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Abstract: This paper deals with the numerical computation of 

the quasi-stationary electromagnetic field within ferromagnetic 

pipes in an industrial inductor. An accurate computation of the 

electric and magnetic field inside the supposed part is done by 

the mean of finite element method FEM. Eddy current density 

and power losses are evaluated as a function of amplitude and 

frequency of the exciting current. The knowledge of eddy 

currents and power losses allows the estimation of optimal 

supply frequency. The software allows, beside the structure and 

rotation symmetry, the interactive development of a mesh that 

could have any shape. 
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1. INTRODUCTION  
 

Numerical analyses of phenomena that occur in the walls of 

metal pipes are needed to verify the characteristics of the 

materials and to simulate the behavior for different actions, 

minimum resistance dimensions, etc., (Behulova, 2009). The 

paper proposes a method for numerical analysis of the 

electromagnetic field when processing the pipes using the 

induction heating. 

We intend to establish a complex system to simulate the 

whole process of induction heating – to be able to use it as an 

active aid in the design optimization of the heating equipment. 

The first step in the analysis is the solution of the 

electromagnetic field problem - performed by means of the 

finite element method (Hantila, 2001) & (Fluerasu, 2008). 

Contribution on optimal design of induction heating equipment, 

electric equipment choice in technological installations and 

computation of the energetic parameters are presented in 

(Arion, 2008). Simulations have been made using a 

professional CAD software package for electromagnetic 

analysis. 

In the following an outline of the field problem will be 

presented followed by the description of the numeric approach. 

Results of simulations are then presented for a configuration in 

which superficial hardening was done on a metallic, linearly 

magnetic sample (interior heating). The influence of mesh 

coarseness on the result is pointed out. A future work will 

integrate a thermal analysis module in the system.  

The mathematic model for the electromagnetic field is 

present in (Hantila, 2001). 

Usually a potential solution to the problem is preferred. In 

the following we refer to the A, V–  one (Hantila, 2001). This 

means using magnetic vector potential in c together with 

scalar electric potential combined with the use of magnetic 

scalar potential in the non-conducting area (Ciric, 2007). 

In c the use of potential A and V yields the following 

second order equation: 
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which includes also the divergence free condition verified by 

the induced eddy current         . To obtain a sighificant 

reduction of computing effort in 0 we use the following 

decomposition: 

 

        (2) 

where H0 is the field due to source currents and can be easily 

computed by Biot-Savart-Laplace relation, and  is reduced 

magnetic scalar potential. 
 

If conductivity is constant in domain c it can be shown 

(Arion 2008) that scalar potential V is constant in c and hence 

it can be chosen to be zero. Hence A becomes in fact a 

modified vector potential. For the numeric solution of the 

problem an implementation of the finite element method have 

been used. The nodal elements are employed and the 

interpolations are the following: 

Denote by c the surface bordering the conducting material 

and by 0 the outer boundary. In the free space region 0 the 

following Maxwell equations are valid in the quasi-stationary 

limit (Hantila, 2001). 
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where: 

 

                      

and ex, ey and ez are the Cartesian unit vectors. Nj are the shape 

functions associated with node j – the usual roof functions. 

Upon application of Galerkin technique the following 

formulation is obtained: 
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The usual integration by parts technique yields the weak 

formulation – and following the introduction of approximations 

(3) into the weak formed obtained from (4) the algebraic system 

of equations is obtained. 

 

2. RESULTS 
 

In the following figure we present a configuration used in 

superficial hardening treatments. The sample has the following 

characteristics: internal radius 30 [mm], external radius 35 

[mm] and length 200 [mm].  

The induction coil, placed in interior position (as can be 

seen in Fig. 1 has a rectangular cross section. The opening of 

the coil is 320o. The air gap between the pipe and the inductor 

is increased from 1.5 [mm] to 2.5 [mm] in order to establish the 

influence of the air gap on the induction heating process. The 

amplitude of the current density flowing through the coil is 61 

A/mm2. The coil positions for which we have computed the 

results are presented in Fig. 1. 
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Fig. 1. Geometry considered for the case of superficial 
hardening (first position and second position) 

 
First we started by establishing the influence of the air gap 

upon the induced eddy currents in the pipe for both cases. 
Results of these simulations are presented in Figures 2 and 3. 

Figure 4 and 5 represent results of the simulations made in 
order to point out the influence of the air gap on the simulation 
values of the induced Joule losses. 

 

 
Fig. 2. The influence of air gap on the eddy currents induced in 
the inner cylindrical surface, frequency f = 8 [kHz]. First 
position of the inductor 
 

 
Fig. 3. The influence of air gap on the eddy currents induced in 
the inner cylindrical surface, frequency f = 8 [kHz]. Second 
position of the inductor 
 

 
Fig. 4. The influence of air gap on the joule losses induced in 
the inner cylindrical surface, frequency f = 8 [kHz]. First 
position of the inductor 

 
Fig. 5. The influence of air gap on the joule losses induced in 

the inner cylindrical surface, frequency f = 8 [kHz]. Second 

position of the inductor 

 

3. CONCLUSIONS 
 

The space distribution of the field values offers a more 

thorough analysis of the complex induction heating process. 

The analysis of the dependencies offers important information 

on correlating the technological requirements with the electrical 

parameters of the heating equipment. 

The precise knowledge of the distribution of eddy currents 

and power density allows the analysis and the optimal design of 

the electromagnetic equipment. Because this information is not 

available through regular analytic methods we have to use 

modern mathematical methods allowing the solving of complex 

electromagnetic field problem, having thousands of unknown 

values in discrete representation. 

The numerical analysis of the electromagnetic field is a 

major advantage in studying the inductive heating processes 

which resulted in providing a uniform electromagnetic field for 

the work pieces. An important aspect treated in the paper is the 

influence of the electromagnetic field source’s parameters, such 

as frequency and position of the field source. The effects of 

induced eddy currents in the walls of pipes will be the next 

steps for researches in this field. 
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