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The main issue of a billet heater using induction heating is to avoid billets that were not heated at a desired temperature. In order
to improve the induction heating system, it is necessary to clarify the heating property of an object due to eddy current loss and to
investigate the temperature distribution in an object by the magneto–thermal coupled analysis. In this paper, the eddy current and
temperature distribution of a billet heater is analyzed considering the heat emission, heat conduction, and temperature dependence of
magnetic characteristics of the billet. It is shown that the calculated values of temperature in the center and surface of a billet are in good
agreement with measured values. The precise analysis is possible by considering the temperature dependence of magnetic characteristics,
heat conductivity, etc. The detailed behavior of the heat generation in the billet is clarified. The skin depth is increased because the
resistivity of the billet is increased and the permeability is decreased at high temperature. As a result, the flux in the billet is reduced,
and then the power (eddy current loss) in the billet is decreased.

Index Terms—Finite element method, induction heating, magneto–thermal coupled analysis, temperature dependence of magnetic
characteristics.

I. INTRODUCTION

I N a billet heater, a billet is heated by an induction heating
system after it is cut to a constant length [1]. Then the billet

is forged at a forging line. If the forging line is stopped, the oper-
ation of the billet heater is switched to the keeping-warm status,
and then transported to the normal operation after the reoper-
ation of the line. During such a standby operation, a suitable
control of the billet heater is strongly required. In order to con-
trol the billet heater accurately so that the input and output of
heat is well controlled, and to avoid billets that were not heated
at a desired temperature, it is necessary to clarify the heating
properties of billets by the magneto–thermal coupled analysis.
But, the practical analysis of induction heating apparatus con-
sidering the temperature-dependent magnetic characteristics is
little[2].

In this paper, the detailed behavior of the eddy current loss
and the temperature distribution in billets are analyzed by the
magneto–thermal coupled method considering the heat emis-
sion, the heat conduction, and the temperature dependence of
magnetic characteristics of the billet. In addition, experimental
results and analytical results are compared to examine the va-
lidity of the simulation.

II. METHOD FOR ANALYZING 3-D THERMAL PROBLEM

The governing equation of 3-D transient heat conduction
problem is as follows:

(1)
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where is the temperature of the billet, is the thermal conduc-
tivity, is the rate of internal heat generation, is the material
density, is the specific heat, and is the time.

The boundary condition of the heat conduction is shown by
the following:

(2)

where is the heat flow and is the outgoing normal vector on
the boundary.

The governing equation of heat conduction is discretized
using 3-D nodal elements. The Galerkin equation is given by

(3)

where is the interpolation function.
The equation of heat emission on the boundary is given by

(4)

where is the thermal emissivity, is the Stefan–Boltzmann
coefficient, is the radiation configuration factor, is the
temperature of ambient environment, and is the coefficient of
heat emission.
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Fig. 1. Billet heater: (a) �–� plane, (b) �–� plane.

The finite element (FE) equation of the heat conduction
problem that includes the heat emission is given by

(5)

where is the heat conduction matrix, is the heat capacity
matrix, and is the heat flux vector. These are given by

(6)

(7)

(8)

III. MAGNETO–THERMAL COUPLED ANALYSIS METHOD

A. Analyzed Model and Analysis Condition

Fig. 1 shows the examined billet heater. The material of the
billet is S45C (carbon steel). The insulating material is rolled
out of the fire-resistant material. The Curie temperature of the
billet is 760 C. We assumed that the model is isotropic

.
The 3-D FEM using edge elements is used for the magnetic

field analysis, and 3-D FEM using nodal elements is used for
the thermal field analysis. Although coils are divided into parts
in an actual billet heater as shown in Fig. 1, it is assumed that
they are not divided into parts in the analysis in order to make
the analysis simple as shown in Fig. 2. Fig. 3 shows the cross
section of the examined model. We considered the division of
coils by feeding the current at the instant when the analyzed re-
gion corresponds to the cross section with the coil or by feeding

Fig. 2. Assumed model that is uniform in the �-direction.

