of reactive power from the electric network will help to reduce system 
losses of electricity and in some cases eliminates the need for compensating devices. 
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USE OF POWERFUL ULTRASOUND WITH PHYSICOCHEMICAL METHODS OF 
WATER PURIFICATION AND STERILIZATION 

A.Y. Petrov, A.Y.Shestovskih, V.I. Luzgin, B.A. Kandalincev 

LLC “RELTEC”, Yekaterinburg 

   The present problems concerning water supply, metropolises and waste reclamation require 
new methods of water conditioning and sterilization.  
   Disinfection of drinking water, industrial and household effluents is still associated with 
chlorination. However, the well-known disadvantages of this method gave an impulse to the 
development of alternative chemical and physical methods of water sterilization. The physical 
methods without using chemical agents that can lead to poison formation are preferred.  
During chemical sterilization, ex. chlorination, chlorine water for pre-chlorination and final 
chlorination is transferred to the pipes before and after clarification and decoloration. So the 
processes, such as solution processing and mixing reagents with treated water, require the 
solutions of many technical problems and are high-priority in water sterilization techniques.  
   The use of ultrasound with other methods of water sterilization, reagent preparation and 
mixing it with the treated water significantly intensifies and automates these processes.  
   The specific physical, chemical and biological effects occur under the influence of 
ultrasonic water and suspension oscillation. These effects such as cavitating, dispergating, 
emulsionizing, degassing, acoustic flows and other methods can be used for water 
sterilization.
   Let us consider some methods concerning the use of ultrasound for water sterilization:  
1. Bactericidal action of ultrasound has been known for a long time. Mainly it is 
connected with cavitating processes in liquids. During the collapse of vapour-gas cavitation 
bubbles there is an occurrence of hydrodynamic shock waves with the temperature up to 5000 
K and with the impulse pressure up to several thousands of atmospheres. Such ultrasonic 
impact on the agglomeration of microorganisms leads to their destruction. The cavitating at 
the technologic frequency of 18-22 kHz occurs at the ultrasonic intensity of 1,5-2,0 W/cm2.
   At the time of water sterilization without applying other techniques this method can be 
economically inadvisable.  
2. One of the prospective methods of water sterilization is the use of ultrasound 
together with ultraviolet rays. This method provides the rise of cutoff rating and water 
sterilization rating, because ultrasound destroys organics and pathogenic flora envelope 
effectively. The pathogenic flora becomes less ultraviolet-proof and provides more effective 
use of ultraviolet rays during the reclamation of muddy effluents. Free radicals H and HO, 
and hydrogen peroxide H2O2 are created under the influence of ultrasound on the liquid. 
Ultraviolet rays with these active radicals provide the process of photochemical oxidation and 
sterilization in the treated liquid and on the surface of vapour-gas bubbles. This process is 
more effective than just the influence of ultraviolet rays.  
   The advantage of such a complex technique is the absence of the necessity for 
afterpurification with ultraviolet lamps, ecological cleanness of processing, reagent saving 
with additional chemical water treatment. 
3. The mixing of chemical solutions according to the ultrasonic technique enables to 
get highly stable emulsions and suspensions at the nanodispersive level, that are well mixed 
with treated water under the influence of acoustic flows. The intensive acoustic microflows, 
as a result of cavitation bubbles’ vibration, are especially important for high-performance 
mixing and achievement of the homogeneous mixture “reagent-water”. 
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4. Water clarification and decoloration by the way of coagulation is related to floc 
precipitation from dispersoid solution. Contaminants colliding with the coagulant flakes 
adhere to them and precipitate. Ultrasonic treatment with dispersoid solution enables to 
accelerate the flocculation, to save coagulant, and to improve the quality of water. Under the 
influence of ultrasonic field and acoustic flows suspended particles are involved into the 
oscillations, increasing the intensity and the frequency of collision with coagulant flakes. The 
flakes are broken to pieces under the ultrasonic impact forming the new locations of 
coagulation. So the ultrasound enables to speed up the creation and precipitation of 
coagulated mixture. 
5. The technique of continuous liquid filtration can be realized due to non-clogging 
mechanical purifiers. These purifiers are affected by the ultrasonic vibrations entered into the 
liquid during the filtration or contact process. So the purifiers operate in the self-cleaning 
mode with the filtering degree of 5 micrometers. In some cases the ultrasonic filtration of 
natural and waste water can intensify the coagulation. The use of ultrasonic filtration is quite 
sufficient without coagulation during the clarification of sand, corrosion, clay, and others. 
   The abovementioned ultrasonic methods of influence on liquids can be widely realized in 
the natural and waste water technology just if there is safe and inexpensive ultrasonic 
equipment at the market. 
   Considering the intensive development of converter and ultrasonic equipment we can expect 
the ultrasonic techniques of water sterilization and purification to be applied industrially. 
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ABSTRACT: In October 2009, UIE established Working Group 2 (WG2) to work in the area 
of Power Quality and to continue with the dissemination and further development of the 
results produced by the former joint CIGRE/CIRED/UIE WG C4.110. The final results of the 
work in UIE WG2 will be presented in May 2012 at the XVII UIE Congress in St. Petersburg, 
including the delivery of a Tutorial on Voltage Dip Immunity of Equipment and Installations, 
as well as the presentation of the three papers on relevant topics. This abstract briefly 
summarizes the main recommendations on voltage dip immunity, conveyed in the form of the 
messages to the relevant stakeholders: regulators; standard-setting organizations; network 
operators; industrial customers; small/medium size enterprises and domestic customers; 
equipment manufacturers; manufacturers of power quality monitoring equipment; educators; 
and researchers. The full paper will discuss all these recommendations in more detail. 

INTRODUCTION
   The Joint Working Group (JWG) C4.110, which was sponsored by CIGRE, CIRED and 
UIE, was active between 2006 and 2009. The JWG C4.110 has considered and discussed a 
number of aspects of immunity of equipment and installations against voltage dips, and 
produced a Technical Report/Brochure, which is distributed by both CIGRE and UIE, [1]. In 
order to continue with dissemination and further development of the results produced by the 
JWG C4.110, the UIE established Working Group 2 (WG2) in the area of Power Quality in 
October 2009. The final results of the work in UIE WG2 will be presented at the XVII UIE 
Congress in St. Petersburg in May 2012, for which three papers and a tutorial are planned and 
submitted. This abstract briefly summarizes one of the proposed papers, which will discuss 
main recommendations of UIE WG2 on voltage dip immunity to relevant stakeholders, [2]. 

RECOMMENDATIONS TO THE REGULATORS 
   In the UIE WG2 message to the regulators, the following main recommendations are 
provided: a) voltage dips occur as a part of the normal operation of power systems; b) voltage 
dips should be monitored and recorded; and c) regulators should provide incentives for 
facilitating monitoring of voltage dips by network operators. 

RECOMMENDATIONS TO THE STANDARD-SETTING ORGANISATIONS 
   In the message to the standard-setting organisations, the UIE WG2 stipulated following 
main recommendations: a) apart from remaining/residual dip voltage and total dip duration, 
other characteristics of voltage dips should be considered; b) standard methods should be 
defined for characterising both balanced and unbalanced voltage dips, including balanced 
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three-phase dips; c)  the results from voltage dip surveys should suitably present statistics on 
balanced and unbalanced dips; and d) voltage dip immunity labels, which combine immunity 
classes and performance criteria, can be used to assess dip immunity of various equipment. 

RECOMMENDATIONS TO THE NETWORK OPERATORS 
   The UIE WG2 made following recommendations to the network operators: a) customers 
need data on number and severity of voltage dips to improve immunity of their equipment and 
processes; b) due to possible serious economic losses, voltage dips are of main concern for 
industrial customers; and c) mutual understanding of origins and consequences of voltage dips 
is essential for improving the compatibility between the network and industrial installations. 

RECOMMENDATIONS TO THE INDUSTRIAL CUSTOMERS 
   The main recommendations stated by the UIE WG2 to industrial customers are: a) voltage 
dips occur as a part of the normal operation of power systems; b) economic considerations are 
basis for improving the immunity of an industrial installation/process against voltage dips; 
c) voltage dips should be considered during the design of an industrial installation; and 
d) cooperation between process and electrical engineers is essential to resolve dip problems. 

RECOMMENDATIONS TO THE EQUIPMENT MANUFACTURERS 
   The following main recommendations are formulated by the UIE WG2 to the equipment 
manufacturers: a) voltage dip immunity should be considered at an early stage of design and 
development of new equipment; b) in order to select suitable equipment, customers need to 
know dip immunity of the manufactured equipment; and c) as voltage dip immunity labels 
simplify communication between equipment manufacturers and their customers, equipment 
manufacturers should get involved in the further development of voltage dip immunity labels. 

RECOMMENDATIONS TO MANUFACTURERS OF MONITORING EQUIPMENT 
   The main recommendations of the UIE WG2 to the manufacturers of power quality 
monitoring equipment and software are: a) all types of balanced/unbalanced dips should be 
clearly distinguished in a three-phase supply systems; b) suitable methods for extracting 
additional dip characteristics from recorded waveforms should be developed; and c) suitable 
methods for presenting dip statistics (e.g. contour charts and percentiles) should be devised. 

RECOMMENDATIONS TO OTHER STAKEHOLDERS 
   Due to the space limitation for this abstract, the recommendations of the UIE WG2 to the 
other mentioned stakeholders will be presented and discussed in the full version of the paper. 

CONCLUSION
   Immunity of equipment and installations against voltage dips is an important factor for 
improving overall compatibility between the electricity systems and supplied customers (e.g. 
those operating various industrial processes). In order to be correctly understood and resolved, 
voltage dip immunity issues require involvement of a number of different stakeholders, which 
have been directly addressed by the UIE WG2 in its messages and recommendations to the 
stakeholders. While this abstract provides only a brief summary, the full paper will present 
and discuss all UIE WG2 recommendations in more detail. 
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ABSTRACT: In October 2009, UIE established Working Group 2 (WG2) to work in the area 
of Power Quality and to continue with the dissemination and further development of the 
results produced by the former joint CIGRE/CIRED/UIE WG C4.110. The final results of the 
work in UIE WG2 will be presented in May 2012 at the XVII UIE Congress in St. Petersburg, 
including the delivery of a Tutorial on Voltage Dip Immunity of Equipment and Installations, 
as well as the presentation of three papers on relevant topics. This abstract briefly summarizes 
one of the considered topics – the concept of the “process immunity time” (PIT), which was 
formulated specifically for the assessment of dip immunity of various processes in industry. 
The full paper will discuss the PIT and its application in more detail. 

INTRODUCTION
The Joint Working Group (JWG) C4.110, which was sponsored by CIGRE, CIRED and 

UIE, was active between 2006 and 2009. The JWG C4.110 has considered and discussed a 
number of aspects of immunity of equipment and installations against voltage dips, and 
produced a Technical Report/Brochure, which is distributed by both CIGRE and UIE, [1]. In 
order to continue with the dissemination and further development of the results produced by 
the JWG C4.110, the UIE established Working Group 2 (WG2) in the area of Power Quality 
in October 2009. This abstract briefly summarizes the concept of the “process immunity time” 
(PIT), a methodology for the assessment of dip immunity of various processes, formulated 
specifically for the application in the industry sector. 

PROCESS IMMUNITY TIME: THEORETICAL BACKGROUND AND DEFINITION 
   The PIT concept is introduced and developed by JWG C4.110 and UIE WG2 as a practical 
method for quantifying the immunity of various industrial processes against voltage dips and 
short interruptions. The ultimate goal is to keep an industrial processes up and running during 
voltage dip and short interruption events, or at least to identify dips and interruptions that will 
cause the process to trip, in order to take the optimal measures for process recovery. The PIT 
links individual devices in the process with the relevant process parameter(s) on which these 
devices have an impact. 
   Figure 1. shows how the PIT is defined. Starting with the nominal process parameter value 
pnom (controlled by the device), a supply voltage interruption is assumed to occur at t1. As a 
result, the process parameter starts to deviate from its nominal value. This usually happens 
after a time interval t, which represents tripping of the device t seconds after the supply 
interruption occured. At time t2, the process parameter value crosses the lower boundary plimit,
below which normal operation of the process cannot be maintained, and process must be 
either shut down, or re-started, or otherwise corrected. 
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a) b) 

Figure 1. Process Immunity Time (PIT): a) definition, and b) successful restarting. 

   The PIT is defined as the time between the start of the voltage interruption or dip event (t1)
and the moment (t2) at which relevant process parameter goes outside the allowed tolerance 
limit: PIT= t2 -  t1. Regarding the PIT values, industrial processes can be roughly divided in 
two groups: a) processes with high PIT value, characterised by a slow change of process 
parameters after a dip or interruption caused tripping (e.g .processes where critical parameters 
are pressure, temperature, tank levels, etc.); and b) processes with low PIT value, with 
parameters changing quickly after a dip/interruption caused tripping (e.g. processes with tight 
torque, speed or position control, etc.). The terms “high” and “low” PIT values are related to 
the duration of voltage dip/interruption events, which is typically up to a few seconds. In first 
case (high PIT), the critical device can be shut down and disconnected after the occurence of a 
dip/interruption event, and then re-started in a fully controllable way after the voltage supply 
recovers, Figure 1b. In the second case (low PIT), the relevant process parameter will quickly 
go outside the allowed limits after the tripping of a critical device. As the controlled shut 
down and restart is not an option, the tripping of the device should be prevented by improving 
its dip immunity (i.e. by improving so called dip “ride-through” equipment capabilities). 

