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Analysis of the Induction Heating for Moving Inductor Coil

J. O. Yun, Young-Soo Yang*
Department of Mechanical Engineering, College of Engineering, Chonnam National University,
300 Yongbong-dong, Gwangju 500-757, Korea

Induction heating is a process that is accompanied with magnetic and thermal situation. This
paper presents a simulation of a magneto-thermal coupled problem of an induction heating
process for moving inductor coil. In the magnetic and thermal analyses, temperature-dependent
magnetic and thermal material properties were considered. As the inductor coil moves in the
process, solution domains corresponding to inductor changes into those of the air, and the
solution domains of air change into those of the inductor. For these reasons, modeling of
induction heating process is very difficult with general purpose commercial programs. In this
paper, induction heating process for moving coil was simulated with the concept of traveling the
position of the heating planes. Finite element program was developed and finite element results
were compared with the experimental results.
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1. Introduction

Induction heating process is used in the steel
making process. It is often used for surface har-
dening, tempering and straightening of deformed
steel plates. Because induction heating is a com-
plex process, its feasibility for new application
often relies on experiments. But these experiments
do not provide a great deal of general information
about the process. In engineering point of view, it
is important to investigate the temperature distri-
bution of the steel plate with the induction heat-
ing process. To analyze the induction heating
process by numerical method, the coupled mag-
netic and thermal problem must be solved, be-
cause most of the material properties in the in-
duction heating depend on the temperature (Nerg
et al., 2000). Meanwhile, in most induction heat-
ing processes, the inductor coil moves to cover a
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wide range. But so far, most analyses related to
the induction heating have assumed that the posi-
tion of the inductor does not change during the
heating process without considering the case in
which the inductor moves (Garbulsky et al.,
1997 ; Gong et al., 1995 ; Chaboudez et al., 1997 ;
Sadeghipour et al., 1996) . In this research, a finite
element program was developed to analyze the
electro-magnetic field and temperature distributi-
on of the induction heating for moving inductor.
The finite element program was developed by
using FORTRAN language. In the simulation of
the induction heating process, solution domain
consists of inductor, air and steel plate. As the
inductor moves, the space where coil exists is
changed into that of air zone in the transient
analysis of the induction heating process. Then,
the solution domains of the inductor are changed
into those of air with the time step. Also the air
zone in which the coil moves is changed into the
inductor zone, and the position at which the
current flows varies with the time step. In other
words, the material properties of the inductor are
changed into those of air, and the position at
which the current flows is varied with the time
step. Therefore, the above procedure must be
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repeated manually at each time step. This reason
makes the numerical analysis using general pur-
pose commercial programs very difficult.

In this paper, a simulation method for the in-
duction heating process with moving inductor
coil is suggested. In order to analyze the electro-
magnetic field, the zone corresponding to induc-
tor coil was divided into finite numbers of planes
which are two dimensional solution domains. For
each plane, two dimensional finite element an-
alyses for electro-magnetic field were performed.
In the three dimensional temperature analysis, the
eddy current calculated from the two dimensional
electro-magnetic analysis was used heat source.
By moving the heating planes, the finite element
analysis with the variation of the coil position
was carried out. In order to verify the numerical
calculations, the results of the finite element an-
alysis were compared with the experimental re-
sults.

2. Finite Element Formulations

2.1 Analysis of electro-magnetic field

The governing equations derived from Max-
well’s equation to describe eddy currents can be
written as follows (Sadeghipour et al., 1996)

—%V2A+ jweA=] (1)

where A is the magnetic vector potential, Js the
current density, 7 the square root of minus unity,
4 the permeability, w the angular frequency and
o the electric conductivity. The finite element
formulation obtained from the governing equa-

tion is as
[K{A}={]} (2)
where
TR
+joo [ [NV [N]dxdy
(7= [ J[NT dxay @)

Magnetic vector potential can be evaluated from
above equation, and the eddy current can be cal-

culated by using the magnetic vector potential
and is given by

Je=0FE=—jwcA (5)

where E is the electric field intensity and [, is
the eddy current density. Heat source is expressed
as

g= [Re<]e)]2 (6)

9

where, ¢ is the heat source.

