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Technological practicability of the numerical modeling of induction
heating process in steel pieces(•)

A. Iagar*, I. Sora**, D. Radu**, C. Panoiu* and C. Abrudean*

Abstract This paper presents the numerical modeling (using the Finite Difference Method-FDM, and Finite Element Method-
FEM) of the electromagnetic and thermal fields in a steel piece heated up inside an induction crucible furnace, and
the experimental validations. Both modelings have been validated experimentally, so they can be used in
designing the equipments and in the numerical control of induction heating process. The program based on FDM
can be used in the first stage of designing due to the reduced CPU time. In this stage the inductor parameters and
heating time can be estimated, and a study of the influence of diverse factors upon the heating process can be achieved.
The FLUX 2D program can be used in the optimization stage, because it allows a more thorough analysis of the
phenomena.
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La utilidad tecnológica del modelado numérico en el calentamiento por
inducción de las piezas de acero

Resumen El trabajo presenta el modelado numérico (con el Método de la Diferencias Finitas-FDM y el Método de los Elementos
Finitos-FEM), de los campos electromagnéticos y térmicos de una pieza de acero calentada en un horno de inducción
con crisol y las validaciones experimentales. Los dos modelados siendo válidos desde el punto de vista experimental,
se pueden utilizar para la proyección de unos equipos y por el control numérico del proceso de calentamiento por in-
ducción. El programa basado en FDM se puede utilizar en la primera etapa de la proyección, gracias al tiempo corto de
rodadura. En esta etapa se pueden estimar los parámetros del inductor, el tiempo de calentamiento y se puede realizar
un estudio de la influencia que tienen los distintos factores sobre el proceso de calentamiento. El programa FLUX 2D
se puede utilizar en la etapa de optimización, porque permite un análisis más detallado de los fenómenos.

Palabras clave Calentamiento por inducción; Piezas de acero; Modelado numérico; Control numérico; Optimización.

1. INTRODUCTION

Induction heating is used more and more in the
industry, due to the advantages offered comparatively
with other heating methods for metallic materials
(the non-polluting nature of the technological
processes, high heating speed, special quality of the
products, and accurate control of the technological
processes)[1, 2 and 3].

This article joints the current international
research effort concerning the promotion of modern
modeling and control methods in the induction
heating electrotechnology.

In the last years, one of the goals of research in
the induction heating domain has been the
development of numerical modelings for the
computation of the electromagnetic and thermal
fields (in linear or non-linear media), either in static
regime or taking into account the motion, mechanical
stress and the phase transitions[4–11].

Among the numerical methods which have been
used we mention: Finite Difference Method (FDM),
Finite Element Method (FEM), Boundary Element
Method (BEM) and Volume Integral Method (VIM)
[12]. The mixed methods (i.e. FEM-BEM) are
interesting due to their ability to take into account
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open domains and inductor displacements[4, 13 and 14].
The FEM approach has been preferred since it
involves sparse matrices, that leads to reductions in
terms of CPU time and memory requirements, and
is more suited for parallel computing[6, 15 and 16].

In order to reduce the time of computation and
to improve the accuracy, numerical modelings for the
optimization of the induction heating processes have
also been developed[6 and 17-24]. These modelings aim
to establish the parameters of the inductor and/or
frequency and the supplying voltage, in such way as
to satisfy the technological requirements with a
minimal power supply and a minimal heating time.

For the optimal control of the induction heating
process, the modeling programs (i.e. FLUX) may be
coupled for a co-simulation with other packages,
dedicated to the electric circuits (i.e., Simulink) [25].

This allows for the implementation of some
complex control laws and regulation loops, also
maintaining a very high accuracy of the magnetic
and thermal fields computation.

The present paper has as objectives the
development of numerical modelings for the
inductive heating process in steel pieces, and their
experimental validation, in order to be used in the
designing of equipments and in the control of
induction heating process.

The paper is organized as follows. Section 2 is
dedicated to numerical modelings (using FDM and
FEM) of the electromagnetic and thermal fields in a
steel piece heated up inside an induction crucible
furnace. Section 3 shows the experimental validations
of the modelings. Section 4 is dedicated to conclu-
sions and shows the technological practicability of
these numerical modelings.