THE ASSESSMENT OF PROCESS IMMUNITY TIME 
   The PIT assessment procedure starts with listing all equipment and devices in the process. 
Afterwards, the process is split-up in functional units (i.e. functions) or levels. The lowest 
level contains individual equipment and devices, for which affected process parameters 
should be identified. Higher levels contain sub-processes and bigger parts of the process. In 
that way, a database containing all relevant devices, functions and sub-processes of the 
considered process is established, indicating the corresponding PIT values for every 
combination of ‘piece of equipment’ and ‘process parameter’. Finally, by prioritising the PITs 
based on their durations, critical pieces of equipment within the process can be identified. 
   Due to the space limitation, this abstract provides a brief summary of the PIT concept and 
its application in industry sector. The final version of the paper will provide a more detailed 
discussion and also illustrate the PIT methodology on a number of representative examples. 

CONCLUSION
The proposed paper will discuss the PIT concept, which is introduced and developed by 

JWG C4.110 and UIE WG2 as a practical method for understanding the behaviour of an 
industrial process during and immediately after a voltage dip or short interruption event. 
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THESAURUS-NET MODEL TO SYSTEMIZE EXPERT BASE KNOWLEDGE IN 
THE FIELD OF INDUCTION HEATING 

I. Chaikina  

ABSTRACT.
The educational thesaurus-net l model which systemizes expert basic knowledge expanded 

by studying disciplines is presented. The methodical content of this model in the form of  three 
levels thesaurus used for preparation of an expert in the field of induction mass heating is 
considered. The advantages and possible consumers of such model are noted.  

.
INTRODUCTION

Due to its advantages, the application of induction heating continiously grows and specialists 
in this field are required.  There is a basic course for induction heating giving an overview on 
theory and practical applications. It consists of lectures, laboratories, practice and qualification 
work. There are many publications, expert presentations, computer tools and Internet resources 
as well as Webinars which can support these studies.  As an example a course held by prof. V.S. 
Nemkov or such programs as ELTA  [1] and  UNIVERSAL  [2]  can be noted. To develop 
special knowledge in this field scientifical-technical seminars, conferences, workshops and 
learning schools are regularly arranged. For example in St. Petersburg there is a periodic  “school 
of induction heating” organized by Prof. V.B. Demidovich. 

In russian Universities as well as in the MPEI the induction heating specialists are prepared 
within the framework of the discipline named Electrotechnology. Professional (basic) knowledge 
of specialist in the field of  induction heating covers the wide range of the questions, connected 
with technological process,  installation designs and operation, including work and selection of 
the corresponding equipment, questions of material science, control, electric power supply and 
energy-save, ecology and safety, ergonomic quality and economy..  

All this basic knowledge is formed by any general education-, general technical- and special 
education subjects, according to the state educational standard for universities. Usually only 
general questions are considered in such subjects without a real connection to the chosen 
descipline, causing a decreased studying effect. For example, the demonstration of the Faraday’s 
Low during the Physics course is always given by the electromagnetic transformer and the eddy 
current  principle is demonstrated by the electromagnetic brake during the course of the electrical 
machines. Often at the beginning of the new topic necessary basic knowledge from the previous 
studied subjects, is briefly repeated by the lector, but such recap is not always enough, especially 
if student missed some of these subjects e.g. due to the changed syllabus (lecture plan).  

It is very important for the student to see connection between subjects and future 
spetialisation at the early stages of the training. It will increase motivation and efficiency for 
studying of  such subjects, and will allow the “elective subjects”to be determined in a useful and 
not in a random way. Especially, it is very important in the case of the two-level’s educational 
standard at university and of orientation of education on the self- education. Observing of the 
interdisciplinary connections will allow realizing the studying principle “Step forward”, it means 
that following studings are always gomethododical tool to step by step and the next step to be 
learned in known before.     

That is why there is need for a systemizing of the basic knowledge, which would take into 
account interdisciplinary communications within a profiles of the spesialisation. It can be used as 
a methodical tool to help by the self-education and to coordinate studying programs and 
syllabuses. 

Such educational tool systemizing the basic expert knowledge has been suggested in [4] and 
considered in [5-8]. It was called TFBZ – training tool to form basic knowledge (Znanija). 
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This paper is mainly focused on conception of the TFBZ for the education model  which was 
further developed according to the special needs of field of mass induction heating [9].  

THESAURUS-NET CONCEPT   
The above mentioned systemizing tool TFBZ is based on Thesaurus concept proposed in 

[3], which was applied to the interdisciplinary field [4], where basic knowledge can be 
achieved by integration ones from various disciplines (subjects)( Figure 1 (a))    .  

 The word Thesaurus means any systemized Date Set in any area. We considered a 
systematized data set as the professional basic knowledge set, according to a state 
educational standard. As it was shown in 4-5], the ordering of basic knowledge is carried out 
by means of technological or the structural scheme of manufacture. Thus basic knowledge 
reveals through schemes object.  The interrelations between scheme’s elements are the basic 
knowledge too and for their disclosing the virtual objects (buttons) are created.  The objects 
of the scheme and the buttons are elements of the main thesaurus. Principal structural scheme 
of Thesaurus-NET model of educational tool [5-6] is shown in the Figure 1.b.  Here we can 
see the first level thesaurus (menu of basic knowledge  about every element) and second 
level one (menu of themes or disciplines). To take   explaining of any basic knowledge from 
Date Base it is necessary to select   scheme’s element   and   to active according menus. 

Figure 1. Conception (a) and the structural scheme of Thesaurus -NET model (b) 

So with the help of this model  the learning disciplines for each basic knowledge and also 
the connection between each learning disciplines and all basic knowledge can be observed. 
Last function was realized  with help of net  characteristic of model. The learning function of 
model is achieve by means of multimedia presentation for each basic knowledge from Date 
BASE with explanation of the meaning. 

 The above-mentioned educational model has been realized for the power plant experts in 
the field of  heat-electro-power station with full complete of basic knowledge  for “turbo-
generator” in the form of a multimedia presentation. 

EDUCATIONAL  MODEL IN THE FIELD OF INDUCTION HEATING 
 Thesaurus -NET model was applied to the field of induction heating for education 

purposes and is preseted in Figure 2-a. As it is shown  the main thesaurus includes six objects 
of  structural scheme of induction heating installation and six buttons describing general 
questions of   its work, design and application, including energy saving, economy, ecology 
and safety. 
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a) b) 
Figure 2.  The main thesaurus  (a) and pre-thesaurus (b) 

 The principe of the work and design of induction heating installation depend strongly on  the 
required technology  and parameters of work-piece. There are many types of construction  with a 
specific method of calculation and  application. That is why  the button “Choise of installations 
type” (pre-thesaurus) (Figure 2-b) is provided. By means of this button the general knowledge 
will be transformed  to the private one. It will be carried out in two stages. The first stage defines 
a kind of technological process, and the second one – an installation design. 

THE MAIN THESAURUS FOR MASS  INDUCTION HEATING 
 If the mass induction heating is chosen, the content of the main thesaurus will  be 

changed. So the first button will be connected to the technology and general questions of mass 
heating [8].  The main questions are quality of heating and the choice of frequency. It is very 
difficult to get a required uniformity of temperature in a work piece at the conditions of the high 
heating speed and efficiency.  There are special means (second button) to achieve it (basic 
knowledge in the first illustration, Figure 3), which are different for continuous and  periodic 
heaters. The third button specific for mass heating «Fast heating» opens the basic knowledge 
connected with power control in time or in distance. At the beginning of heating process the high 
power is used while maximum temperature of a surface will be got, and then temperature 
homogenization prozess will occur at low power. The first stage power is `limited and depends 
on material properties, temperature difference and heating speed. The basic knowledge “Choice 
of optimal mode”   is also included in this button. 

Figure 3.  Two-range menu of basic knowledge for two elements of main  Thesaurus. 

The two  last buttons present basic knowledge on calculating  methods  and modeling of 
induction mass heating installations and  their applications. (second illustration in figure 3.) 

As can be seen from the figure 3 each position of menu  of basic knowledge has its own -
menu based on specific disciplines (2nd level thesaurus).  So the first position of basic 
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knowledge on the general means  of regulation  of electromagnetic and thermal fields  in system 
“inductor- workpiece” to achieve temperature uniformity  on work piece volume is formed  on 
corresponding educational disciplines: Physic, Theory of electromagnetism, Electro-technical 
materials,  Theory of induction heating and High  frequency induction installations (3rd level 
thesaurus). 

On one hand it has to be noted that some knowledge element can be used to build 
different basic knowledge.  For example it is necessary to understand “End-effect” if you want to 
use one of means in figure 3. On the other hand the different sections of basic knowledge can 
also be taken from the same discipline. In such a way, the resulting model of Net-connections 
can be achieved. 
To see  the explaining  of  every basic knowledge   from figure 3, expanding on studying 
disciplines can man active corresponding file of database, usually in  multimedia form. In figures 
4,5 such  files slides are presented.  In the slides we can see theoretical base and practical using 
of above mentioned control means.  The temperature distributions in the workpiece demonstrate 
of their affectivity.  As it is shown in Fig.4,5 object’s name, basic knowledge’s name and 
disciplines theme  are  noted  in slide too. 

Figure 4.  Slides to explain means of temperature control in workpiece. 

Figure 5. Slides to explain basic knowledge  ‘End effect “[1] and  “Fast heating”[2] 

The content of the thesaurus is the subject of methodological work, which results in 
the influence of the quality and consumer features of the model. Depth and form of 
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knowledge presentation defines the educational role of the model. This can be either a simple 
text description or computer-aided conception of the studied material. 

CONCLUSIONS
The presented educational thesaurus-net model shows how basic knowledge is formed 

during the training period, including general, general-technical a special disciplines. It allows 
one to obtain information about connections between disciplines and specialization at the 
early stages of training and help to realize the studying principle “Step forward”. It can be 
used for learning and teaching in universities  and for self-education.  

It will be useful for the following purposes: 
-  to improve training program  and syllabus for any specialization; 
-  to coordinate  discipline’s programs taking into account the special needs of the 

specialisation; 
-  to connect bachelor  and master knowledge; 
-  to determine  the “elected disciplines” in a useful way; 
-  to increase the study motivation for of general and general-technical disciplines; 
-  to find and fill educational and comprehensive gaps. 
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THE POWER SUPPLY FOR PLASMA ELECTROTECHNOLOGICAL INSTALLATIONS 

I.A.Bezrukov, .P. Kyznesov, S.N. Malushev, V.N. Filimonenko 

Novosibirsk State Technical University 

   Electric arch of plasmotron as power supply loading represents complicated, nonlinear quick-
response system. The electric discharge in plasmotron has complicated existential instability and 
thereof, for support and maintenance of such discharge additional specific demands are made to 
power supplies. In metallurgical plasmotron with long arches, for example, in plasmotrons ore-
restoration furnaces, the arch sharply spontaneously changes the length, in a zone of its presence 
quickly processes of formation of gases proceed etc. that demands more a stock on pressure from 
the power supply and it sharply to fall the external loading characteristic provided not with a 
configuration of a source and elements of an electric chain, and way of management of an arch. 
   Stability of burning of the discharge is considered in a chain together with the power supply 
having the individual characteristic, distinct from ideal sources of voltage  and a current. The 
estimation of stability of an arch in an electric chain modeling of an arch with a source allows 
calculating dynamic characteristics of an arch taking into account operating influence.  
   The arch metallurgical plasmotron was investigated experimentally and numerical way. 
Experiments are executed with diameters of external electrodes from 20 to 300 mm. The expense 
forming plasma gas is regulated in a range from 0 to 2500, on occasion - to 4500 nm3/ch, with 
voltage on an arch to 560 V, a current – to 1500 , length of an arch – to 1 meter. On dynamic 
voltage-current the arch characteristic can calculate area of stability of its burning. The equation for 
smallest indignations of a current about a working point in this case looks like:  

T (R0 + R - ) di/dt + (R +  - ) i =0,  (1), 

where  R0 – ballast resistance, R – resistance of an arch,  =dUg/dI0 - differential resistance of a 
source, size , dimensional time, it is directly connected with a constant of time of an arch ,  = 

 (1)/2, where  = dlnU0/dlnI0 – a logarithmic derivative static voltage-current arch characteristics. 
Dependence (T) essentially depends on a mode of an arch and various gases. The constant of time 
of an arch 0 for air and currents from 50  to 1000 A makes nearby 10 mksec, at a current 200 A 
and value  is equal 20 msec, at a current 800 A: value  makes 1 msec. As differential resistance 
of a source,  0 a condition of attenuation of indignations of an arch will be R +  – > 0. The 
basic condition of burning of an arch will be:  

