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ABSTRACT. Several problems of melting in the induction crucible furnaces are described. A 
short description of ICF ELTA program for simulation of electromagnetic and thermal 
parameters in these systems is given. The program was used at the initial stage of the 
development of new technological processes and the induction crucible furnaces. Preliminary 
results allowed to find a rational decision of an induction system, the required parameters of a 
refractory and a power supply. Non-conductive and graphite crucibles of the furnace were 
compared from electrical and economical points of view. 
 
INTRODUCTION  

   The induction crucible furnaces are the intrinsic parts of melting equipment, which work at 
any metallurgical, motor vehicle and several other plants. Their effectiveness and advantages 
for a process of melting are confirmed by the almost age-long practical experience [1]. Both 
the induction channel furnaces and the crucible furnaces were put into operation at many 
foundry shops. Each furnace has its advantages and disadvantages. Essential advantages of 
ICF compared to the induction channel furnace are simplicity in the use and possibility to 
empty a crucible completely after the melting. It is very attractive for the small melting 
installations.  
   The first “coreless” induction furnaces, as an alternative of channel furnaces, were 
investigated at the beginning of the 20th century by the experimental methods. It was clear that 
a simple external cylindrical coil could effectively heat up to melting temperature and 
overheat a charge, the chips or a scrap metal. At the same time, many problems have been 
solved since the beginning of their invention and application. The part of these problems still 
is encountered at present.  
   The technical problems were following: the rational construction of an induction coil, a 
reliable lagging and a high temperature refractory between the inductor and a molten metal, 
parameters of a power supply and the capacitors for compensation of reactive power, etc. [1]. 
Big efforts in the development of “high-frequency” generators provided to increase an 
electrical efficiency of inductors. Many ICF of 500 – 10 000 Hz were designed and put into 
operation for a charge of 50 – 1000 kg steel and cast iron. At the same time a line frequency 
of 50/60 Hz was well suited to the induction crucible furnaces of 400 – 2000 kg for 
aluminum, copper, bronze and other non-ferrous metals.  
   Problems of calculation as an effective method for understanding of melting processes were 
very important also. Since the beginning of 20s several methods of calculation were proposed 
by M. Ribaud (1923-25), F. Wever and W. Fisher (1926), C. Burch and R. Davis (1927) [1]. 
At that time, these analytical and approximate methods permitted to solve only an electrical 
part of problem. The processes of simulation and optimization of the induction furnace were 



time consuming and complex for lack of experience in the theory, absence of the calculators 
and other computational means. Experience and knowledge of the developers generated 
through years served as the basis for the practical design of the furnaces without exact 
calculations.  
   A new era of computer simulation since the 60s gave rise to more detail investigation of 
electromagnetic and thermal fields. Many commercial and non-commercial programs have 
been developed that can simulate the induction heating systems. CAE systems based on finite 
element methods (FEM) were successfully used for the investigation of many innovative 
induction technologies and the melting equipments. For example, in recent years a 
considerable attention was paid to induction cold crucible processes of metals and 
semiconductors [2] - [4]. These programs allow the researchers to find the optimal variant of 
induction coil, magnet concentrator, etc. and increase an effectiveness of heating and melting 
technology. V. Nemkov investigated a possibility to improve the induction crucible 
performance by magnetic poles near the top and bottom of winding and Faraday rings using 
Flux 2D [5]. V. Demidovich at al proposed methods and tools for simulation and design of 
induction crucible furnaces [6]. CAD ICF on the base of 3D FEM for interior and 2D IEM for 
exterior electromagnetic problem was used to investigate an incline variant of induction 
crucible furnace. 
   The main problems of such 2D and 3D CAE systems as Flux, Ansys, Maxwell, Comsol, 
QuickField and other programs for investigation of melting processes are both a difficult pre-
processing of very complicated induction systems and a post-processing of obtained results. 
Every project organization must have the expensive CAE systems, experienced researchers 
and programmers to solve the complex of current and future tasks. It is fair consider the 
period of the 21th century as the time of ingenious investigators with operator skills, which 
are able to propose the state-of-the-art ideas and decisions.  
   At the same time, several small enterprises with real projects and production plans develop 
and sell the induction crucible furnaces. For example, about 10 such companies in Russia 
work in this field. Due to economical problems and experienced designers, they can offer only 
standard construction of ICF. Some times customer needs to have a variant of melting 
installation for a new melting technology. It is necessary quickly give answer and required 
decision. This problem can be solved by use of simple and convenient program such as ICF 
ELTA (Induction Crucible Furnace ELectro-Thermal Analysis) program.  
 