2. THE NUMERICAL MODELING OF
THE ELECTROMAGNETIC AND
THERMAL FIELDS WITHIN A STEEL
PIECE

2.1. Physical model

The experimental setup used for studying is an
induction crucible furnace, type ICI 100/2,5-PR
(Fig. 1). The furnace was supplied from a medium
frequency rotary generator type GEF-AV 125/2500.
The inductor, 1, has 10 turns and is made of a copper
tube with the outer diameter of 38 mm. Outside
the quartzite crucible, 3, there is an asbestos cylinder
5; in order to limit the thermal losses, the furnace
is provided with a cover, 4.

We analyzed the heating up of a cylindrical 1 C
45, 2, steel piece, with the diameter d2 = 180 mm and
height h2 = 375 mm, while the inductor was being
fed with a constant current (I = 1810 A r.m.s.,
f = 2500 Hz).

To measure the temperature inside the steel piece,
we drilled 8 longitudinal holes (Fig. 2), and placed

Figure 1. Position of the steel piece inside the
induction furnace.

Figura 1. Colocación de la pieza de acero en el
horno de inducción.

Figure 2. Position of holes for the thermocouples.

Figura 2. Posiciones de los agujeros para ter-
moacoplamiento.
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in each of them a chromel-alumel thermocouple. The
holes were drilled at the following cylindrical
coordinates (r, ϕ, z):

(1) r = 0, ϕ = 0, z = 37 mm;
(2) r = 30 mm, ϕ = π/2 rad, z = 37 mm;
(3) r = 60 mm, ϕ = 2π/3 rad, z = 37 mm;
(4) r = 75 mm, ϕ = π/3 rad, z = 37 mm;
(5) r = 18 mm, ϕ = 4π/3 rad, z = 87 mm;
(6) r = 45 mm, ϕ = π rad, z = 87 mm;
(7) r = 18 mm, ϕ = 5π/3 rad, z = 107 mm;
(8) r = 45 mm, ϕ = 0, z = 107 mm,

where z = 0 corresponds to h2/2.
For data acquisition we used ADAM-4018 and

ADAM-4520 modules[26], designed for temperature
measurements.

2.2. General study hypotheses

Within the study the following physical aspects were
taken into account:

— The induction heating of ferromagnetic
materials involves complex and strongly
coupled phenomena (generating eddy
currents, heat transfer, phase transitions and
mechanical stress of the processed material);

— The electromagnetic properties (the resistivity
and the magnetic permeability) and those
thermal properties (the thermal conductivity
and the specific heat) of ferromagnetic steel
depend on temperature; moreover, near to the
Curie point, the relative magnetic permeability
of the steel is recording very fast variation
(against temperature); these aspects could lead
to troubles concerning the convergence of
iterations;

— In the case of interest, the magnetic flux den-
sity is not high, the material is not saturated,
thus it is possible to use the harmonic
approximation (assuming that all
electromagnetic fields are sine waves when
the input current is a sine wave);

— The variation rate of the electromagnetic
phenomena is very different comparatively to
the thermal phenomena (the thermal
phenomena are with few orders of magnitude
slower than the electromagnetic phenomena).

As a consequence, the electromagnetic phenomena
were simulated through series of sinusoidal states
(permanently) within a homogeneous material, of

which properties vary slowly during the time (because
of the heating).

The computation of the magnetic field quantities
at a given time was performed with the values of the
thermal field computed at a previous moment (in the
hypothesis that at a sufficiently small time step, the
temperature is constant within a layer of the domain
was considered).

The magnetic non-linearity of the steel piece
imposed more iterations for computing the intensity
of magnetic field at a certain time step.

In the thermal computation, the mean power
developed by Joule effect within the processed
material was used (at the respective time moment).