 R +  - > 0.   (2) 

At negative differential resistance (  <0) for steady work of an arch ballast resistance is necessary 
or that is energetically more favourable, the role of ballast resistance can play negative differential 
resistance of the power supply. Considering stability of the arch included in a chain under the 
scheme with a throttle in size L, we receive: 

  L di/dt + (R0 - ) i + u =0,   (3) 

 where u – indignation of voltage of an arch. Consideration  will be conditions of negativity of the 
valid parts of roots of this equation:  

 L + T (R0 + R - )> 0, (4) 

At R0=0, for dynamic stability of burning of an arch inductance of a throttle should be L>T ( -R).
In our case it is received that inductance in the given scheme should be L > 11 mGn. The jet 
element in the given scheme, with demanded parameters for maintenance of stability of an arch, 
possesses big in weight and dimensions can be commensurable with cost of a source of a current 
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and will repeatedly surpass it in weight that is an singularity lack of the given scheme. Therefore it 
is necessary to be guided by working out and source configuration by more modern decisions.  
   The optimum decision in this case is increase of speed of feedback. Fast operation can be reached 
decrease time of controlling of influence on change of parameters of the category. Decrease in 
specified time for size, multiply smaller time of development of indignation over supposed for 
correction by controlling possibilities is optimum. It in turn, can be provided by increase in 
frequency of feeding pressure at many usages, and also transition from frequency of 50 Hz on 
frequencies in tens kilohertz. For this purpose in view we develop power supplies with energy 
transformation on high frequency.  
   Value voltage of a power line 3  380 V, through the automatic switch and smoothing three-phase 
throttle, moves on the three-phase bridge operated rectifier. To 630  it is possible not to apply 
high-voltage transformer of coordinating  that allows to reduce the price of power supply, and to 
use inputs on 380 V. The straightened pressure through G-shaped LC the filter collected on 
condensers and a throttle, moves on lowering three-channel converter which, in turn, is collected on 
modules with IGBT-transistors and diodes. The constant (straightened) current will be transformed 
to the high-frequency. For reception of higher target capacity use three converters, included in 
parallel on an input and an exit, but working with phase shift in 120 degrees. The given decision 
allows raising three times frequency of management and is desirable from the point of view of the 
further increase of possibilities of management by process of burning of an arch. 
   Changing width of impulses of the modulator, we have an opportunity to operate size of the 
straightened pressure any more with industrial, and with bearing frequency, having lowered time of 
the beginning of influence for a deviation of modes of an arch in hundreds and thousand times, 
changing target pressure and a target current. Owing to that transformation is carried out in a range 
of ten kilohertz, the weight of jet elements of a feed circuit and management decreases in hundreds 
times, and all source can be collected in one small-sized case. Pulsations on a current on the basic 
frequency pulse-width modulation (PWM) equal 23.4 kHz, at a current 1000 A, unlike the 
traditional scheme of a source, are insignificant and make no more than 15 A. Stability of  arches is 
raised by the generated high-speed feedback. Thus the long arch also burns steadily. The observable 
period of pulsations of a current of an arch and a constant of time of the automatic stabilizer of an 
arch is much less than constant of time of an electric chain of an arch. Inductance in the given 
scheme should be L> 155 mkGn, unlike 11 mGn for the former scheme of a source. 
   In comparison with converters where energy is transferred on the low frequency, the offered 
sources provide the best stability of an arch, the best adaptation  in technology, excellent indicators 
of weight and dimensions, more EFFICIENCY, more power factor that does their perspective, as 
power sources powerful plasmotrons. The developed power supply plasmotron capacity of 500 kW 
has EFFICIENCY of 95 % in a range of loadings from 10 % to 100 % of rated power. 
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RESEARCH OF UPGRADED CONTROL SYSTEM OF THE SUBMERGED ARC 
FURNACE USING MONITORING OF PHASE CURRENTS HARMONIC 

COMPONENTS

V.A. Elizarov (1), K.A. Elizarov (1), V.P. Rubtsov (1)

(1)Department FEMAEK of National research university "Moscow Power Engineering 
Institute", 

14 Krasnokazarmennaja Str., Moscow, 111250, Russia

 Submerged arc furnaces (SAF) are widely adopted in many branches of the modern 
industry. So, for example, in ferrous and nonferrous metallurgy they are used for the 
ferroalloy and pig-iron smelting, in the refractory industry for obtaining of fused refractories, 
and in chemical branch for smelting of calcium carbide, phosphorus etc. The overwhelming 
majority of the processes in a SAF consist in recovery of natural ores or concentrates by 
means of special reductants (carbon, silicium, aluminium) at the high temperatures reached in 
the furnaces bath. 
 Most SAFs work using the alternating current. These furnaces are large consumers of 
electric power. Furnaces are powered through one step-down three-phase furnace transformer 
(or three single-phase furnace transformers) with the electric system of the industrial 
frequency’s alternating current using independent substations with voltage on the high side 
110 or 220 kV. Low voltage circuit of furnaces are capable to pass currents close to 150 kA. 
The installed capacity of these units attains 250 MVA and more. The electric power 
consumption is considerable and, depending on kind of smelted product, attains 3-10 MWh/t. 
Submerged arc furnaces work in a continuous mode which can last some months. The capital 
repairs happens to the complete relining once in 1,5-2 years.  
 All specified above features of SAF demand much reliability of furnaces constructions and 
electric equipment. Support of effective SAF operation is the important problem which is 
solved by enhancement SAF constructions, electric equipment and automatic-control systems.  
 Owing to technology requirements in the SAF is used combination of electric arc heat and 
resistance heat. The processes occurring in the furnace bath are illustrated by the diagram fig. 
1. Electrodes 1 are always entrained in a charge (ore) 2. The arcs burn in gas filled cavities, 
which organised by backed charge 3 and gas 4. Cavity walls lean against liquid metal 5. The 
melting temperature of the smelted product is attained on the internal surface of the cavity. It 

reaches magnitudes 2000-
30000 .  In  cavity  walls  
flow recovery reactions. 
The fused regenerated 
metal trickles down by 
cavity walls on the 
furnace bottom 6. The 
alloy 5 drains off in 
process of accumulation 
on the bottom through 
special tap hole 7. Thus, 
the phase current flows 
from furnace electrode to 
melt not only through the 
arc, but also through 
conductive walls of the 

Fig.1. The schematic illustration of the three electrode 
submerged-arc furnace
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cavity because the heated charge at melting temperature possess small electrical resistance. 
Serially with the arc is connected the melt in which the heat rating is allocated under the 
influence of electric current. As resistance of the fused material is too few, the allocated heat 
rating is insignificant. The current transits as well from one electrode to another through the 
charge, however a cold charge possesses high resistance and this current is negligible small.  
 The effective SAFs operation, ensuring the uniform heat of the reactionary cavity, without 
its excessive heating or freezing, is possible only at the certain relationship of the currents 
flowing through the arc and through the conductive walls of the cavity. 
 This condition complicates electrical and technological parameters monitoring, sampling 
of optimal furnace conditions, and also smelting practice managerial processes. For this 
reason furnace conditions selection is largely defined by analogy to the installations smelting 
an analogous product, and also on intuition and experience of the furnace operator.  
 Now are undertaken many attempts to define difficultly measured parameters 
(temperatures, the powers allocated in the arc gap and in the charge etc.) and to realize control 
actions by indirect estimation of these parameters on accessible to gauging values, such as 
voltage, current, current and voltage harmonic components etc.
 Researches, which were executed before, displayed that it was possibly to use phase 
current harmonic components for control of SAF electrical and thermal operations modes 
dependence which distortions are caused basically by nonlinearity of the arcs voltage-current 
characteristic [1, 2]. Based on these researches the upgraded control system using furnace 
conditions correction on change of phase current harmonic components has been created. 

As prototype of the upgraded control system has been used standard double-channel 
current regulator widely applied for SAF in the modern industry – regulator ARR-1 [3, 4]. 
The given regulator ensures independent regulating of current in each phase using electrodes 
movement and common furnace voltage regulation using changing of transformer voltage tap. 
The channel of changing of the transformers voltage executes auxiliary function of current 
regulating in those furnace conditions when electrode movement doesn’t lead to the 
considerable change of current. 
 It’s impossible to reach certain power distribution in the furnace bath, using only phase 
current regulation by electrode movement and commutating the transformers voltage tap.  
 In the offered control system is inducted the third channel of regulating which realises 
correction of phase current the task to its harmonic components. For decrease of harmonic 
composition oscillations effect and to make it possible to install the current sensor on the 
furnace transformers high voltage side, it is expedient to use in system the relative values as 
the control action, namely ratio of the higher harmonic component to the first one.
 The structure of designed power 
regulator is shown on fig.2 [5]. There 
are noted: 1 – SAF phase, 2 – single-
phase furnace transformer, 3 – furnace 
electrode, 4 – current sensor, 5 – high 
harmonic isolation unit, 6 – 
fundamental harmonic isolation unit, 
7 – divider, 8 – harmonic values 
comparator, 9 – harmonic value task, 
10 – unit for compensation input, 11 –
current value task, 12 - current value 
comparator, 13 – regulator device, 14 
– electrode movement drive, 15 – 
dead zone, 16 – transformer voltage 
tap unit, 17 – electrode movement 
gear.
 The offered system is invariant 

Fig.2. Power regulator structure 
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concerning number of used harmonic component of the phase current. Researches displays, 
that the most informative for observed SAF type is the fifth harmonic component. Therefore 
the further researches were in-process carried on with reference to the fifth harmonic 
component. From the methodological point of view presented results of researches with 
reference to the fifth harmonic component of current are suitable for the system realising 
monitoring of other harmonic components. The informational significance of 3rd, 7th, 9th and 
11th harmonic components of phase current depends largely on kind of smelted product and, 
hence, on the charge makeup. Even harmonic components do not become apparent in system 
with insulated neutral conductor which represents SAF.  
 System research, owing to its nonlinearity, was carried out by methods of structural 
simulation in application software package Matlab Simulink. The model diagram is displayed 
on fig. 3. The given diagram represents simulation model of SAF control system. Using this 
model researches are carried out practically also as well as on operating plant. At the same 
time the simulation model differ from real plant because it allows to define power allocation 
in the furnace bath and to determine links between currents harmonic composition and 
temperature allocation in the reaction cavity. On fig. 3 there are shown following basic 
elements of the SAF control system: electrodes movement drive 1, furnace transformer with 
switching of voltage tap 2, correction channel by phase current harmonic composition 3, SAF 
with the enclosed arc 4 in which are considered dependences of the arc length and the charge 
resistivity relating to the temperature.  

 Table 1 presents general characteristic of SAF RKO-16,5 for high carbon ferrochrome 
(HCFeCr) production, which was chosen as the research object. 

Table 1. General characteristic of SAF for HCFeCr production. 
Characteristic Value 

Single phase current, A 54530
Transformers low voltage range, V 204-130
Transformer voltage tap count 17
Low voltage circuit resistance, mOhm 0,139
Low voltage circuit impedance, mOhm 0,99

Fig.3. Matlab Simulink SAF control system model 
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 Research objective was to determinate stability and exactitude of designed system and rate 
of liquidation of technological aberrations and to find coupling coefficient between harmonic 
composition and temperature regime of SAFs reaction cavity.  
 Researches were carried out for the most typical furnace conditions having important 
operation importance: the furnace start-up from the cold state mode, aberration of charges 
specific electrical resistance, arc length change, i.e. at cavity destruction and charge collapse. 
 At the first stage of researches was analysed control system operation with the 
disconnected channel of correction by phase currents harmonic composition. There were 
calculated the transitive functions of furnace voltage , furnace current , active power 
allocated in the charge  and in the arc , the total power  allocated the 
reaction zone, temperature in the reaction zone  and ratio of the electric currents fifth 
harmonic component  to its first harmonic component .
 Researches of system without correction allow connecting for various furnace conditions 
power allocated in the charge  and in the arc  and temperatures 
in a reactionary zone  with the ratio of currents harmonic components .
These links can be used for determination of the legitimate value of the transfer ratio of the 
correction channel by currents harmonic composition. Using the gained system have been 
observed modes of stimulated change of the arc length  over the range from 0,02 m to 0,1 m 
at fixed charges resistivity , and also at change of charges resistivity over the range from 

to  at a fixed arc length. 
 It has been determined that change of the arc length doesn’t call aberrations in phase 
currents harmonic composition and in energetic and thermal furnace conditions as any 
changes are liquidated by the regulator of the furnace during rather short period. 

 Change of charges 
resistance influences 
powers distribution in 
reactionary zone and 
phase currents harmonic 
composition. There is a 
disproportionation of 
powers in the cavity and, 
as consequence, 
temperature change. The 
regulator in this case does 
not trace change of the 
thermal state and the 
phase current of the 
furnace does not change. 
 For the analysis of the 

effect of phase current harmonic composition change on components of the powers allocated 
in the charge  and in the arc  have been calculated links  (curve 1) and 

 (curve 2), resulted on fig.4 at fixed arc length  m on a model fig. 3. 
 As it appears from resulted above dependences link between components of the power 
allocated in the arc  and in the charge , is rather essential and can be used for estimation 
and correction of the furnace thermal rate. It is characteristic that the increase in the power 
allocated in the arc, is accompanied by growth of the higher harmonic component while the 
power allocated in the charge, grows at decrease of the higher harmonic component. It is 
important that the specified curves are monotonous, i.e. this characterise unambiguous 
dependence of powers components from the higher and basic harmonic components ratio. 