DESCRIPTION OF ICF ELTA  
Main feature of the program 
   ICF ELTA is a subject oriented two-dimensional program developed to design of induction 

melting processes in induction crucible furnaces with suitable accuracy and calculation time. 

This program is based on approach that is used in ELTA and 2DELTA programs and has all 

their advantages. The main advantages are short time of calculation, selection of required 

compensating circuits and leads, convenient preprocessing for input parameters and post 

processing for visualization of output parameters in the form of graphs and color map. 

Preprocessing in ICF ELTA includes a definition: 1) the crucible (non-conductive or 

conductive), its dimension, parameters of coils and magnet yoke; 2) the workpieces (melt and 

refractory); 3) the processing with duration, parameters of stage for the inductor circuits, etc.  

   Process of simulation is accompanied by the derivation of the graph of the current 

temperature vs. time; a mean temperature; the integral parameters of the furnace, i.e. power, 

current, voltage, efficiency, power factor and frequency (see Fig. 1). This visualization makes 

possible for user to observe process as in the real case at a real furnace. If the process does not 

satisfy the technological requirements, it is possible to stop calculation and to correct the 

initial parameters. 



 
 

Figure 1. View of ICF ELTA model. 
 

   ICF ELTA simulates the nonstationary process from initial temperature, for example 20 C 

or other, taken into account a heat transfer through the refractory. Knowing maximal 

permitted temperature of the refractory user can compare this value with calculated. This 

simulation permits to select the required refractory and thermal insulation. If user knows that 

magneto hydrodynamic effect is strong and enough to move a melted metal he can choose 

“Stirring” and value of “Melting point”. In this case, the program calculates the temperature 

distribution, taken into account a stirring of the melted metal. 

   ICF ELTA can simulate the process after a partial or completely empting of crucible after 

finishing the melt and the loading of new cold part of the metal. It will simulate the melting 

process when top, bottom and walls of crucible have a very high temperature. 

 

Calculation methods 
   ICF ELTA program provides a two dimensional calculation of electromagnetic and thermal 
fields in cylindrical induction system using both integral (method of impedance boundary 
conditions) and differential numerical methods [7]. A sketch of 2D induction system for 
melting is shown in Fig. 2. The main elements of system to be taken into account in 
electromagnetic part of calculation are induction coils (B-elements), workpiece (N-elements) 
and magnet yoke (F-elements). The melted metal, the refractory and air (named as workpiece) 
is subdivided into a select number of multilayer cylinders. N-elements consist of one winding 
of short-circuited coil on the external surface of workpiece Nk and idealized magnet yoke Nf. 
A system of equations and its matrix describes voltage balance for each circuit with account 
of circuit impedance, self- and mutual inductances [7]: 
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where Q, P – elements of system, zQ
 
 – impedance of coil, xQP – reactance, I – current of 

element, U – voltage of coil, NQP – coefficient of Magnetization Forces, W – number of turns, 
SQ = µQ /(1 – µQ) – coefficient, µQ – magnetic permeability.  
   Usually four parts of the workpiece may be taken into account – bottom of crucible; middle 
part with melted metal and refractory; upper part with air and refractory; and top part 
(insulation cover).  

 

 
 

Figure 2. Sketch of calculated ICF model. 
 

   Non-linear 1D differential equation for magnetic field strength H for solving an internal 
electromagnetic task is described as [7]: 
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where R – radius,  – resistivity,  – angular frequency, µµ0 – magnetic permeability.  



   Non-linear 2D differential equation for temperature T: 
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where Cv – specific heat, t – time,
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thermal conductivity, Z – axial coordinate, 
2)/ρ( RHw    – volumetric power density. 

   For short-circuited ring its voltage in equation (1) and (2) is equal to zero U = 0. Impedance 
Zkk or impedance boundary condition in equation (2) for external electromagnetic task can be 
obtained from internal electromagnetic task by calculation of active and reactive power of 
each element Q. All electrical and thermal parameters of the metal, refractory and conductive 
crucible that strongly depend on temperature are included in database of ICF ELTA program. 
 
