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DEVELOPMENT OF INDUCTION SYSTEMS FOR DISK HEATING
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The paper presents the experimental and numerical results obtained by the induction heat-
ing a steel disk. This study has been aimed at realizing the local uniform heating the disk at
minimum temperature departure from 450°C. The system-of-interest included 3-turn inducers
and a steel disk heated up. The computer-based investigation results were implemented at a
laboratory mock-up. The temperature distribution over the disk material and its changes were
recorded by a infrared camera. Simulation of electromagnetic and thermal processes occurring
in heating a rotating disk-shaped work piece was carried out using ANSYS APDL base. A
comparison between the obtained numerical data and experimental one showed a disagreement
of about 5 %. It pointed to an adequacy of simulation carried out. A detailed analysis of the
disagreement sources was made.
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B crathe mpencTaBieHbl 3KCHEPUMEHTAJIbHBIE M YMCIEHHBbIE PE3yJbTaThbl, MOJyYEHHbBIE
MpU HAarpeBe CTaJbHOTO AMCKAa MHAYKIIMOHHBIM MeToaoM. McciepoBaHue HampaBieHO Ha
obecrieyeHre JIOKaJbHOTO PaBHOMEPHOTO HarpeBa IuMcKa MPU MUHUMAJIbHOM OTKJIOHEHUU
temnepatypsl oT “450C. PaccmarpuBaemasi cucrtema BKJIIoYaja TPEXBUTKOBBIE WHIYKTOPHI
M HarpeBaeMblii METAJNIMYECKUN TUCK. Pe3ysibTaTbl KOMIBIOTEPHBIX MCCICIOBAHWI ObLIN
peaJin30BaHbl Ha JabOpaTOPHOM MakeTe. TemmepaTypHOe pachpeleieHue Mo MaTepuanry
JIUCKa W €ro M3MEHEHUsI PEerucTpUpOBAIMChH C TTOMOIIBIO TerioBU30pa. MojenarupoBaHUe
SJIEKTPOMArHUTHBIX W TEPMUYECKMX TIPOIIECCOB MPHU HArpeBe Bpalllalolelicsl 3aroTOBKHU
B dopme nmucka BBIMOJHEHO Ha 0Oa3e mporpammHoro maketa ANSYS APDL. Cpashuenue
TOJIyYEHHBIX UYWCJICHHBIX pPE3YyJbTaTOB C OKCIEPUMEHTAIHBHBIMU JaHHBIMU T10Ka3ajio,
YTO PaCXOXJACHUE MeXIy HUMHU COCTaBWIO OKOJIO 5 %, 4TO yKa3blBaeT Ha ajeKBaTHOCTb
BBITIOJIHEHHOTO MoJenupoBaHus. [IpoBelaeH OeTalbHBIM aHaiu3 MCTOYHUKOB OTKJIOHEHMS
MO/ OT 9KCTIEPUMEHTATbHBIX JaHHbIX.
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Introduction

Numerical methods are very efficient and
straightforward, yielding highly accurate
results, which is why they are widely used
for constructing induction heating systems.
These methods allow to use automatic
parameterization, eliminating extremely high
costs for a probabilistic range of experimental
trial-and-error procedures. However, while
reproducing all factors affecting metal heating
in an electromagnetic field can improve the
quality of the process and, accordingly, produce
better results, it also considerably complicates
the problem statement.

Parameters of nonlinear properties of mate-
rials depending on temperature should neces-
sarily be considered to correctly reproduce the
experimental results in numerical solution of
the heating problem. Besides, magnetic perme-
ability u depends on the magnetic field resultt
ing from magnetic saturation.

The nonlinear behavior of materials means
that the problem should be solved in the time
domain instead of the simpler data processing
in the frequency domain.

The frequency of the current passing through
the material can reach high values (up to hun-
dreds of kHz for induction hardening), leading
to significant fluctuations of the magnetic field
per second. Thus, a periodic electromagnetic
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solution can be obtained for a short time in-
terval, while the temperature distribution varies
over wider time intervals (in seconds). This im-
plies that the distribution of temperature over
the material sample depends on the average
flux density of the magnetic field. If p is varis
able, its value can be updated over every short
period of time while preserving computational
efficiency, but this inevitably leads to unneces-
sarily lengthy computations.

The rapidly changing source term in the
heat equation, expressing the specific power of
internal heat sources, can be replaced by an
average value over one period of electric cur-
rent, calculated from the previously obtained
value of the magnetic field, depending on time.
This solution is optimal for updating the values
of physical parameters characterizing the prop-
erties of materials taking into account the new
temperature values in the grid nodes.