Fig.4. Power and currents ratio relation 
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 Certain interest represents 
relation of temperature in the 
reactionary zone with ratio of 
the fifth and basic phase 
current harmonic components. 
On fig. 5 is presented the 
dependence 
calculated on the model at the 
arc length  m.  The  
gained dependence is close to 
monotonous and has dropping 
character. 
  At the second 
investigation phase was carried 
out simulation of power regulator with the connected harmonic composition correction 

channel by invariable other 
parameters. Operation 
modes have been 
researched at the task of 
harmonic composition from 
0,015 to 0,031 and charge 
resistivity from 5 to 11 

 by the invariable arc 
length. Researches at fixed 
charges resistivity and 
variable arc length were not 
carried out, as, the regulator 
is capable to liquidate these 
aberrations without control 
of phase current harmonic 
composition. 
 Introduction of the 
additional regulating 

channel of harmonic composition allows stabilising the powers allocated in the arc and in the 
charge at the given level. So on fig. 6 are resulted the curves of powers allocated in the arc 
and in the charge without 
correction of harmonic 
composition (curves 1 and 
2) and the same powers, 
but calculated for system 
with correction (curves 3 
and 4). It is necessary to 
note that simultaneously to 
power stabilising also is 
stabilised temperature of 
the furnace reactionary 
zone (fig. 7). Fig. 7 shows 
the connection between 
temperature and furnace 
charge resistivity: curve 1 
shows the connection 
without correction of 

Fig.5. Temperature and harmonic ratio relation 

Fig.6. Power versus furnace charge resistivity 

Fig.7. Temperature versus furnace charge resistivity 
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harmonic composition and curve 2 - with correction. 
 Thus, the undertaken studies display that introduction of the additional regulating channel 
using harmonic composition allows to stabilise the powers allocated in the arc and in 
conductive walls of the cavity at the given level irrespective of charges resistance change. 
Selection of the appropriate ratio of the fifth harmonic component to the first allows attaining 
a desirable relationship of powers in the furnace cavity.
 The gained results have important practical meaning as in practice there are frequent 
oscillations of charges resistance in rather broad range [6, 7]. 
 Phase current transient processes in the designed control system with correction on 
harmonic composition (curve 2) and without it (curve 1) are displayed for equal parameters of 
system on fig. 8. 

 The analysis of these 
curves allows defining 
the basic quality ratings 
of transient processes of 
regulating: the 
maximum aberration of 
the phase current, a time 
of the leakage of 
transient process, 
number of oscillations 
of the controlled 
quantity and a stored 
position error. So, fig. 8 
displays that the 
designed SAF control 
system is more 

preferable in comparison with traditional one as correction usage refines the transient 
performance and increases furnace capacity at the decrease of time expense of charge heat. 
 The undertaken studies display that the designed system with correction by harmonic 
composition is resistant against disturbing affecting, such as supply voltage oscillation, arc 
length change and resistances charges change and is capable to bolster the given electrical 
regime at aberrations of parameters. 
 Adequacy of models used at researches has been checked during experiments on the 
operating furnace. Discrepancies between analytical results, gained by simulation, and 
experimental data do not exceed 20 %. 
 The gained dependences allow giving out recommendations about SAF control for 
reaching optimal operation mode as functions of phase current harmonic composition from 
the point of view of temperatures allocation. 
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NEW TRENDS IN APPLICATION OF INDUCTION HEATING POWER DEVICES 

N. Samsonov, Yu. Pleshkov, Yu. Matveev 

Estel S, Tallinn, Estonia 

   Development of induction technologies and their massive distribution has left its mark on the 
development of power supply devices that has passed several periods: from lamp generators and 
machine converters to high-tech energy-saving converters on the basis of semiconductor devices 
with advanced digital control systems. 
   Now, it is impossible to imagine a process line without automation and control system. 
   The main control measure during the design of induction devices control systems is the heated 
installation temperature that is measured by means of pyrometer. 
   Recently, increasing spreading level is observed for so called modular induction heating 
devices. The module comprises: inducer, capacitor bank, and converter. 
   At one of the modules outage for whatsoever reason there is provided possibility for device 
operation continuation, at the expense of capacity redistribution among the remaining operating 
modules that, indeed, is important at large-scale manufacturing. 
   Latest converter equipment developments of ESTEL Factory allows for application of 
additional option of modular induction heating devices’ supply system composition that is 
capable of combining variable capacities and frequencies with application of one universal power 
unit.
   Application of universal power units with availability for operation at high frequency range and 
allows for decreasing quantity of converters utilized on site.  
   Additional series of power units can be applied in the centralised power supply circuit of the 
forge workshop or area from DC bus bars. Herewith, DC power unit can be reckoned on 
aggregate capacity of inverters supplying induction heating devices. 
   Brief explanation of the universal power unit with maximum output capacity 1 000 kW and 
operatig frequency 1-8 Hz is provided. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

367 |||||||



TECHNOLOGIES OF INDUCTION HEATING AT WIRE HEAT TREATMENT 

I. Barankova 

Magnitogorsk Technical University, 
38 Lenina str., Magnitogorsk, 455000 Russia 

  Wire products manufacture is generally the final metallurgical treatment stage of ferrous and 
non-ferrous metallurgy. Wire manufacture takes one of the leading places in domestic 
metallurgy. Thermal treatment is commonly applied in wire manufacture technology (both at 
intermediate and finishing processing stages). Thermal treatment of metal products of 
drawing and rolling mills is the most time consuming operation taking about 50% of the 
processing time. In the article the authors study the prospects of induction heating application 
for such objects as wire coils and calibrated wire coils as well as metal strip coils which have 
never been heated in such a way before. 
   It is well known that the structure and mechanical properties of metal after heat treatment 
depend not only on the initial structure of metal, reduction rate at deformation, temperature 
and time of thermal treatment, but also on the heating rate of metal to treatment temperatures. 
Wire coils and calibrated wire coils have a lot of air gaps with low thermal conductivity. That 
is why the choice of range of heating rates of wire coils becomes very important. The way of 
energy input for transformation processes also has a significant influence on temperature-time 
factors during metal structure formation. 
   The influence of wire coils heating rate increase above Ac1 temperature on wire quality was 
tested in induction furnaces in operating conditions of Magnitogorsk rod-and-wire plant. At 
heating rates in the range of 350ºC/h and 950ºC/h to (the temperature of) 760 ºC the metal 
yield was 100%. Heating rate decrease below 350ºC/h resulted in metal yield decrease to 80% 
due to decarburization. Heating rate increase to 1000ºC/h resulted in non-uniform structure 
and mechanical properties of the annealed metal due to significant non-uniformity of 
temperature pattern of the metal batch during the heating process and the metal yield 
decreased to 80%. 
   Thermal treatment must insure uniform mechanical properties and structure along the wire 
length. Wire coils and calibrated wire coils are very large that is why the time required for 
achieving the aimed weight average temperature can be significantly reduced by the 
combination of upper layers heating with induced currents and heat transfer to the internal 
layers not only by coil radial thermal conductivity but also by convection and radiation. At 
heating temperatures below 780 ºC the contribution of radiation and natural convection is 
negligible.
   However in the heating process in induction furnaces at the frequency of 50 Hz wire turns 
begin vibrating in the electromagnetic field. Mechanical oscillation of loose wire turns caused 
by electrodynamic forces distributed within the system results in relative movement of air and 
turns. It changes the heat transfer rate inside the coil due to forced convection. In addition the 
rate change in the cycle of vibration causes fluctuating (oscillating) flows. These fluctuating 
flows, in their turn, further intensify the heat exchange process. 
   The force acting on the turns on the part of the electromagnetic field is directed radially 
along the coil and depending on the direction of the current within the semioscillation it 
causes either compression or stretching strain. 
   The value of the resultant force directed radially and acting on the ith turn as a result of the 
interaction of all N turns takes the following form 

),
/)1(/)1(

(
2

1

02
i

j

jN

ij

j
i NRj

I

NRj

I
IF  i=1,..n 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

368 |||||||



   The following force acts on the turn horizontally 
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where R is the coil thickness, l is the length of the turn, l  is the inductor height, I  is the 
strength of current in the inductor. 
The value of the resultant force, vertical interaction of turns 
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where H is the pile height, M is the number of turns in the pile. 
   In order to estimate the contribution of forced convection to the acceleration the heating rate 
it is necessary to calculate the values of heat-transfer coefficient by convection. In its turn, 
convection heat-transfer coefficient depends on the oscillation amplitude of the turn of wire. 
The turns of wire come into contact with each other, thus only certain sections of the turn can 
oscillate and the length of such sections is arbitrary. 
   Calculation of convection heat-transfer coefficient at wire turns oscillation in the induction 
furnace can be carried out in the following way. First of all it is necessary to calculate the 
value of electromagnetic force acting on the turn. As the length of the loose section of the turn 
capable of making forced oscillation is arbitrary, one should use average value obtained as a 
result of experimental data processing. Hardness value can also be obtained experimentally. 
Then it is necessary to calculate the value of cross traverse movement equal to the amplitude 
of the wire turn oscillation. Having calculated the movement of wire sections we can find 
convection heat-transfer coefficient. 
   In this case Prandtl number is a very small value that is why to calculate the convection 
heat-transfer coefficient one can use the following relationship 

0
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where v is the kinematic viscosity coefficient; a is the heat-transfer coefficient;  is the heat 
conduction coefficient; x is cylindrical surface coordinate; r is the radius of the cylinder; x/r0
is the angular coordinate. 
   Dimensionless group: 
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U
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where U  is the amplitude of oscillation of the external flow rate; vRe  is Reynolds number 
of secondary flows; Re  is the oscillation Reynolds number. 
   Average wire surface heat-transfer coefficient is calculated in the following way 
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   To account for the extra heat transfer in the process of thermal field calculation, one can 
find an extra coefficient g  taking into account convection heat transfer: 

25.0rprGg

where  is the air gap thickness. 
   In this example the calculated value  is calculated as the sum of air gaps in the calculated 
layer. As the sum of air gaps is the function of the winding density the mathematical 
expectation value was used in the calculation process. 
   As a result of theoretical calculations it was found that if you take into account the air flow 
fluctuations, the value of heat-transfer coefficient increases steeply. The value of heat-transfer 
coefficient in the fluctuating (oscillating) air flow depends on the heated wire diameter, 
vibration amplitude and temperature. The study of these relationships show that the value of 
heat-transfer coefficient in the fluctuating (oscillating) air flow depends mainly on the 
vibration amplitude rather than on the wire diameter. 
   Comparison of calculation results of stationary heat-transfer coefficient showed that the 
heat-transfer coefficient more than doubled due to wire turns oscillation. 
   Increase of the wire turns oscillation amplitude results in sharp increase of the heat-transfer 
coefficient in the fluctuating (oscillating) air flow. When the wire turns oscillation amplitude 
doubles, the heat-transfer coefficient in the fluctuating (oscillating) air flow increases more 
than two times. For the wire diameter of 5 mm it is 69 W/m2ºC and for the wire diameter of 
15 mm it is already 140 W/m2ºC. 
   In order to account for all components of the heat transfer during the mathematical 
simulation of induction heating process of wire coils it is necessary to introduce one more 
component taking into account heat-transfer in the fluctuating (oscillating) air flow formed at 
wire turns oscillation. 

XVII CONGRESS  UIE-2012 21-25 MAY 2012, ST.PETERSBURG

370 |||||||



MELTING-CASTING PLANT ON THE BASIS OF TURBO-INDUCTION FURNACE 
FOR COMPOSITE ALLOYING 

V.I. Luzgin, A.Y. Petrov, F.N. Sarapulov, V.E. Frizen 

LLC "RELTEC", the Ural Federal University, Yekaterinburg 

I. Introduction 
In recent years the technological progress, connected with the development of 

nanotechnologies, has been noticed in spheres of science and ferrous and nonferrous industry.  
Blanking and completed parts’ operation by the way of investment casting is very important 
for technological processes that are typical for machine-building enterprises in defense 
industry, aircraft industry, shipbuilding, rocket and space complex, and nuclear complex. 
Modernization and efficiency upgrading of these enterprises is a foreground task and it 
requires the implementation of modern foundry equipment. This equipment enables to 
fabricate precision components and blank parts of irregular shape from various materials with 
minimum allowance for machining. Such equipment provides cutting of production time and 
costs including defense products. As a result there is a possibility to cut the state budget cost 
for the financing of state defense order. The special attention is paid to alumino-matrix 
composites. Their properties are provided with the dispergating of matrix alloy structure and 
with high-proof particles reinforcing. 