For the special case where the source current
density is assumed to be time harmonic, the heat
input for the average time can be written as

qzé @?cA*A (7)

where, ¢ is the heat input for the average time and
* is the complex conjugate.

2.2 Analysis of temperature distribution

From the heat diffusion equation for the case
of induction heating, the governing equation is
expressed as (Wu et al., 1988)

pc%zv- (EVT)+q (8)
boundary conditions are given as
0T _ _
k5, =he(T—Tx) )

When the finite element formulation is employed
and boundary conditions are applied, the equa-
tion (8) can be written as follows (Huebner et al.,
1995 ; Masubuchi, 1980)

[CHTI+[EKAT)={Q} (10)

here

(€)= [ oc[N)"[N]aV (an

1= 2T ]2 202

H [ ) v+ fivyinnar |

(12)

(Q)=[alNVav+ [nTedl (13

where T is temperature, o the density, ¢ specific
heat, £ conduction coefficient and /. convection
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coefficient. 7" and T are calculated using 0 as

n_ Tone— T
T==r5 (14)
T=(1—0) T:+ 0T a: (15)

In our calculation, § was set to 1. To properly use
the available capability of the program for the
temperature-dependent induction heating prob-
lem, the variations of the material properties ac-
cording to temperature were considered (Enokizono
et al.,, 1995). In the analysis of the electro-mag-
netic field, 0 and ¢ were defined with respect to
temperature. And g was calculated by using o,
which was changed with temperature, and also, ¢
and % were functions of their corresponding tem-
perature. Schematic diagram of induction heating

temperature datn measurement

Fig. 1 Schematic diagram of induction heating pro-
cess and half coil shape
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Fig. 2 Simulation procedure flow chart

process is shown in Fig. 1, and coupling proce-
dure between the electro-magnetic and thermal
analysis is shown in Fig. 2.

3. Finite Element
Results and Experiments

Figure 3 shows the induction heating process in
the experiment. Thermocouples were attached to
the center of the bottom surface of the specimen.
Schematic half diagram for the finite element
analysis are shown Fig. 4. To analyze the two
dimensional electro-magnetism, a mesh genera-
tion, as shown in Fig. 5, was applied. Solution
domain contains the air zone and steel plate. The
frequency of induction heating system was 50
kHz, travel velocity was 6 mms™' and the current
was 800A, which were the same as the experi-
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Fig. 3 Schematic half diagram for experiment
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Fig. 4 Schematic half diagram and boundary condi-
tions for FEM
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Fig. 5 Solution domains and mesh generations for
2-d electro-magnetic analysis
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Fig. 6 Modeling of moving heat source using move-
ment of heating planes

mental conditions. Because of the symmetry of the
problem, half of the model was simulated. Fig. 6
shows the modeling of moving heat source. The
zone corresponding to the length of inductor coil
is divided into 21 to obtain the velocity of 6
mms~. It is assumed that electro-magnetic distri-
bution is equal for each plane in the direction of
coil travel. But for each plane, nonlinear electro-
magnetic analysis depending on temperature is
considered. In the direction of coil travel, the
temperature distribution of the electro-magnetic
solution domain for the each plane is different.
For each plane, by performing the analysis of
the electro-magnetic field depending on tempera-
ture, nonlinear electro-magnetic analysis which is
dependent on temperature can be considered for
the direction of coil travel. Generally, heat gener-
ation is large at the area where temperature is low
because electric conductivity is large. Therefore, it
is predicted that front plane for the direction of
coil travel contains large heat generation and the
plane which is located at the high temperature
region contains small heat generation. For each
plane, two dimensional electro-magnetic analysis
was performed and the eddy current which was
calculated was used heat source. By moving 21
planes which have heat source, the finite element
analysis considering the movement of the induc-
tor coil was performed. The cross—section of the
coil is shown in Fig. 1. The width of the coil
shape in Fig. 1 was 5 mm, height was 10 mm and
air gap was | mm in the experiment. And the
length of coil in the z-direction was 60 mm. The
finite element analysis and the experiment were
performed at the same condition. The steel plate,
which includes the thermocouples, was cut, and
the heat affect zone was inspected. The boundary
condition used for the analysis of magnetic field
in the symmetry axis was the assumption that the
magnetic vector potential was zero. Fig. 7 shows
the analysis of the electro-magnetic field at am-
bient temperature. Large magnetic vector poten-
tials were concentrated on the coil zone. Inside
the steel plate, magnetic vector potentials were
small due to the skin effect. Three dimensional
model for temperature analysis is shown in Fig. 8.
Fig. 9 shows the temperature history of what
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obtained from the finite element analysis and ex-