The study of the electromagnetic and thermal
coupled fields in the ferromagnetic steel piece has
been done using the following hypotheses:

— The displacement currents are small enough
to be neglected;

— The phenomenon of magnetic hysteresis is
neglected;

— There are no internal electrical field sources
and no permanent magnetization;

— The state is considered to be sinusoidal
(harmonic), thus the complex representation
can be used;

— The ending effect is neglected;
— The thermal losses through the furnace cover

and hearth are neglected;
— The domain under consideration is axisymme-

tric;
— The materials are isotropic;
— The electric conductivity of the piece, the

thermal conductivity and the specific heat
depend on temperature (and implicitly, on
the space and time coordinates), and its
magnetic permeability depends upon the
intensity of magnetic field generated by the
inductor, respectively on temperature (and,
implicitly, on the space and time coordinates).

2.3. The mathematical model of the
electromagnetic field, coupled with
the thermal field

The electromagnetic field, generated by the inductor
in the steel piece, can be determined according to
Maxwell’s equations for quasi-stationary state in fixed
bodies. The thermal field within the steel piece can
be described by Fourier’s equation (supposing there
are no phase transitions and the thermal transfer is
made by conduction)[1]:
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(1)

In equation (1): H
�

[A/m] is the intensity of
magnetic field vector; λ[W/m oC], σ[ohm·m]–1 – the
thermal, respectively electric conductivity, of the
material to be processed; µ[H/m] – the magnetic
permeability of the material; γ[kg/m3], c[J/kg oC] –
the density and the specific heat of the material to
be processed; p[W/m3] – the volume density of the
power dissipated through the eddy currents induced
in the steel piece; T[oC] – the temperature inside the
processed material.

The system of equations (1) admits a unique
solution under the following conditions:

— at t=0 we know, T(0,P), H(0,P), for any point
P in the analyzed domain;

— the boundary conditions are known (see 2.4.1
and 2.5.2);

— the dependences σ = σ(T) and µr = µr(H,T)
[1 and 27] are known for the processed material.

2.4. The numerical modeling of the
electromagnetic and thermal fields
within a steel piece using FDM

The electromagnetic field produced by the inductor
in the steel piece is determined based on the first
equation from system (1).

The steel piece is axisymmetric. Neglecting the
ending effect and assuming that the material of the
piece is homogeneous and isotropic, and the magnetic
field on the surface of the steel piece is uniform, it
can be approximated that all the local quantities of
the electromagnetic field from the steel piece depend
only by coordinate r (radius) and time t: H = H(r, t),
E = E(r, t), J = J(r, t). Also: σ = σ (T) = σ(T(r, t))
and µ = µ(H, T) = µ(r, t).

For the harmonical regime (permanently
sinusoidal) the local quantities of electromagnetic
field can be expressed using the simplified complex,
and the previous relation (in the cylindrical
coordinates) becomes[27 and 28]:

(2)

The thermal field from the steel piece will be
described by the Fourier equation (the second relation
from system 1) in the cylindrical coordinates[27 and 28]:

(3)

The density of the eddy currents induced in the
steel piece and the volume density of the power
dissipated through the eddy currents are given by the
equations[27 and 28]:

(4)

(5)

2.4.1. Defining the initial conditions and
the boundary conditions

In modeling with FDM, the boundary of analyzed
domain is the surface of steel piece, characterized by
r = d2/2.

For the electromagnetic field the boundary
condition is of Dirichlet type:

(6)

and for the thermal field the boundary condition is
of Robin type:

(7)

in the hypothesis of some thermal losses by
convection on the surface of the steel piece (the
thermal losses through the furnace cover and hearth
are neglected).

In the equations (6), (7) Hext represents the
intensity of magnetic field on the surface of the steel
piece, Ta represents the air temperature in the
neighborhood of the steel piece and α[W/m2 oC] is
its heat transfer coefficient.

2.4.2. Computation domain discretization

Because the steel piece presents an axial symmetry,
and assuming negligible the ending effect and the
thermal losses through the furnace cover and hearth,
the discretization of computation domain can be done
by concentric cylindrical surfaces.

Thus a 1-D model is obtained (Fig. 3). This
version is the most simple and economic from the
viewpoint of CPU time.

In the case of induction heating, the phenomena
are determinative on a depth that is equally with that
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one for the electromagnetic field penetration. In these
conditions, it is necessary to consider at least 2-3
intervals of discretization on the initial penetration
depth. On a depth higher than the penetration depth,
a mesh can be achieved by increasing the step in
geometric progression.