II. Turbo-induction melting-casting plant 
   Melting-casting plant consists of two complexes. The first one is a melting facility that can 
be replaced with a turbo-induction furnace. And the second complex is a plant for 
semicontinuous casting of ingots of required size that can be replaced with casting molds with 
magneto-hydrodynamic mixing in the crystal-melt front. 

The technological scheme for crucible induction melting plant is shown in Picture 1. It 
presents a  turbo-induction crucible furnace at the top of an operating floor. The batch mixture 
supply is performed through the furnace throat when the tilting door is opened. Heat of metal 
is realized in an atmosphere of the shielding gas supplied through the arresting gear. It is also 
used for supply of alloying and modifying materials. At the end of melting there is intensive 
metal mixing under the influence of electrodynamic force. 

Picture 1 
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   After alloy treatment metal suspension is transferred through the bottom cable to the casting 
mold that is situated in the bottom part of crucible induction casting system where rapid metal 
cooling is performed during magneto-hydrodynamic mixing. The formed ingot with a 
globular structure is transferred to the further processing. 

III. Turbo-induction crucible furnace 
   Turbo-induction crucible furnace is the main part of turbo-induction melting-casting plant. 
It provides melting of metal matrix, mixing the smelt with hardening microparticles and 
distribution of these microparticles with the whole volume of the bath with enough uniformity 
(picture 2). 

Picture 2 Turbo-induction furnace; 1 – furnace frame; 2 – turning inductor; 3 – heating 
inductor, 4 – bottom plate 

Such construction provides toroidal motion because the main heating reducing gear is 
supplied with the multiphase medium-frequency current of the main heating inductor. Such 
construction also provides rotational metal motion (in the horizontal surface) around the shaft 
under the influence of low frequency traveling field. The field is created with the circular 
linear motor (picture 3), that is situated in the top part of furnace crucible. During the turning 
there is a concaved meniscus on the alloy surface that simplifies the process of material 
loading and provides a high speed of diffusion under the influence of turbulent sliding motion 
of metal in the underslag bulk. Turbo-induction crucible furnace enables to eliminate 
chemical inhomogeneity due to biplane alloy mixing and provides random distribution of 
input disperse particles in the alloy. Furthermore, isothermal metal equalizing during 
crystallization is provided in turbo-induction crucible furnace and it is a big advantage in 
comparison with low-pressure casting. During low-pressure casting a smelt under air or 
neutral gas pressure is supplied through a gating system in a casting box. However, low-
pressure casting doesn’t provide isothermal metal equalizing, material input and random 
distribution of particles in the alloy, and metal suspension supply to casting box.  

Picture 3 Turning furnace inductor 
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Picture 4 shows turning velocity distribution, as isotaches, in the longitudinal section of 
crucible low part under the influence of magnet space. This magnet space is created with 
frontal top active part of winding of the turning inductor (pic.4 (a). Picture 4 (b) shows 
velocity distribution in the longitudinal section of a narrow low part of crucible under the 
influence of magnet space, created with lateral winding of the inductor.  

)
Picture 4 

b)

   Picture 5 shows a velocity vectorial field in the longitudinal section of a narrow low part of 
the crucible under the influence of magnet space caused with multiphase winding of the 
heating inductor with medium-frequency current supply. As it is shown in the picture the 
inductor causes a toroidal stirring effect in the crucible. 

Picture 5 Velocity vectorial field in the longitudinal section of a narrow low part of the 
crucible with three-phase supply of the heating inductor’s winding 

   Generally, it is possible to model different kinds of a stirring effect in accordance with the 
processing requirements. 
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IV. Electric power supply of turbo-induction crucible furnace 
Electric power supply of turbo-induction crucible furnace and hydrodynamic processing 
control is performed with an original multi-energy-channel frequency converter. It provides 
electric power supply of inductors according to multiloop servo system at the medium and 
low frequency. There is a scheme of electric power supply in picture 6. 

Picture 6 Basic diagram of frequency converter  

Frequency converter is built according to two-tier block structure. The first part of the 
structure is the rectifier inverting direct to alternating voltage. The second part of the structure 
is inverter, that is built according to cascaded single-three-phase scheme and that inverts 
direct to alternating voltage of high and low frequency. Energy output of high-frequency stage 
(VT7-VT8) is connected with parallel operating circuit, formed with high-frequency inductor 
and balancing capacitor. Energy outputs of low-frequency stage are connected with parallel 
circuits, formed with rotocoil inductor and heating inductor units. Picture 7 shows the 
diagrams of inverter operating where high-frequency current ihf, that is rectangular in shape, 
and voltage of high-frequency circuit uhf, displaced by phase angel hf, are demonstrated. 

Inverter low-frequency stage forms three-phase low-frequency current i1 –  i3. The main 
harmonic components of phase currents i(1)1,  i(1)2,  i(1)3 generates currents at the resonance 
frequency in low-frequency circuits and voltages u 1, u 2, u 3, replaced by phase angles 1, 2,

3. Low-frequency inductor currents form traveling circular field of electromagnetic rotocoil 
and create draft forces in high-frequency inductor’s units. High and low-frequency current 
control is performed with balance between operating and resonance frequencies of high and 
low-frequency operating circuits. The phase angles hf, 1, 2, 3 are changing, so it means 
that ratio of average numbers of voltage of high and low-frequency stages are also changing. 
The sum of these voltages must be equal to rectified voltage Ud=Uduhf+Udulf. So there is hogh 
and low-frequency current control at different stages of smelting and composite alloy 
treatment. 
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Picture 7 One-three-phase current inverter diagram 

V. Required ingot pattern in turbo-induction melting-casting plant 
It is known that the quality of metal products, shaped mechanically, depends on the 

structure and qualities of cast sections, their physical and chemical nonuniformity. This 
problem is rather wide and one of the main questions is knowledge of cast product structure 
and possibility to control the structure in order to provide finite structure complying with the 
product qualities after different cast sections’ treatments. 
   For most products the castings are just blank parts that require the further treatment. So, one 
of the main requirements for molding material is mold ability. The increasing of mold ability 
can be performed in the result of ingot’s columnar area elimination as rough anisotropic 
structure. High mold ability can also be reached by grain refining, uniformity increasing and 
changing of alloy’s phase stage. The forming of uniform fine-grain structure provides high 
level of workability both at the stage of hot deformation and at the following process stages. 
   Various physical actions, causing alloy motion, must optimize the structure and reduce the 
number of defects regarding the fact that undesirable characteristics of macro- and 
microstructure and metal defects are caused by two factors. The first one is the uniformity of 
temperature distribution with the whole volume. The second factor is a gradual changing of 
chemistry of liquid bath during crystallization and insufficient alloy makeup of crystallizing 
areas.
   The impact on crystallizing structure with the help of electromagnetic field that is created 
with electromagnetic mixing, is rather perspective way. We can define several kinds of such 
impact on crystallizing alloy: 
- alloy mixing that controls heat sink during crystallization; 
- ingot shaping; 
- decrease or increase of gravity force at the expense of electromagnetic forces (so called 
levitating effects) 
- control of alloy movement at a high velocity range. 

The forces leading to liquid circulation in the enclosed volume appear in a liquid alloy 
during electromagnetic mixing. The direction of alloy movement and velocity can be 
controlled over a wide range, creating the directions that are in coincidence and incongruous 
with heat convection. Turbulent motion, arising during electromagnetic mixing near crystal-
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melt front, increases effective coefficient of heat conduction in three times, and diffusion 
coefficient in six times. That leads to temperature and chemistry equalization in liquid phase 
volume, increase of liquid phase subcool. 

Researches about impact on crystallizing alloy’s structure, led at Kamensk-Uralski 
metallurgical plant in 2001, showed the efficiency of electromagnetic mixing for impact on 
crystallizing ingot. Macro- and microstructures of performed ingot are shown in Picture 8. 
The ingot has desirable globular microstructure.  
   There are rounded particles of different sizes through all the ingot’s section. The significant 
fine crushing of structure is noticed in perioheral lays of an ingot. 

a)

b) 
Picture 8. Structures of ingot AK 4-12 with the diameter of 145 mm : a) Macrostructure, b) 
Microstructure 

VI. Mixer of liquid phase of ingots during crystallization 
For preparation of uniform structure of the ingot before pressing, pouring unit must include 
semicontinuous casting machine with sliding casting mold, equipped with a mixer device for 
electromagnetic mixing. The main view of mixer’s inductor is shown in Picture 9. 
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Picture 9. The inductor of liquid phase mixer during crystallization 

Casting mold (Pic.10) is fixed in the door of electromagnetic mixer’s inductor.  

Picture 10. Casting mold 

The supply with three phase current system provides the inductor to create magnetic field 
traveling along the inductor’s shaft. That provides axle circulation of alloy in the dimple of 
crystallizing metal. 
Picture 11 shows velocity field of alloy in longitudinal section of the ingot. In this case there 
are two whirls in alloy flowing: the first whirl is in the surface region, the second one is in the 
middle region of the dimple. So a simple change of winding diagram leads to change of alloy 
motion. Picture 11b shows velocity field, performed with the help of package COMSOL 
Multiphysics. The calculations, based on the program of difference method, together with this 
package enable to reach a good compliance. The difference can be because of less 
particularity of mesh scheme in authorial program.    
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Picture 11. Vectorial velocity field in the longitudinal section for single-pole winding inductor 
– difference method,  – finite element method COMSOL) 

VII. Conclusion 
In conclusion we can say that the construction of turbo-induction melting-casting plant 
provides the required technological parameters of chemical and structure uniformity of the 
produced ingots. Due to the construction’s specialties and possibility to control the processes 
of melting and mixing, the turbo-induction melting-casting plant enables to prepare a wide 
range of composite materials. This provides efficiency upgrading of metallurgical production 
and improvement of the product quality, produced from composite alloys by the methods of 
investment thixo casting and rolling. 
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REDUCTION OF CO2-EMISSION USING EFFICIENT INDUCTION 
MELTING TECHNOLOGIES

E. Baake(1), B. Nacke(1)

(1) Institute of Electrotechnology, Leibniz University of Hanover, 
Wilhelm-Busch-Str. 4, D-30167 Hanover, Germany 

ABSTRACT

Processes for melting and heating are high energy consuming technologies and an 
ongoing improvement is necessary due to overall activities in industry to reduce energy 
consumption for industrial processing of materials and products. Additionally the CO2
emission of these thermal processes is of national and international interest and important for 
users of high consuming processes due to the necessity to pay in future for CO2 emissions 
certificates. The paper shows the state of the art of induction processes for melting of metals 
and in comparison fuel-heated processes concerning energy consumption and CO2 emission. 
Future reduction of the CO2 emission due to the increasing share of renewable energy 
generation will improve again the situation for electrically heated processes in comparison 
with fuel-heated. 

INTRODUCTION

Processes for melting and heating of metals belong to the high energy consuming 
industrial processes and the continuous improvement of the energy efficiency of the 
competitive melting and heating technologies is of increasing interest [1, 2, 3]. Against this 
background the CO2 emission of processes and installations has to be taken into consideration 
today beside the pure energetic evaluation [4]. The CO2 emission balance of the entire 
energetic process chain has to be made up and to be reduced in order to be prepared in time 
for the future challenges in the field of melting and heating technologies. 

EVALUATION OF DIFFERENT MELTING AND HEATING PROCESSES 

Fig. 1. Evaluation criteria for comparison of 
different melting and heating processes 

For the comparison of different 
processes for melting or heating three 
groups of criteria are important: application 
requirements, economy and ecology, see 
Figure 1. The application or process 
requirements are primary conditions. 
Different processes can only be in 
competition if they fulfil the process 
requirements like process temperature, 
furnace atmosphere or a minimum 
production rate. If the specific process 
requirements can be realized only by one 
process, in general there is no competition 
only that all other criteria have to be taken 
into consideration. But if different 
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processes can realize the same or at least similar requirements then also economical and 
ecological should finally decide about the best available technology. The main and most 
important aspects are the cost of the used energy and more and more the CO2 emission due to 
the used kind of energy. 

ENERGY DEMAND OF DIFFERENT MELTING FURNACES 

Melting furnaces are 
widely used for melting of 
iron, steel and non-ferrous 
metals. For the use in grey iron 
foundries cupola, induction 
and partly also gas-fired rotary 
furnaces are in competition, 
see Figure 2. From criteria of 
production requirements the 
cupola furnace has big 
advantages for continuous 
melting while the induction 
furnaces are small and flexible 
aggregates and optimal for 
often changing melt grades 
and high quality melting products. Nevertheless the energy consumption plays an important 
role in both cases.

Fig. 2. Melting furnaces for grey iron 

Fig. 3. Hot blast cupola furnace 

Figure 3 shows the 
principal layout of a hot blast 
cupola furnace and typical 
energy consumption values for 
a modern large furnace. The 
melting rates of such large 
furnaces are 60 t/h. Cupola 
furnaces are used in large 
foundries with a small variety 
of different grey iron grades. 
The total energy consumption 
is in the range of 900 to 1000 
kWh per tonne molten grey 
iron. The main energy source 
of the hot blast cupola furnace 
is coke, small parts are gas and 
electricity. In german grey iron 
foundries the cupola furnace 
has today a share of around 
50 %.