RESULTS OF SIMULATION 

Comparison of results 
   ICF ELTA has been used to investigate of several old and new melting processes for steel, 
aluminum and copper alloys in the induction crucible furnaces. The main purpose of 
simulation was a determination of optimal parameters of induction coils and refractory to 
obtain the required productivity and minimal energy consumption. Comparison of some 
obtained results showed a good practical correlation between an experiment and calculation. 
One of compared result is presented in Table 1. Induction system of 10 tons ICF for melting 
of steel with 2 parallel connected 8 windings coils and 2 Faraday rings is shown in Fig. 1 and 
was described in [5]. Frequency of power supply is 286 Hz.  
 

Table 1: calculated parameters of 10 tons induction crucible furnace for steel 
 

 Pind [kW] Pind [kW] Iind [A] Pwork [kW] Qind [kVAr] ind 

ICF ELTA 902 5000 24550 4098 53860 0.819 
FLUX 2D 850 5000 24040 4110 47800 0.822 

 
Melting of copper in non-conductive and in graphite crucibles 
   According to technical assignment, it was necessary to supply a foundry with the new ICF 
for melting of 300 kg copper. A development of this induction crucible furnace needs to find 
integral parameters of induction coil, thermal parameters of melting processes, refractory, 
energy consumption, etc. At the first stage of development, preliminary calculations were 
carried out using ICF ELTA. Several problems of metal melting such as heating from cold 
ambient temperature up to final temperature 1250 C and an empting the melted metal and the 
new loading of cold metal are investigated.  
   One of rational variant of ICF is described below. Crucible: height 55 cm, external diameter 
46 cm, internal diameter 34 cm. Magnesite refractory: thickness 6 cm – wall, 15 cm – bottom. 
Induction coil: 47 cm ID, 37 cm length, 10 number of turns, copper tube with a rectangle 
profile 3,2×3,2×0,4 cm. Melt: height 37 cm, diameter 34 cm. Power supply: thyristor inverter 
800 V, 800 kW, 500 Hz. Constant inductor power 600 kW. 
   The results of study showed that the melting process for copper is very critical due to low 
electrical resistivity of the metal (see Table 2). The electrical efficiency of this technological 
process in non-conductive crucible is 20 – 45 %. An energy consumption is 845 kW·h/t – 
total and 265 kW·h/t – for copper (210 kW·h/t theoretical). Productivity is 0,712 t/h. 
Repeated melting with the remained high temperature of the crucible (hot start) is the best 
variant that provides less melting time (1125 s) and the energy consumption (213/628 
kW·h/t). 



   Efficiency can be increased by the use of the conductive crucible. For example the wall 
consists of graphite 30 mm and magnesite 30 mm thicknesses. Table 2 shows a comparison of 
two investigated variants. The total energy consumption for the graphite crucible can be 
reduced from 845 to 525 kW·h/t. Productivity is increased up to 1,15 t/h.  
 

Table 2: calculated parameters of 300 kg induction crucible furnace for the copper 
 

Variant of 
crucible 

Melting 
time [s] 

Average 
electrical 
efficiency 

Specific Energy, 
Workpiece/Total 

[kW·h/t] 

Productivity 
[t/h] 

Mean 
temperature 

[C] 

Non-conductive, 
cold start 

1515 0,316 265/845 0,712 1200 

hot start 1125 0,342 213/628 0,959 1200 
Graphite,  
cold start 

940 0,592 309/525 1,15 1200 

hot start 630 0,606 212/352 1,71 1200 
 
   The obtained preliminary results of simulation permitted to accelerate a design process and 
considerably decrease the time of the development and an introduction of the new induction 
crucible furnace into the foundry industry.  
 
CONCLUSIONS  
   A preliminary investigation of the melting processes in the induction crucible furnaces was 
carried out with the use of ICF ELTA. The results of simulation permitted to find the required 
geometrical parameters of the induction coils, the refractory and the electrical parameters of 
the power supply for the new technological process. The advantage of the graphite crucible 
from an economical point of view was proved. 
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