For these reasons, in spatial discretization a mesh
with variable step has been used, which leads to more
accurate results than the discretization with constant
step. Thus, a finer discretization at the surface of piece
has been achieved, and in the rest of the domain a
higher step of the mesh was used.

2.4.3. The model in finite differences of
the coupled electromagnetic and
thermal fields

The model into the finite differences of the coupled
electromagnetic and thermal fields is given by the
relations (8), (9).

(8)

(9)

The boundary conditions (for rn = d2/2) become:

(10)

The density of the eddy currents induced within
the steel piece and the volume density of the active
power dissipated through the eddy currents are given
by the equations (11) and (12).

(11)

(12)

For obtaing the relations (8)-(12) the centered
difference formula is used, renouncing at the
remainder terms.

In (8) – (12), i = 1, 2, 3, ..., n-1 (the first node
of the mesh corresponds to radius r0 = 0, and the last
node of the discretization mesh, n, corresponds to
rn = d2/2).

The index k defines the time moment. The index
q defines the number of iterations (at the same
time moment tk) needed to compute the intensity of
magnetic field (because of the magnetic non-linearity
of the processed material).

The distribution of magnetic field in the steel
piece at iteration q is computed depending upon the
magnetic permeability values µi

k,q–1 at the previous
iteration q-1 (within the same time step tk) and
depending upon the magnetic permeability values
µi

k–1 at the previous time step.
The iterative process will be led as follows:

Figure 3. Mesh of the computation domain
(piece).

Figura 3. Discretización del dominio de cálculo
(pieza).
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— the thermal field within the steel piece is
considered the initial one (Tin);

— the initial value of the relative magnetic
permeability is the same in all points inside
the steel piece and is estimated from the
previous calculations;

— the system (8) is solved, resulting a first
solution of the magnetic field from the steel
piece H–i

k,1;
— with the new values of the magnetic

permeability µ(Hi
k,1, Tin) (obtained from the

dependences µ(H, T) the system (8) is solved
again, obtaining a solution H–i

k,2; this solution
is compared with the one resulted at the
previous iteration (H–i

k,1);
— the iterations continue until satisfying of an

imposed error criterion (εH):

(13)

In any stage of the study, the computation of
the magnetic field (in steel piece) is initialized
with the values of the magnetic permeability
computed at the last iteration within the previous
time step.

The number of q iterations depends on reaching
the imposed error ÂH for the computation of the
magnetic field intensity at each time moment.

2.4.4. The results of numerical modeling
using FDM

For the computing of the electromagnetic and
thermal fields within the steel piece, a C++ program,
based on (8) - (13) has been developed.

Figure 4 (a, b, c) shows the results of the numerical
modeling regarding the density of the eddy currents,
the volume density of the active power and
temperature (depending upon the radius r), at the
various moments of the heating process. Figure 4 (d)
shows the time variation of temperature in the same
radial coordinate.

2.5. The numerical modeling of the
electromagnetic and thermal fields
within a steel piece using FEM

The FEM modeling was done using the commercial
code FLUX 2D [29]; the modeling did not include the
melting and heating at the liquid stage of the
processed material.

2.5.1. The computation domain and geo-
metrical discretization of this one

In the modeling made by FLUX 2D, the computation
domain (Fig. 5) has been reduced to a quarter of the
initial physical model (Fig. 1), because of the axisymmetry
and the similar conditions of heat transfer at the upper
and lower area of the furnace (due to its cover and
hearth). In this way, the initial problem (3-D) can be
analyzed in a more simplified version (2-D).

In the computation domain the following surfaces
have been defined:� air;� inductor;� crucible;
� indus;� cover;� asbestos, infinity region, and
two shell regions: convsam, convazb, which are
modeling the cover-air and crucible-air thermal
convection.

The adequate materials have been assigned to the
regions we defined previously, together with electric,
magnetic and thermal properties.

The program FLUX 2D allows to extend the
domain of study up to infinity by an artificially created
region (infinity region) [29].