Numerical simulation

The goal of this study has consisted in
maintaining local uniform heating of the disk
with minimal temperature deviation from
450°C. This temperature value was chosen
based on the results of [7], giving the data
obtained after tempering a through-hardened
metal sample 3 mm thick.

Each study developing new electrical tech-
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Fig. 1 .3D models of induction heating system
in longitudinal (a) and transverse (b) magnetic fields
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nologies or modernizing existing ones requires
experimental verification. The results of com-
puter studies [1—6] were tested using a labora-
tory model. A infrared camera was used as a
tool for monitoring the temperature variation.
The emissivity was set to 0.95 in the software.
The temperature range was set from 200 to
1200°C. This way, the sensitivity of the device
could be increased in the final temperature
zone of 450°C.

Systems developed using the ANSYS APDL
software package are 3D models of induction
systems for simulating coupled electromagnetic
and thermal problems of disk heating. The giv-

a)

Fig. 2. Comparison of simulation results (a)
with experimental data (b);
obtained for temperature distribution
over workpiece surface with stationary disk heating
in high-frequency longitudinal magnetic field;
b is the straight line passing from the edge of the disk
to its center indicating the direction along which the
temperature was measured; the dark triangle indicates
the maximum temperature on the surface of the disk
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en system includes three-turn induction coils
and a heated metal disk. The disk is made of
hardened steel and has the following main di-
mensions: outer diameter of 410 mm, thickness
of 3 mm. The operating frequency of the system
is 2.5 kHz. A constant power was maintained
in the object during heating. Air is the ambi-
ent environment; it is numerically described as
a non-magnetic non-conductive medium that
does not contain sources generating the elec-
tromagnetic field.

The penetration depth of the current in
steel depends on its brand, and was taken in
the range of 1.5—0.77 mm for the current fre-
quency of 2.5 kHz, while the relative mag-
netic permeability p was taken in the range of
10—40.

As is known, highly efficient tempering is
achieved if steel is heated to a depth exceed-
ing its hardening depth. Volumetric induction
heating with a small temperature difference
across the cross-section is maintained due to
a relatively low heating rate. Uniform tem-
perature can be maintained in the given area
both due to high thermal conductivity of the
heated object, and by varying the time inter-
val required for heating due to small thickness
of the workpiece. The given temperature level
can be also reached by using other frequen-
cies; in that case, the temperature distribution
over the disk surface would be different from
the initial one provided that the initial data
are unchanged. Additionally, assuming that a
sample made by stamping has a complex pro-
file, hot spots may appear if frequencies above
2500 Hz are used to heat such a sample for
subsequent tempering.

The geometric shape of the induction coils
and the positioning of the heated object ful-
ly replicate the actual samples in numerical
models. The workpiece is attached to the
torque transmission system of torque connect-
ed to the electric motor. Eddy currents gen-
erate heating (that is local by default) of an
electrically conductive workpiece under the
coil, but this phenomenon can only be de-
tected with a infrared camera on the surface.
This is the reason why numerical simulation is
necessary in this case.

The results of the first stage of the study are
shown in Figs. 1—3. The 3D model is parti-
tioned into a finite element mesh in the fol-
lowing manner: there are five partitions per
each millimeter of the disk thickness; the fi-
nite elements of the mesh along the disk di-
ameter are larger but their size still makes it
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Fig. 3. Final temperature profile along workpiece radius
according to results of numerical simulation (/) and experiment (2)

Fig. 4. Comparison of simulation results (a)
with experimental data (b);
obtained for temperature distribution over workpiece
surface with disk heated by rotation in high-frequency
longitudinal magnetic field; b is the straight line passing
through the center of the disk indicating the direction
along which the temperature was measured; the dark
triangle indicates the maximum temperature on the
surface of the disk
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possible to obtain fairly satisfactory results.
We managed to plot the relationships between
the main parameters and to assess the fit of
the numerical results to the experimental data.

Electromagnetic and thermal characteristics,
namely the relative magnetic permeability, re-
sistivity, thermal conductivity, heat transfer co-
efficient and heat capacity are non-linear and
depend on both the temperature of the hard-
ened steel disk and the ambient temperature.
The density of the disk material is assumed to
be constant and uniform.

The purpose of the model was to solve the
coupled electromagnetic and thermal prob-
lems, taking into account rotation, nonlinear
magnetic permeability p and the algorithm
for updating data during dynamic temperature
variation. The principles by which the model
was constructed are described in detail in [4].