Fig. 3. Analyzed model (1/4 model).

no current at the instant when it corresponds to that without the
coil.

The initial temperature of each material is 25 C. The bound-
aries of analyzed region in Fig. 3 are assumed as the adiabatic
boundaries.

B. Coupling of Magnetic and Thermal Analyses

The magneto–thermal coupled analysis considering the heat
emission, heat conduction, and temperature dependence of mag-
netic characteristics of the billet is carried out according to the
following procedures.

As a first step, the magnetic field and eddy current are ana-
lyzed using 3-D FEM. The basic equation is given by

(9)

where is the magnetic vector potential, is the electric scalar
potential, is the conductivity, is the reluctivity, and is the
current density of coil.

Next, the thermal analysis given by (5) is carried out. The
eddy current loss obtained by the magnetic field analysis is used
as the heat source.

The magnetic field analysis is carried out again by using the
renewed material constants corresponding to the obtained tem-
perature. Repeating these two kinds of analyses, the change
of the temperature distribution in the billet with time is calcu-
lated. The time interval in the thermal analysis is chosen as one
second.

C. Temperature Dependence of Material Properties

The material constants of the billet, air, fire-resistant material,
and insulating material at 25 C is shown in Table I. Figs. 4–7
show the temperature dependence of material constants of the
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Fig. 4. Temperature dependence of electrical conductivity of billet.

Fig. 5. Temperature dependence of B-H curve of billet (reference).

Fig. 6. Temperature dependence of specific heat of billet.

billet. The B-H curves are guessed from the B-H curve at 25 C.
In the analysis, these curves are linearly interpolated. As the pur-
pose of the analysis is to examine the time change of the temper-
ature distribution in the billet, the temperature dependences of
fire-resistant material, insulating material, and air are neglected.
The radiation configuration factors of the billet and fire-re-
sistant material of (4) are both assumed as unity.

IV. RESULTS AND DISCUSSION

Fig. 8 shows the change of temperature at the center (
0 mm) and on the surface of billet ( 27.5 mm) with time.

Fig. 7. Temperature dependence of thermal conductivity of billet.

TABLE I
MATERIAL CONSTANTS AT 25 C

Fig. 8. Change of the temperature at the center and on the surface of the billet
with time.

The temperature is measured using thermocouples. The calcu-
lated results are in good agreement with the measured ones. The
reason why the rate of increase of temperature is reduced at
around 20 s is that the temperature of the billet reaches near
the Curie temperature at this instant, and the specific heat rises
rapidly.

Fig. 9 shows the distribution of power (eddy current loss) and
temperature in the billet. The power invades inside the billet
with the increase of temperature, and its value is reduced. The
reason is as follows: the skin depth is increased due to the de-
creased of the conductivity, and the flux is also decreased due to
the decrease of the permeability at such high temperature. As a
result, the generated eddy current loss (power) is decreased.

Figs. 10 and 11 show the changes of flux density and power
in the billet with time. Fig. 10 shows that the flux is invaded
inside the billet and its amplitude is decreased with time. Then,
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Fig. 9. Distribution of power and temperature in the billet: (a) 0 s, (b) 30 s, (c)
50 s, (i) power, (ii) temperature.

the generation of power moves inside of the billet and its value
is decreased as shown in Fig. 11.

V. CONCLUSION

The obtained results can be summarized as follows.
1) The precise analysis of power and temperature distribu-

tion in the billet is possible by considering the temperature
dependence of magnetic characteristics, heat conductivity,
etc.

2) The detailed behavior of the heat generation in the billet is
clarified. The skin depth is increased because the resistivity

Fig. 10. Change of flux density in the billet with time.

Fig. 11. Change of power in the billet with time.

of the billet is increased and the permeability is decreased
at a high temperature. As a result, the flux in the billet is
reduced, and then the power (eddy current loss) in the billet
is decreased.

The detailed phenomenon of heat generation will give a
useful suggestion for the improvement of the design and the
operation of an actual billet heater.
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