For induction heating problems, at least two mesh
elements should make up the thickness of the skin
depth (of electromagnetic field) [29]. For this reason
a fine mesh was created in the region of interest for
the electromagnetic field, and more coarsely towards
the symmetry axis, respectively towards the other
boundaries of the computation domain.

The mesh of the computation domain is shown
in figure 5. A detail regarding the meshing of steel
piece is shown in figure 6.

2.5.2. Defining the boundary conditions

In the coupled problems (magneto-thermal) the
solving of the electromagnetic problem is imposed
over the thermal one. In the interior of a finite
element FLUX 2D uses a parabolic approximation
for the variable of the field[29].

For the analysis of electromagnetic field, the boun-
dary conditions are established as follows (Fig. 5):

— on the symmetry axis and on the boundary
parallel to a flux density line, the boundary
conditions are of Dirichlet type (A = 0, where
A represents the vector potential, [Wb/m]);

— if the boundary is normal to the flux density
lines (i.e. on the median plane, characterized
by z = 0), the boundary condition is of
Neumann type (∂A/ ∂n = 0).

For thermal problem the computation domain
can be reduced to that one presented in figure 7. The
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eddy currents induced in the steel piece represent the
sources for the thermal field.

The boundary conditions for thermal problem are
of type:

— Neumann, homogeneous, on the symmetry
axes: ∂T___

∂A
= 0;

— Robin, on the surfaces where thermal convec-
tion exist (cover-air and asbestos-air):
–λ ∂T___

∂n
= α(Tint – Ta).

2.5.3. The results of numerical modeling
using FEM

Figure 8 a) and b) shows the results of the numerical
modeling regarding the density of the eddy currents
and the volume density of the active power, for the
various moments of the heating process.

The heating of the steel piece can be observed on
the temperature charts obtained by FLUX 2D.

Figure 9 a) and b) presents two moments of the

Figure 4. The results of numerical modeling using FDM: a) The magnitude of the current density; b)
Power density; c) The distribution of temperature in the processed material, at various moments; d)
The time variation of the temperatures.

Figura 4. Resultados del modelado numérico usando FDM: a) Amplitud de la densidad de corriente;
b) Densidad de potencia; c) Distribución de la temperatura en el material procesado, en distintos mo-
mentos; d) Variación en tiempo de la temperatura.
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heating process: t = 255 s (after 255 s from the
beginning of the heating) and t=2665 s (the end of
the heating process).

The analysis of the numerical modelings results
(FDM and FEM) shows that in the first heating
moments, the electromagnetic field is concentrated
on the surface of the processed material (Fig. 4 a) and
b) and Fig. 8 (a, b), the time moment t = 255 s). The
heating of steel piece is done from exterior towards
interior (Fig. 9 (a)).

In figure 4 a) and b) and figure 8 a) and b) are

caught two moments (t = 375 s and t = 475 s) of
the „intermediate state”.

The temperature increases very much (and non-
linearly) in the first 500 s from the beginning of the
heating process (Fig. 4 d)), because in this period of
time the processed material has ferromagnetic properties
in the greatest part of its volume; after reaching the
Curie temperature in the entire volume of steel piece,
the time-variation of temperature becomes linear (the
steel being paramagnetic in this situation).

Because the electromagnetic field penetrates into
a relatively thin layer from the surface (Fig. 4 a) and
b)), the internal part of steel piece is heating up only
by thermal conduction in the first stage. This fact
is caught in figure 4 (d), for r = 0 and r = 30.7 mm.

At the end of the heating process the temperature
distribution is relatively homogeneous in the entire
volume of steel piece (Fig. 4 c) and Fig. 9 (b)).

3. EXPERIMENTAL VALIDATIONS

Figure 10 a), b), c) and d) shows the time variation
of the temperatures, as resulting from the numerical
simulation, and of the temperatures measured at
various cylindrical coordinates.

4. CONCLUSIONS

Modeling of the inductive heating of cylindrical steel
piece was achieved with two numerical methods,
FDM and FEM.

Figure 7. Computation domain for the thermal
problem and the boundary conditions.

Figura 7. Dominio de cálculo para el problema
térmico y las condiciones de frontera.