Fig.4. Induction crucible furnace 

Figure 4 shows an 
induction crucible furnace 
which is mostly used for 
flexible melting with a wide 
variety of different grey iron 
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grades. The sizes of modern medium frequency induction furnaces are smaller and have 
typically melting rates of 10 t/h to 20 t/h of grey iron. The energy consumption of modern 
furnaces is around 520 t/h for grey iron (without holding operation losses) and is much lower 
than for cupola furnace, but due to electricity as the energy source the energy costs are 
comparable or even higher. Figure 5 shows the energy flow of a modern medium frequency 
induction crucible furnace. The main part of the furnace losses occurs in the coil while other 
losses and also the thermal losses have only a very small part. The total efficiency for melting 
of grey iron is 75 %. 

Fig. 5. Energy flow for melting of grey iron in a medium frequency induction crucible 
furnace

Taking into account the primary energy, then both types of furnaces have around the same 
energy demands, see in the following chapters. 

Induction crucible furnaces are also used for melting of non-ferrous metals. The energy 
consumption depends on the metal enthalpy and the furnace efficiency. Because the induced 
power in the melt depends strongly on the electrical conductivity of the melt, induction 
furnaces for melting of non-ferrous metals have lower efficiencies than for grey iron or steel 
due to the high electrical conductivity of non-ferrous metals like copper, aluminium and their 
alloys. Figure 6 shows accordingly the energy flow for melting of copper in an induction 
crucible furnace. For copper the losses in the coil are much higher than for grey iron and the 
total efficiency is only 53 %.

Fig. 6. Energy flow for melting of copper in an induction crucible furnace 
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Therefore for 
melting of copper and 
other non-ferrous 
metals like brass, 
aluminium and zinc the 
induction channel 
furnace (Figure 7) is 
usually preferred due to 
its much higher 
efficiency for melting 
of non-ferrous metals.

Fig. 7. Induction channel furnace 

Figure 8 shows the 

according energy flow. 
In induction channel 
furnaces the coil losses are much lower due to the electric transformer principle and therefore 
the total efficiency of induction channel furnaces for melting of copper is around 82 % or 
even higher compared to 53 % of induction crucible furnaces. Accordingly the energy 
consumption for melting of copper is only 250 kWh/t compared to 385 kWh/t for the 
induction crucible furnace. 

Fig. 8. Energy flow for melting of copper in an induction channel furnaces 

Taking into account only the final energy demands for melting of grey iron induction 
crucible furnaces are quite energy efficient devices, even modern cupola furnaces have nearly 
the double demand of final energy compared to induction furnaces. The comparison of 
primary energy demands for both aggregates will be shown later. 

For melting of non-ferrous metals induction channel furnaces are more energy efficient 
than induction crucible furnaces. Crucible furnaces should only be used if a strong stirring of 
the melt is necessary which is impossible with channel furnaces. 

ROOM FOR IMPROVEMENT OF INDUCTION CRUCIBLE FURNACES 

Nevertheless that induction crucible furnaces have already a high level of energy 
efficiency, 25 % of the consumed energy are still losses and offer capabilities to reduce losses 
and to improve the efficiency of the used energy. Room for improvement in the field of 
melting grey iron in induction crucible furnaces are in the following areas: 
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- improvement of coil efficiency (increase of conductivity of copper coil due to reduced 
cooling temperature, optimal copper coil profile) 

- optimal design of cooling coils (optimal profile and optimal material) 
- reduced crucible wall thickness with equal or even improved crucible life time 

(advanced lining materials) 
- optimal design of crucible bottom cone 
- reduced energy losses due to optimized operation of peripheral devices (cooling pumps, 

cooling tower fans, exhaust system). 

Fig. 9. Furnace efficiency dependent on cooling water temperature (left) and cooling coil 
material (right) 

Some results of the actual developments are demonstrated in the following. Figure 9 left 
shows the electrical furnace efficiency due to the dependence of electrical conductivity on the 
cooling water temperature. With a reduced average coil temperature due to lower cooling 
water temperature a substantial reduction of coil losses and hence an increase of the furnace 
efficiency is possible. The right diagram of Figure 9 shows the dependence of the electric 
furnace efficiency on the electrical conductivity of the cooling coil material. With for example 
a cooling coil made of stainless steel a substantial improvement of the furnace efficiency is 
reachable. Figure 10 shows room for improvement of the furnace efficiency with a reduced 
crucible wall thickness (Figure 10 left) and with a reduced crucible cone diameter (Figure 10 
right).

Fig.10: Furnace efficiency dependent on crucible wall thickness and cone diameter 
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An important additional room for improvement are in the furnace operation. The direct 
melting process for grey iron with a modern medium frequency furnace needs around 520 
kWh/t as mentioned above, but due to operational losses the total energy demand including 
operation is typically in the range of 550 – 650 kWh/t. Here additionally a substantial room of 
improvement is seen with the reduction of energy losses during operation (reduced holding 
time, reduced cover opening times, short transportation time). 

An overview of 
all investigated 
areas and the 
according room for 
improvement of the 
furnace losses are 
given in the right 
table. The overall 
improvements 
result in a possible 
reduction of 
furnace losses of 
8,0 % which gives 
a reduction of final 
energy demand of 
48 kWh/t. The 
theoretically inves-
tigated
improvements are actually prepared to be realized in the design of an induction crucible 
furnace and in the practical furnace operation in a grey iron foundry. 

ENERGETICAL AND ECOLOGICAL COMPARISON OF DIFFERENT MELTING 
FURNACES 

For an objective energetic comparison and for the comparison of the CO2 emission of 
different melting furnaces the primary energy demand of each melting furnace has to be taken 
into account instead of the final energy demand. Table 1 indicates that additionally not only 
the direct energy demand has to be considered but also the objectified energy demand which 
takes into account material losses at melting or generally the accumulated energy of materials 
and products. 

Förderung

Transport

Verarbeitung

Strom 

TransportUmwandlung

Kraftstoff

Primärenergie

Endenergie

Fig. 11. Energy process chainTab. 1. Final energy, primary energy and CO2 emssion
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Figures 12 and 13 show the final and according primary energy demands for different 
melting furnaces for grey iron. As mentioned already above, taking into account the final 
energy induction crucible furnaces and especially medium frequency furnace have the lowest 
demand. But regarding the primary energy cupola furnaces have advantages. Nevertheless due 
to other operational advantages copula and induction furnaces are today competitive 
aggregates in grey iron foundries. 

Fig. 12. Final energy demand of 
different melting furnaces 

Fig. 13. Primary energy demand of 
different melting furnaces 
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Fig. 14. CO2 emission of different 
melting furnaces (1996) 
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Another comparison exists if the CO2 emission of the different melting furnaces is taken 
into account. Table 2 gives the values of the CO2 emission if 1 kWh final energy is used. The 
values for coke and gas are time independent and only differ from type or place of production 
of coke or gas. The values for electricity strongly depend on the production of electricity from 
the different energy sources like coal, gas, nuclear or renewable. The world average value for 
1996 is quite low because a large amount of electricity is worldwide produced from hydro 
power. Looking to the values for Germany, in 1996 the values were rather high compared to 
world average values but due to the increase of electricity produced from renewable sources 
the values decreased already until 2007 and will increase again until 2020. The values for 
2020 are taken from a forecast of the German energy study “Branchenprognose 2020”. 
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Taking into account this development in Germany the use of electricity for heating 
processes in industry will become a completely new orientation if the CO2 emission is 
considered. But not only in German, also in other countries will improve the situation for 
electrically heated processes in comparison with fuel-heated.  
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Fig. 15. CO2 emission of differentmelting 
furnaces (2007) 

Fig. 16. CO2 emission of different 
melting furnaces (2020) 

CONCL

g by new furnace designs and concepts 
proved operation of the processes. 

th

[4]  industrieller 
Prozesswärmeverfahren. Vulkan-Verlag Essen, 1996, ISBN 3-8027-2912-9 

USION

The processes for melting of metals belong to the high energy consuming industrial 
processes and the continuous improvement of the energy efficiency of the competitive 
melting technologies is of increasing interest. Against this background the CO2 emission of 
processes and installations has to be taken into account already today beside the pure 
energetic evaluation. The CO2 emission balance of the entire energetic process chain has to be 
made up and to be reduced, in order to be prepared in time for the future challenges in the 
field of melting and heating technologies. 

Depending on the used final energy in terms of electric energy, gas or coal the different 
energetic process chains result in different CO2 emissions. Even though electric melting 
processes having similar primary energy demands compared to fuel-heated processes the CO2
emissions of electric processes are usually already lower today. Due to the increasing share of 
renewable energy generation the use of electric melting processes will result in further
reduction of CO2 emissions in future. 

Furthermore additional capabilities for the reduction of CO2 emissions of electric high-
efficient melting and heating technologies are existin
as well as by an im
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PROSPECTS OF DEVELOPMENT OF CRYSTAL-GROWTH EQUIPMENT FOR 
SILICON PRODUCTION IN RUSSIA  

B.M. Nikitin, G.A. Goryushin,  V.I. Dobrovolskaya, V.N. Ivanov 

Federal State Unitary Enterprise All-Russian Vologdin Research Institute of High-Frequency 
Currents, St.Petersburg 

   Single-crystalline silicon has been the main material for solid-state electronics for more than 50 
years. In Russia, there is practically no production of this material on the industrial scale. However, 
restoration of production of polycrystalline silicon, source material for single crystals, started in a 
number of regions. 
   For this purpose, it would be reasonable to use a domestically manufactured Kristall 503 plant for 
production of silicon rods-substrates (filaments); it allows simultaneous production of 7-9 rods up 
to 3m long. Further, for better quality of polycrystalline silicon and higher output of Siemens 
process reactors, it is promising to impose longitudinal high-frequency electromagnetic fields on 
growing ingots. Calculations show that significant energy saving can be achieved.  
   A developing rival of the Siemens process is the fluidized-bed granule-production method. This 
method begins to develop in Russia. Source material for the method must be pure silicon powder. 
The method of producing such powder has been developed. It is based on a high-frequency plasma 
plant where silanes are decomposed.  
   Use of silicon powder or granules may be efficient in the Czochralsky growth process or in the 
modified crucibleless floating-zone melting method. 
For development of solar power engineering, the most efficient method of the material production is 
cold-crucible induction melting (CCIM). Development of CCIM for single crystal growth can 
constitute serious competition for the Czochralsky technique and probably for crucibleless floating-
zone melting.  
   Development of crystal-growth equipment for the Czochralsky process involves application of 
electromagnetic fields to the melt, continuous addition of raw material to the crucible without 
cooling of the furnace, and upgrading of the power supply unit for reduction of power consumption 
due to lower losses. 
   For crucibleless floating-zone melting where high-frequency power supply units are used, it is 
planned to implement new, state-of-the art process control schemes based on a transformerless 
power supply unit developed recently in Russia.  
In the nearest future, a new class of equipment will appear for production of mono-isotope silicon 
single crystals opening new prospects for solid-state electronics and nanotechnologies.  
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MODERN ORE-REDUCTION ELECTRIC FURNACES  
MANUFACTURED BY JSC SIBELECTROTHERM 