periments. The finite element analysis results and
the experiment agreed well. Fig. 10 shows the
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Fig. 7 Isolines of magnetic vector potential at initial
state (wbm™)
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Fig. 8 Three dimensional half model of the steel
plate for FEM
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Fig. 9 Temperature history at bottom center of steel
plate at 50 kHz

results of maximum temperature distribution from
the finite element analysis and the experiment of
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Fig. 10 Shapes of experimental and calculated heat

affected zones

Fig. 11 Temperature distribution for induction
heating (frequency=>50 kHz, time=20s)
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Fig. 12

Temperature distribution for induction
heating (frequency=>50 kHz, time=30s)



1222 J. O. Yun and Young-Soo Yang

the cross section. In the simulation, it was as-
sumed that phase transformation temperature was
723°C. The heat affected zone inspected by ex-
periment and calculated by finite element method
agreed well. These results can be applied to stress
analysis and also can be used to predict the an-
gular distortion of steel plate (Son et al., 2000).
Numerical temperature results for induction heat-
ing process are shown in Figs. 11 and 12, and the
effect of velocity can be confirmed. Fig. 13 shows
that maximum temperature with respect to fre-
quency. As frequency increases to 30 kHz, the
maximum temperature increases linearly. As fre-
quency increases above 30 kHz, the increase slope
of the maximum temperature decreases. If fre-
quency increases, heat generation increases in
equation (7), but magnetic vector potential is
decreased. Therefore, total heat generation can be
predicted by the coupled magneto-thermal an-
alysis. Magnetic material properties and thermal
material properties depend on temperature. When
temperature increases, material properties also
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Fig. 13 Maximum temperature according to fre-
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Fig. 14 Temperature distribution along the direction
of depth according to frequency

change but not simultaneously for the whole
workpiece. Therefore, the workpiece temperature
is non-uniform, and a nonlinear coupled mag-
netic-thermal analysis is needed. So it seems that
the nonlinear finite element analysis makes the
result such as Fig. 13. The results of temperature
distribution from the surface in the direction of
depth according to frequency are shown in Fig.
14. It is found that the variation of the tempera-
ture at the high frequency is large as the distance
from the surface increase. At the below of 50 kHz,
heat generation increases as frequency increases.
At the above of 50 kHz, heat generation becomes
smaller as frequency increases because the skin
effect becomes strong. The material properties of
the workpiece depending on temperature affect
the temperature results with regard to frequency.

4. Conclusions

For analyzing induction heating, a finite ele-
ment program was developed based on informa-
tion about electro-magnetic field and tempera-
ture distribution. For verifying the finite element
program, finite element results were compared
with experiment results. The finite element results
agreed well with the experiment results. The finite
element formulation using the movement of heat-
ing planes is effective for analyzing the induction
heating process for a moving inductor coil. The
skin effect was confirmed inside the steel plate in
the electro-magnetic analysis. The shape of the
heat affected zone from the experiment agreed
well with the finite element results. At the high
frequency, heat generation becomes smaller as fre-
quency increases because the skin effect becomes
strong. As temperature increases, material prop-
erties are changed but not simultaneously for the
whole workpiece. Therefore, the workpiece tem-
perature is non-uniform. The nonlinear coupled
magneto-thermal finite element analysis is indis-
pensable for analysis of induction heating pro-
cess.
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