Figure 5.Mesh of the computation domain and the
boundary conditions for electromagnetic field.

Figura 5. Discreción del dominio de cálculo y las
condiciones de frontera para el campo electro-
magnético.

Figure 6. Mesh of the indus (detail).

Figura 6. Discreción del inducido (detalle).
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Figure 9. Temperature charts of the steel piece: a) t = 255 s; b) t = 2665 s.

Figura 9. Mapas de temperatura de la pieza de acero: a) t = 255 s; b) t = 2665 s.

Figure 8. The results of numerical modeling using FEM: a) The magnitude of the current density; b)
Power density.

Figura 8. Resultados del modelado numérico usando FEM: a) Amplitud de la densidad de corriente;
b) Densidad de potencia.
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Based on the FDM modeling we developed a
simulation program which uses a 1-D model, and in
FEM modeling we used the FLUX 2D commercial
code.

FDM modeling offers the following advantages:
the numerical transposition of the equations that
describe the electromagnetic and thermal fields from
the steel piece are achieved easily; the simulation

program has a simple structure; the memory
requirement is reduced; the CPU time is low.

The FDM modeling leads to a CPU time with
about one magnitude order smaller than the FEM
modeling.

The convergence is ensured by imposing a
sufficiently small error in the quantities of coupled
fields computation (electromagnetic-thermal), and
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Figure 10. The time variation of the temperatures resulted from numerical simulation and of the
measured temperatures: experimental values; o FDM simulation; * FEM simulation a) r = 0 mm, z =
37 mm; b) r =30 mm, z = 37 mm; c) r = 60 mm, z = 37 mm; d) r = 75 mm, z = 37 mm.

Figura 10. Variación en tiempo de las temperaturas resultadas por numérica y de las temperaturas me-
didas: temperaturas medidas; o FDM simulación ; * FEM simulación a) r = 0 mm, z = 37 mm; b) r =30
mm, z = 37 mm; c) r = 60 mm, z = 37 mm; d) r = 75 mm, z = 37 mm.
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by correlating the time step with the temperature
reached inside the steel piece.

The analysis of the two numerical modelings
shows a good concordance between the diverse
results. Thus, for z = 37 mm, the relative differences
do not exceed 15% in the case of active power density
and density of the eddy currents induced into the
steel piece, respectively 7% in the case of temperature.
This shows that the hypotheses admitted in FDM
modeling are acceptable for the studied case.

Also, a good concordance between the simulated
temperatures and measured temperatures from the
steel piece is found.

The difference between the simulated temperatures
and measured values is at the most 11% (FEM
modeling) and respectively 14% (FDM modeling).
These differences can be, on one side, due to the fact
that the very complex and strongly coupled phenomena
involved in the inductive heating of the steel piece
(within the modelings we could not take into account
all the physical aspects); on the other side, the possible
measuring errors of the temperatures because of the
thermocouples must be considered.

The differences between the simulated and
measured values of temperatures are more pronounced
in the intermediate state, when the steel losses its
ferromagnetic properties and become paramagnetic.

Both modelings being experimentally validated,
they can be used for the designing of some inductive
heating equipments.

The program written in C++ can be used in the first
stage of designing due to the short CPU time. In this
stage the inductor parameters (geometrical dimensions,
electrical current, supplying voltage, power) and the
heating time can be estimated; also, a study of the
influence regarding the different factors upon the
heating process (frequency, supplying voltage), in the
view of its optimization, can be realized.

The FLUX 2D program can be used in the opti-
mization stage, because it allows a more detailed
analysis of the phenomena.

The optimization of the induction heating process
presumes a very precise and rapid control of the steel
piece temperature, in such way as to satisfy the
technological requirements in the conditions of a
minimal heating time and a minimal power supply.

The numerical modeling of the induction heating
process allows the determination of the temperature
at any point inside the steel piece, if the temperature
can be measured on its surface. This information
(regarding the temperature on the surface of the
piece) is essential for the automatic control of the
process, in conformity with the pre-established
technological requirements.

The results of the numerical modeling allow for
the achievement of an efficient numerical control
system for the induction heating of steel pieces.
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