M.G.Kuzmin
JSC Sibelectrotherm 

51, Petukhova str., Novosibirsk, 630088, Russia 

   Ferroalloy electric furnace making was started in our country just after World War II. The 
problem of establishing the industry at a new technical level could be solved only by wide 
application of electrothermics and electrotechnics in metallurgy and engineering. In the cir-
cumstances, a new plant of electrothermal equipment was established in Novosibirsk in com-
pliance with the Government’s decision; later, the Plant was reorganized into Scientific- Pro-
duction Association Sibelectrotherm, since 1992 it is JSC Sibelectrotherm.  
   Now, JSC Sibelectrotherm is Ruussia’s largest specialized engineering plant producing 
heavy electrothermal equipment including ferroalloy and other ore-smelting furnaces. The 
proportion of the ferroalloy furnaces, produced by the plant in 67 years of operation, is char-
acterized by the following: total installed power of the furnaces, manufactured at the Siberian 
plant of electrothermal equipment for industrial works of our country, exceeds            8,000 
MVA; the quantity is comparable with the total power of  Bratsk (4,520 MVA) and Ust-
Ilimsk (3,840 MVA) water power plants belonging to Angara coordinated hydroelectric sys-
tem.
   Ore-smelting  and ore-reduction electric furnaces of 1.2 to 80 MVA power manufactured at 
JSC Sibelectrotherm are divided  into carbothermic process furnaces, aluminothermic process 
furnaces and refining furnaces. 
   Open,  semi-closed and closed electric furnaces of 8 to 80 MVA power provide for produc-
tion of the following alloys: 
   ferrosilicon: FeSi90, FeSi75, FeSi65, FeSi45, FeSi25, FeSIi8, low-chrome, low-phosphorus; 
   freeomanganese: FeMn0.5; FeMn1.0; FeMn15, low-carbon, medium-carbon, carbon; 
   silicocalcium: SiCa10, SiCa15, SiCa20, SiCa25, SiCa30; 
   silicomanganese: SiMn26, SiMn20, SiMn17, SiMn14, SiMn10; 
   ferrochrome: carbon-free, low-carbon, medium-carbon, carbon; 
   chrome silicon, ferrochrome silicon, ferroaluminium silicon, ferrochrome aluminium addi-
tion alloy, ferronickel, crystalline silicon , phosphorus; 
   magnesite, periclase, basalt, kaolin, fused corundum. 
   Structurally, electric furnaces could be semi-closed (with low hood) and closed (roofed). 
   Electric furnaces are of universal design, they have variable pitch circle diameter and ad-
justable electrode voltage range which provides for optimizing the furnace productivity, ob-
taining minimal power consumption while changing charge makeup; also, it enables electric 
furnace starting after erection, overhaul and short-time switching-offs including low-power 
operation during limited electric energy supply. The electric furnaces are equipped with spe-
cial systems and pickups for monitoring the lining condition of the furnace hearth, sidewalls 
and roof as well as the availability of skull on the inner lining surface, tap hole condition di-
agnostics; the furnaces are also equipped with automatic electrode baking mode control sys-
tems, electrode consumption sensors, weighing and batching systems for calculating and 
monitoring heat material balance, off-gas analysis and temperature, flow-meters and pickups 
controlling cooling water flow and temperature, and other systems. 
   Electric furnace reliable and trouble-free operation is provided for by energy systems hot 
and cold backup including guaranteed contact member cooling, electrode holding while 
emergency power and water cutoff etc.  The electric furnace universal design provided for 
unitizing structures of ore-reduction furnaces basic components. 
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   Modern ore-reduction electric furnaces are sophisticated installations provided with various 
electromechanical, hydraulic and electrotechnical equipment which creates exacting require-
ments for furnace design, power parameters and components reliable operation. At present, 
JSC Sibelectrotherm works actively in the electrometallurgical market creating new commer-
cial electric furnace prototypes in line with the world technical level and supplying equipment 
successfully both to Russian and CIS works as well as far abroad. 
   Ore-reduction electric furnaces designed by JSC Sibelectrotherm realize the following new 
engineering and technological solutions used while creating equipment designated for produc-
tion of various ferroalloys (e.g., ferrosilicon, ferromanganese, silicomanganese, ferrochrome, 
ferronickel, Si-metal et al.): 
   1. Encapsulated current input providing for protection of contact clamps and pressing ring 
against the waste gas. The contact clamp is of a new patented design ( RF Patent No.104685),  
the surface thereof is protected by a high-temperature coating. The device pressing the contact 
clamp to the  electrode is of original design (RF Patent No.101304). These  design solutions 
help to increase operating factor, provide for reducing power specific consumption and for 
improving electric furnace productivity. 
   2. Electric furnace pitch circle diameter is variable. This enables optimizing electric furnace 
operating modes at the change of charge makeup and grades. A wide range of transformer 
secondary voltage and guaranteed skull bath lining operation provide for using the equipment 
universally, irrespective of the final product change. 
   3. The electric furnaces come complete with automated systems for control of cooling water 
consumption enabling to decrease the latter by 20 – 30% depending on the technology im-
plemented.
   4. Power distribution in the electrodes is monitored and controlled automatically so that in-
put power phase non-uniformity does not exceed 2%. Rogowski loops are used for current 
measurement providing for high-precision measurement and objective real-time information 
of the electric furnace operation. 
   5. Diagnostics of the under-top space process condition is carried out by measuring an inte-
gral index of reduction process running in each electrode zone with automated charge makeup 
control based on controlled weighing main charge components fed via the charging tube. 
   6. Detection of pre-failure situations at high-temperature gas jets initiation and emission 
while electric furnace operation. 
   7. Diagnostics of the charge uniform flow around each electrode by measuring phase factor 
reflecting gas pressure under the electrodes, current frequency range and current transfer time 
constant at each electric furnace phase. 
   In the last five years, three 27.6 MVA FeMn electric furnaces have been manufactured and 
supplied to India, four 33 MVA furnaces have been revamped,  two 10.5 MVA furnaces have 
been manufactured; four ore-reduction furnaces operating at JSC Kuzntskie ferrosplavy have 
been also revamped. Two 33 MVA electric furnaces have been manufactured and are being 
commissioned at Bratsk Ferroalloy Works. The latter production will be revamped in 2012-
2013.  Revamping completed, production capacity of JSC Bratsk Ferroalloy Works will be 
increased by 30% while electric power consumption will be reduced by 10 – 13%. A special-
ized plasma torch was developed in 2009 for 1500 kW shaft ferroalloy electric furnace which 
operates at one of Novokuznetsk plants. A contract has been signed for supplying two 25 
MVA electric furnaces to Kazakhstan to produce ferroaluminium silicon. At present, two 16/5 
MVA Ti-slag electric furnaces are manufactured. 
   Availability of electric furnace production know-how, powerful production facilities, unique 
manufacturing equipment and great skill of designers and engineers enable 
JSC Sibelectrotherm to meet the electrometallurgists’ demands for the ferroalloy-making 
equipment.
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INNOVATIVE INDUCTION HEATING TECHNOLOGIES OF PROCESSING TITANIUM 
ALLOYS 

 
V. Demidovich, P. Maslikov, V.Olenin 

 
St. Petersburg Electrotechnical University «LETI», Prof. Popov str. 5, 197376, St.-Petersburg, 

Russia 
 

In the world of science and practice by the end of the XX century a huge amount of 
information has accumulated that has scientific and innovative character and dealing with general 
problems of light alloys in mechanical engineering. 

As of today one of the most promising materials in the metallurgical industry is titanium. 
However, titanium and its alloys stand out among the metals because of the complexity of the final 
machining, so many details of these materials, especially small enough, it is much easier to produce 
using precision casting and reduce to a minimum machining. 

 
Figure 1 - Products from of titanium and its alloys [1] 

 
Titanium and its alloys, including intermetallic due to its physical and chemical properties 

and good biocompatibility are widely used in medicine, aerospace, aircraft, chemical industry. 
At existing high prices for titanium, it is used primarily for production equipment, where the 

main role belongs to no cost, but technical specifications in areas such as military and aerospace 
(Figure 2). 

 
Figure 2 - The main fields of application of titanium in the world industry [2] 
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Not only the mechanical properties of titanium and its alloys complicate the work with these 
materials. Titanium and its alloys in the liquid state have extremely high chemical activity. 
Titanium reacts with oxygen, nitrogen, hydrogen and interacts with various oxides, which form 
refractory materials, and restores them. In addition, the melt titanium dissolves the carbon of 
graphite crucible, which leads to a sharp decrease of plasticity of alloys, so you can’t melt titanium 
in the furnaces, which have typical lining. All of this leads to a significant increase in the cost of 
installation (the process). 

In connection with this, in the industry is searching for innovative ideas and technologies for 
thermal treatment of titanium and its alloys. One of the variants - is using induction heating. 

Induction installations are widely applied for heating billets and slabs before rolling, 
reduction, straightening, and other types of plastic deformation. This is explained by the following 
well-known advantages: good energy characteristics, a high heating rate, simple control, and the 
possibility of complete automation, small unit dimensions, and easy maintenance. 

In this case, the bulk of the radiated energy is converted into the metal itself, and not through 
the details of chamber design, as in traditional casting production, which allows the use of more 
economical low-temperature forms of insulation with full required features. 

The next step in using of titanium and its alloys is the development of technology for 
productions of pure melt without additional protection for the process that significantly reduces the 
cost of the production process of titanium and its use. However, for the development of this 
technology should be carried out the experimental studies and research on numerical models in a 
variety of software packages, analyze the data on which it is already possible to speak about the 
energy efficiency of the proposed method of titanium melt. 

In confirmation of the above a method for producing titanium melt inside ingots by 
induction heating was proposed. With this technology it is possible to obtain a melt of titanium in a 
normal atmosphere, without additional equipment, which in the end, of course, reduces energy 
consumption during production and the price of the whole process. In this case, the surface of 
titanium billets will serve as a protective layer of scull and protect the melt from impurities, not 
allowing it to react with the environment. The complexity of the implementation process is to select 
the heating mode, in which the surface of the workpiece will not be melted, while inside the ingot is 
formed melt. 

Numerical simulation was made in software packages UNIVERSAL 2D and ANSYS. 
During the simulation was managed to get the puddle, determine the parameters of the power 
supply and pick up the geometry of the coil for heat treatment of titanium billets of small length and 
diameter: Ø30x35 ,  Ø20x30 ,  Ø25x25 . 
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ENERGY-EFFICIENT INDUCTION HEATING OF ALUMINIUM BILLETS 
 
V. Nemkov*, V. Demidovich**, I. Rastvorova**, F. Chmilenko**, P. Sitko**, M’Liki 

Mohamed Amin** 
 

* Fluxtrol, Inc., USA; **St. Petersburg Electrotechnical university LETI, Russia 
 

   Induction heating of aluminium billets using line frequency (60 Hz) was proposed at the 
very end of 1940 in USA and it spread very quickly in industry due to small foot prints, 
ability to be incorporated into the production line, fast heating good control of temperature, 
fast start-up, low metal loss and environmental issues. In Russia there were several 
organizations (Institute of Light Alloys, VILS, Institute of Electrothermal equipment, 
VNIIETO, etc.) that developed and manufactured many types of line frequency (50 Hz) 
induction heaters of aluminium billets, mainly of OKB type. Induction coils had two- or 
three-layer windings mainly with the scope of matching to the power source. These 
installations had relatively low electrical efficiency even if the overall technical efficiency 
was higher than for gas-fired furnaces. Later induction method started to be used for heating 
of copper and copper alloys billets. Efficiency of such installation was only 25-35%.  Very 
often pressed copper profiles (Figure 1) were being used for two- and three-layer winding. 
These profiles were optimal for single-layer windings of line frequency but not for multi-layer 
coils. 

 

 

 

 

 

 

Figure 1: Typical conductor profiles for line frequency induction furnaces 

   At the end of 1960s and especially in the first half of 1970 an intensive study on 
optimization of multi-layer windings have been conducted in order to reduce energy 
consumption because of the world oil crisis and raising prices of electricity. There were three 
main centres, where this research was conducted – Research Centre of Electricite de France 
(EFD), The Electricity Council Research Centre (ECRC) in UK and university LETI, St. 
Petersburg, Russia [1]. Different designs with external and internal cooling have been studied 
and tested.  
   It was clear from the very beginning that the best option would be to use multi-layer 
winding made of electrically isolated conductors of optimal thickness. Such solution has been 
used from the beginning of the XX century in high power electric machines in the form of 
Roebel bars. However this design could not be used directly in induction heaters due to 
different winding geometry, operating conditions and higher current density, which required 
more intensive cooling of the conductors. 
   Optimal multi-layer winding for cylindrical inductors must be made of solid conductors 
with low electrical resistivity (copper). Their thicknesses must be 1.57; 0.84; 0.64; 0.54; 0.48; 
0.44 of  -reference depth at selected frequency, which equals to approximately 10 mm for 
copper at room temperature and frequency 50 Hz. If all the layers were made of the same 

A B  C 
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solid conductor, its optimal thickness is 

space factor of the winding in length (g= 0.7
   Multi-layer induction coils made from solid conductors with external 
been developed in ECRC [2]. 
external cooling was not reliable 

Figure 2:   Design of disc windings: left 
centre – 6 layers of combination of solid 
(Banyard design)  

 
   A combination of solid and tubular conductor
more reliable. However windings in the form of disc sections made of rectangular tubes 
became mostly used in industry (Figure 2, right)
solid conductors. 
   It is difficult to give an exact value of loss reduction in multi
single-layer one because of many factors that influence this
coefficient of loss reduction K
of layer number and a radial pitch value S. S = R/Ri, where R is a radial pitch and Ri
internal radius of winding. It shows that for a small S 
two times for N = 4 and 2.3 times for N = 5. However for 
1.8 only. In addition, more layers will 
of the coil.    