Comparison of experimental results and
numerical simulation is shown in Fig. 2.

There are several objective reasons for the
discrepancy between the simulation and the
experimental data. Sharp dips in the temperature
distribution along the workpiece radius (Fig.
3) are explained by the fact that the infrared
camera was placed at some distance from the
heating system. In the specific example, these
dips depend on the temperature at the surface
of the water-cooled turns of the coil. Because
the workpiece was partially located inside the
coil, there was no other way to measure the
temperature.

We simulated the rotation of the disk
at the second stage of the study. Heating to
a temperature of 450°C was reached in 30 s
with the workpiece rotated at a speed of 18
rpm (Figs. 4 and 5). The graphs are based on
averaged results.

The heating time was selected assuming
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Fig. 5. Temperature profiles on workpiece surface along the radius
with disk heated in the longitudinal (a) and transverse (b) magnetic fields:
1 corresponds to simulation results, 2 to experimental data

that tempering is done for a metal product.
Tempering temperature has a significant
effect on mechanical properties during high-
frequency hardening. As mentioned above, this
temperature was chosen based on the results
of [7], presenting the data obtained after
tempering a through-hardened metal sample
with a thickness of 3 mm. A stable temperature
field and, as a result, high strength, ductility
and toughness of the metal can be maintained
at a moderate heating rate. A further increase
in tempering temperature inevitably leads to
a decrease in strength and an increase in the
toughness of the product.

The final temperature distribution at a low
rotational speed of the metal disk is induced by
thermal conductivity of the material and heat
losses from its surfaces. The results obtained are
in agreement with the data of [8—10], describing
dependences of the allocated additional power
in the disk on the rotational speed.

As seen from the data in this study, due to

radiative heat losses, the edges of the disk have
a lower temperature relative to the required
level, while the maximum temperature along
the disk radius is shifted towards the center of
the heated sample.

In our simulation, the metal disk was
heated through for tempering to account for
the effects that the operating frequency and
the construction of the induction coil system
had on the disk’s temperature profile. This
made it possible to minimize the temperature
difference over the cross-section of the disk in
the heated zone. However, we did not take into
account the presence of a hardened layer in
the numerical study. We can predict without
running a simulation that in practice this may
manifest as an uneven decrease in hardness
along the radius of the disk but the hardness
can be reduced in an optimal manner.

The discrepancy between the numerical
results and the experimental data is about 5%,
which indicates that the simulation we have
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carried out is adequate.

The natural construction of the heating
system also includes a magnetic core, which
allows to use a lower electromagnetic field
frequency by controlling the pole pitch of the
coil.

The results obtained indicate that the
proposed induction system is sensitive to
variation in geometric parameters such as coil
geometry and position of the turns relative
to the workpiece, as well as to variation in
electrical parameters. Therefore, there is an
optimal configuration of parameters allowing
to achieve the best result, that is, uniform local
heating of the product in the permissible range
of temperature deviations from the given value
in the shortest heat treatment time.

The study showed that non-standard
solutions open up additional opportunities for
regulating the heating process and improving
the efficiency of heat treatment. Thus, the
key step in improving the efficiency of
induction systems for heating metal products
by rotation is modernizing the existing
induction heating systems and developing
new ones based on automated optimization of
geometric, positional and electrical parameters
(combined with computer simulation). This
should successfully solve the related physical
problems during heat treatment, construct the
shape of induction coils, select the optimal
mode of operation, incorporate the properties

of new materials in the design of the developed
systems, produce reliable estimates for devising
non-standard solutions to reduce material
costs.

Conclusion

We have constructed problem-oriented 3D
models of induction systems in the ANSYS
APDL software package in order to calculate
the coupled electromagnetic and thermal
problems. The models developed have been
tested and verified experimentally. The
obtained results can be successfully applied
to analyze and solve electrothermal problems
for constructing induction systems and for
parametric search of optimal configurations of
these systems. In turn, optimal characteristics
should ensure high quality of the final product
and its maximum yield, minimum cost of
equipment and maximum total efficiency.

Potential applications of the constructed
models are lie in study of different induction
systems for heating samples of different shapes.
The developed methods and approaches can
be applied to other electrical engineering
processes. The proposed solutions allow to
efficiently use the results obtained for steel
rings, disks, gears, shafts, springs and other
symmetrical workpieces of different types
and sizes, for constructing induction systems
and for parametric search of optimal system
configurations.
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