 

 

Figure 3: Coefficient of loss 
reduction as a function of a number 
of layers and radial pitch value

solid conductor, its optimal thickness is 
Ng

.d 1321
, where N is number of layers and g 

space factor of the winding in length (g= 0.7-0.85).  
layer induction coils made from solid conductors with external water 

2]. They had higher efficiency than traditional inductors but 
external cooling was not reliable enough and such coils ware not used much in industry

Design of disc windings: left – 6 layers of solid conductors of optimal thickness; 
6 layers of combination of solid conductors and tubes; right 

A combination of solid and tubular conductors, proposed by EDF (Figure 2, centre)
more reliable. However windings in the form of disc sections made of rectangular tubes 

used in industry (Figure 2, right) despite of higher losses than in the case of 

It is difficult to give an exact value of loss reduction in multi-layer winding compared to a 
layer one because of many factors that influence this value. Figure 3 shows a 

coefficient of loss reduction K  for a winding made of optimal solid conductors as a function 
of layer number and a radial pitch value S. S = R/Ri, where R is a radial pitch and Ri
internal radius of winding. It shows that for a small S losses in the winding may be reduced 
two times for N = 4 and 2.3 times for N = 5. However for S = 0.2 these values will be 1.7 and 
1.8 only. In addition, more layers will lead to larger equivalent gap and higher reactive power 

 
 

 Figure 3: Coefficient of loss 
reduction as a function of a number 
of layers and radial pitch value 

Figure 4: Winding with equal (left) and 
variable width of conductors
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water cooling have 
an traditional inductors but 
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, proposed by EDF (Figure 2, centre), was 
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layer winding compared to a 
value. Figure 3 shows a 
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losses in the winding may be reduced 
= 0.2 these values will be 1.7 and 

gap and higher reactive power 

Winding with equal (left) and 
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   Losses in conductors of the internal layers are always higher than in upper layers while 
there thickness must be equal or lower. It means that cooling of internal layers may be a big 
problem especially in the case of solenoidal windings when it is difficult to make many water 
branches for internal layers. The situation may be improved by using conductors of different 
width increasing from the outer layer inside [3,4]. This method may be effective for both solid 
and water cooled conductors. Moreover, optimal distribution of conductors in windings may 
give additional reduction of losses.  
   Internal cooling of conductors inevitably leads to higher losses in internal layers. To reduce 
this effect it was proposed to use rectangular tubes with uneven wall thicknesses. The main 
wall has to carry current while the thin wall formed a channel for water cooling. Height of the 
channel must be minimal for effective water cooling [3,4]. If the channel wall is made of 
material with lower electric conductivity (Figure 5), losses in such tubing would be the same 
as in the solid conductor, i.e. minimal.  

 

Figure 5: Copper conductors with stainless steel wall of cooling chamber 
 

   Described above theory of multi-layer winding optimization was based on assumption that 
the winding is infinitely long or surrounded by C-shaped magnetic shield. It was assumed also 
that winding losses are the same for loaded and empty inductor. In realty all these 
assumptions are not quite correct and more factors must be considered in optimization. 
Computer simulation allows doing that for any particular case. 
   An example illustrating influence of a number of factors on losses in multi-layer windings 
was the first time presented in a book [4]. It showed that losses in the turns of 3-layer winding 
were distributed very non-uniformly and their value and distribution depend upon the coil 
length, current phase shift in the inductor sections, parameters of the load, etc. At the same 
time total losses in relatively long coils typical for aluminium billet heating were 
approximately the same as in an infinitely long system. Recent study using a simulation 
program COIL confirmed these results (Figure 6).   
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Figure 6: Layout of two-layer
resistance of individual turns (

 

   Diagram of figure 6 shows that
regular zone with opposite picture for the turns of the outer layer. Though
correspond to optimal design of the coil for aluminium billet heating, it shows typical loss 
distribution.  
   Results of electrical efficiency study for a
200 mm and resistivity 2.8 mkOhmcm are presented on Figure 7. Calculation was made for 
all turns of the winding with account for end
optimal thicknesses of conductors correspond very well to values calculated by means of 
analytical method for a long system, which gives values of 10, 7.3 and 6.5 mm for 2, 4 and 5 
layers.   

 

Figure 7: Electrical efficiency vs. solid conducto
layers  

 
   The main problem in design of effective multi
conductors. There are promising technologies for that including evaporation cooling at 
reduced pressure [6], external cooling using inn

layer inductor for heating aluminium billet (top
(below); 1- internal layer, 2 - external layer 

that losses in the end turns of the internal layer are lower 
regular zone with opposite picture for the turns of the outer layer. Though
correspond to optimal design of the coil for aluminium billet heating, it shows typical loss 

Results of electrical efficiency study for a coil for aluminium billet heating with diameter 
200 mm and resistivity 2.8 mkOhmcm are presented on Figure 7. Calculation was made for 
all turns of the winding with account for end-effects and radii of the layers. One can see that 

onductors correspond very well to values calculated by means of 
analytical method for a long system, which gives values of 10, 7.3 and 6.5 mm for 2, 4 and 5 

Electrical efficiency vs. solid conductor thickness (in mm) for different number of 

he main problem in design of effective multi-layer windings is efficient cooling of 
conductors. There are promising technologies for that including evaporation cooling at 

[6], external cooling using innovative materials and bimetallic conductors. 

top) and equivalent 

the end turns of the internal layer are lower than in 
regular zone with opposite picture for the turns of the outer layer. Though example does not 
correspond to optimal design of the coil for aluminium billet heating, it shows typical loss 

coil for aluminium billet heating with diameter 
200 mm and resistivity 2.8 mkOhmcm are presented on Figure 7. Calculation was made for 

effects and radii of the layers. One can see that 
onductors correspond very well to values calculated by means of 

analytical method for a long system, which gives values of 10, 7.3 and 6.5 mm for 2, 4 and 5 

for different number of 

is efficient cooling of 
conductors. There are promising technologies for that including evaporation cooling at 

ovative materials and bimetallic conductors.  
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   At the beginning of new century a new impact for design of energy efficient methods of 
induction heating of aluminium was 
in stationary magnetic field created by superconductive coils. Heating of discs rotating in DC 
magnetic field was known since experiments of L. Foucault (1855) but 
(induction of motion) heating was used 
fast moving strips.  Development of superconductive coils gave a new 
which became a subject of intensive study and development work. In spite of very big 
improvement in efficiency and positive results of industrial tests this method did not become 
widely used because of big investments and complexity of superconductive equipment. 
However it gave a big impact for a new stage of research in the field of aluminium 
heating. Both traditional induction heating and heating by rotating permanent magnets are 
now under intensive study. Theoreti
simulation showed that when using powerful modern magnets we can obtain an i
heating with reasonable speeds of billet or magnet rotation. Laboratory and pilot installations 
have been built in Padua, Italy, Krasnoyarsk, 
 
 

 
 

 
 
 
 
 
 
 
 
Figure 8: Heating of aluminium billets by magnetic field of rotating system of permanent 
magnets; left- magnetic field distribution [
magnets, 3 – insulation layer, 4 

Figure 9: Layout of installation for billet heating [

In installation of company EEFMAG, Finland, a billet is placed between two rotating wheels 
with permanent magnets.  In this case only a small portion of magnets is engaged in the 
process of heating (low “coupling” between magnets and billet)
than in the case of cylindrical “rotor” with magnets. Better coupling will be in the case of flat 
body heating. Induction heating by moving magnets already demonstrated performance with
high efficiency (around 90%) in laboratory tests but there is no information about real use of 
this technology in industry.  

t the beginning of new century a new impact for design of energy efficient methods of 
induction heating of aluminium was made by N. Magnusson [7] who proposed to rotate billets 
in stationary magnetic field created by superconductive coils. Heating of discs rotating in DC 
magnetic field was known since experiments of L. Foucault (1855) but this kind of induction 

ion) heating was used in practice only occasionally mainly for heating of 
Development of superconductive coils gave a new birth for this method, 

which became a subject of intensive study and development work. In spite of very big 
vement in efficiency and positive results of industrial tests this method did not become 

widely used because of big investments and complexity of superconductive equipment. 
However it gave a big impact for a new stage of research in the field of aluminium 
heating. Both traditional induction heating and heating by rotating permanent magnets are 
now under intensive study. Theoretical study using analytical methods and computer 

that when using powerful modern magnets we can obtain an i
heating with reasonable speeds of billet or magnet rotation. Laboratory and pilot installations 
have been built in Padua, Italy, Krasnoyarsk, Russia [6] and Finland [9].   

: Heating of aluminium billets by magnetic field of rotating system of permanent 
magnetic field distribution [8]; right - layout of installation [6

insulation layer, 4 – casing, 5 – motor, 6 - driving belt)  

Layout of installation for billet heating [9] 

In installation of company EEFMAG, Finland, a billet is placed between two rotating wheels 
with permanent magnets.  In this case only a small portion of magnets is engaged in the 

ow “coupling” between magnets and billet) and generated power is lower 
than in the case of cylindrical “rotor” with magnets. Better coupling will be in the case of flat 
body heating. Induction heating by moving magnets already demonstrated performance with
high efficiency (around 90%) in laboratory tests but there is no information about real use of 

t the beginning of new century a new impact for design of energy efficient methods of 
by N. Magnusson [7] who proposed to rotate billets 

in stationary magnetic field created by superconductive coils. Heating of discs rotating in DC 
this kind of induction 

only occasionally mainly for heating of 
birth for this method, 

which became a subject of intensive study and development work. In spite of very big 
vement in efficiency and positive results of industrial tests this method did not become 

widely used because of big investments and complexity of superconductive equipment. 
However it gave a big impact for a new stage of research in the field of aluminium billet 
heating. Both traditional induction heating and heating by rotating permanent magnets are 

using analytical methods and computer 
that when using powerful modern magnets we can obtain an intensive 

heating with reasonable speeds of billet or magnet rotation. Laboratory and pilot installations 

: Heating of aluminium billets by magnetic field of rotating system of permanent 
6] (1- billet, 2 – 

In installation of company EEFMAG, Finland, a billet is placed between two rotating wheels 
with permanent magnets.  In this case only a small portion of magnets is engaged in the 

and generated power is lower 
than in the case of cylindrical “rotor” with magnets. Better coupling will be in the case of flat 
body heating. Induction heating by moving magnets already demonstrated performance with 
high efficiency (around 90%) in laboratory tests but there is no information about real use of 
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Conclusions 

- Efficiency of existing induction coils for heating aluminium billets is low and 
improvements are necessary 

- There are new promising technologies of induction heating of aluminium billets based on 
billet rotation in magnetic field of permanent magnets or rotation of magnetic system 
around billet 

- In spite of positive results of heating by permanent magnets the main induction heaters of 
aluminium billets will be for many years based on multilayer coil design  

- There is a significant potential for development of new multilayer inductors for billet 
heating with higher efficiency and good reliability. 
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THE AUTOMATED COMPLEX FOR INDUCTION HEATING OF TITANIUM 
BILLETS 

 
V. Demidovich, E. Grigoriev, V. Olenin, G. Prokofiev, D. Baranov 

 
St. Petersburg Electrotechnical University «LETI» (Russia) 

 
   The automated complex is developed for precision heating of cylindrical titanium billets of 
various length and diameter. The high homogeneity temperature field of the entire billet is 
reached during the heating process. Achievement accuracy of temperature is 5÷10 . Billets 
of 400÷750 mm length and 165-275 mm diameter are exposed to heating. 
   The heating cycle of billet in the inductor and the resistance furnace includes high-speed 
heating in induction heater and endurance of billet in the resistance furnace. Temperature 
control of a billet surface is made by means of a pyrometer located over a surface of billet in 
the middle of the inductor. Billet transportation from the induction heaters store and then into 
the resistance furnace is made by means of carts in automatic and manual modes. 
   Various means are applied to manage a temperature field of billets in induction heaters. 
Thermal covers, magnetic cores, a choice of frequency and size of billets penetration into the 
inductor and also special ruptures of inductor rounds are among that means. It leads to current 
flooring change along of all billet length. Such design of the inductor helps to avoid billet 
overheating above admissible temperature. The excess of temperature leads to polymorphic 
changes in billet and it becomes unusable for further utilization in those products, which 
demand rotor quality of metal. 
   The quantity of induction heaters in a complex is 8, the number of resistance furnaces is 4. 
Thus, productivity of 80 pieces in a shift is provided. 
   Use of the automated combined heating of titanium billets allows: 

• To receive high quality of heating; 
• To provide high productivity of work; 
• To reach high power efficiency of a heating process; 
• To manage the process of induction heating in automatic mode; 
• To provide registration and visualization of the actual technological data of heating 

process and billets transportation; 
• To make generation of reports; 
• To carry out mechanization and automation of billets transportation process to 

achieve the demanded productivity of a site. 
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MODELING OF AN INDUCTION HEATER TAKING INTO ACCOUNT A 
CONTROL SYSTEM OF THE FEEDING PARALLEL INVERTER 

 
A.Julegin*, V.Demidovich**, 'Liki Muhamed Amin**, E.Grigoriev**, I.Rastvorova** 

 
*ALJUEL  Estonia 

 **St. Petersburg Electrotechnical University «LETI» (Russia) 
 

   Frequency of a current can change during the work of a stage induction heater. It occurs at a 
feeding by the power converter of frequency and at change of inductive resistance of a 
contour in the case of  invariable value of the compensating capacity. Inductive resistance of a 
contour changes at heating because of properties’ change of a heated up material and at 
heating of load with different geometry in one inductor. 
   Usually frequency of a current changes slightly and its influence on final distribution of a 
temperature field can be neglected. However at precision heating when it is necessary to form 
a temperature field in all volume of load in limits 5÷10 , it is necessary to take into account 
this factor. 
   Therefore the numerical model of system an inductor – parallel power converter on the 
basis of two-dimensional model of induction heater UNIVERSAL [1] and models of a 
parallel inverter with control system 5 [2] has been developed. 
   The model allows considering adjustment of the converter for resonant frequency of an 
oscillatory contour.  By means of the given model it is possible to see, how frequency of the 
power supply will change if properties of load change and capacity is constant. Also the 
model allows defining optimum capacity at which the converter will work on nominal 
frequency at rated power. Finally the model allows analyzing how the change of frequency 
influences on the temperature distribution. 
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