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Abstract. The paper presents developed numerical modelling methodology of induction heating problems
of disks with a simple and complex profile in 3D for calculating the coupled electromagnetic and thermal
tasks in the parametric design language (ANSYS APDL). We demonstrate that the developed tools can be
used for products of various sizes, as well as for other metal engineering components using the example of
local electromagnetic processing of a metal disk and a diaphragm spring. The authors used development for
parametric research and design of induction heaters. The described methodology has particular specificity,
due to which it is possible to expand the scope for a number of engineering units with azimuthal periodicity

property.

1 Introduction

The classical way of the numerical realization of motion
during induction processing is to shift the inductor,
relative to a stationary object of heating. In this case, the
inductor step by step describes the trajectory of the
proposed movement. The nature of the movement
determines the type of shift. In the case of rotation, shift
is movement by a predetermined number of degrees.
Each new position of the inductor induces an array of
heat sources, saving the simulation results of all previous
iterations.

In [8], the angular velocity (Hz, r/s) described in the
global Cartesian coordinate system X, Y and Z-axis are
set as constants: OMEGAX, OMEGAY, OMEGAZ. The
parameters XLOC, YLOC, ZLOC describe the location
of the axes of the rotating body in the X, Y, and Z
directions, respectively.

In this paper, the authors replaced the rotation by
setting strongly nonlinear properties of the material. This
solution has a limitation associated with the distortion of
the known electrothermal properties of the heated
material at high rotation speeds. Data are known when
the rotation speed can make a significant contribution to
increasing the efficiency of induction heating [1, 4, 12,
15]. However, taking into account the results of [6], at a
low speed of rotation of the metal disk (18 rpm), the
final temperature distribution formed due to the
processes of thermal material conductivity and heat
losses from surfaces (confirmed experimentally). The
temperature level of 450 °C degrees based on the results
of [5], which authors shows the data obtained after
induction tempering a sample with 3 mm thick. The goal
function - ensuring uniform induction processing of the
diaphragm spring disk with a minimum temperature
deviation from a given temperature level. The initial
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electrical parameters (current, frequency, heating time,
disk diameters and the inductor design repeat the natural
sample [6].

2 Methods

Within research, authors used a computer type of
experiment. The numerical simulation environment is
ANSYS APDL (ANSYS Parametric Design Language).
The solution of the electromagnetic problem performed
with a magnetic vector potential [7 — 12]. For solution,
the three-dimensional finite electromagnetic problem we
used SOLID97 element in order to increase the accuracy
of calculation. The processes occurring in metals during
the operation of an induction installation are described
by a system of interconnected electromagnetism and
thermal  conductivity equations with  non-linear
coefficients. In the simulated system, nonlinear
coefficients associate with the dependence of the metal
products properties on temperature and electromagnetic
field intensity, therefore the electromagnetic and thermal
problems are related. To perform thermal transient
analysis was used SOLID90 element. An algorithm for
coupling solutions to the problems of electromagnetism
and thermophysics were earlier presented and described
in detail in [2, 14].

3 The geometry

There are several ways to accomplish this task. The most
obvious are direct working with ANSY'S graphical tools
or preliminary preparation of a CAD model with the
subsequent import of the finished geometry into a
numerical environment. The third way is programming.
As part of the study, the geometry of the system is
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implemented using the built-in programming language
APDL.

The optimization parameters are the turn’s width and
the inductor height, the air gap, the pole pitch, the
operating frequency, the current value, the current
direction, the heating time, the diameter and thickness of
the heating object, and the electrothermal nonlinear disk
properties. In addition, the diaphragm spring dimensions
shown in Fig. 1 are parameterized.

Geometry modeling also has a common feature
associated with the possibility of using the symmetry of
the system. The investigated system has this property,
therefore, instead of modeling the complex geometry,
authors decided to simulate the section using the
azimuthal periodicity of the product structure. It allows
us to adjust the number of fingers of the spring and
reduce the time for calculations. The standard number of
fingers placed around the circumference of the
diaphragm spring is: 24, 20, 18 and 12. Summarize the
data is in the Table 1.

Table 1.

Number of fingers of the
spring
Modeling area

12 | 18 | 20| 24
159 | 100 | 9° | 7%°

In fig. 1 shows a sketch of a diaphragm spring. The
initial modelling area is equal to 9°. In fact, this means
the basic spring design of the has 20 fingers. The
estimated time required for calculation at a given
accuracy can be minimized by 40 times. The total height
of the unloaded disk is equal to the loaded. In other
words, the product does not have the curvature necessary
for operation and has a flat shape under load. During the
heat treatment procedure performing, this aspect doesn’t
play a significant role, since to ensure the uniform local
heating and the size of the heat treatment zone, the turns
of the heater have to be located: 1. on one axis; 2.
parallel to the plane of the heating zone. It allows
adjusting the input power by changing the inductor
current, the pitch of the turns and the air gap.

Fig. 1. Sketch of the investigated system: 1 - General view of
the product; 2 - Modeling area; 3 - heating zone.

In the model presented in fig. 2a), is given a partition
into the FE mesh. Grid nodes concentrated in the heating
zone, which is able to provide model flexibility in
parametric studies. The numerical solution of the
coupled electrothermal problem requires the use of
special grids due to the manifestation of the surface
effect. Joule heat sources are generated in the layer
which relatively small comparing to the total workpiece

size, therefore this aspect needs to be taken into account
and optimize to increase the modeling accuracy with the
least computational and time costs. For the case of the
disk modeling with a complex profile, the grid is
optimized and has the prisms form of elements (see Fig.
2, b)). Similar to the experimental data [6], the inductor
positioning relative to the diaphragm spring repeats full-
scale samples.

b)

Fig. 2. Finite-element 3D systems: a) “Inductor - disk”; b)
“Inductor - diaphragm spring”.

4 Boundary conditions

A zero value of the vector magnetic potential A =0 is set
at the external boundaries of the system. This means at
the external boundary (air) remote from the Joule heat
sources, the complete attenuation of the electromagnetic
waves are assumed. The Neumann condition is accepted
by default in the absence of specified Border conditions.
The description of the homogeneous Neumann condition
at the external boundary indicates the absence of the
tangent component of magnetic flux.

A zero electric potential is set at the ends of the turns
of the inductor and on the opposite boundary, the degree
of freedom VOLT and the current value are set for the
inductor nodes. It is also possible to set up the counter
currents to simulate the induction transverse flux
heating. The type of thermal analysis is transitional,
boundary condition of the Il kind To solve the thermal
problem, the internal sources are reading from the
electromagnetic calculation. The temperature selected as
the initial conditions is 20 degrees.

5 Results and Discussion

It is most logical to evaluate the relatively simple system
configuration “Inductor — Disk”. Fig. 3 - 5 shows the
obtained electrothermal solution to the problem.
Modeling area is 9°. The problem statement corresponds
to the experimental data [6] and the problem in which a
spiral inductor located under a heated disk. The
verification of computer simulation authors performed
based on an analysis of the eddy currents distribution,
specific power and temperature field over the surface of
a heated disk.

It is worth noting, the calculation results in Figs. 3
and 4 indicate a correct description of the boundary
conditions. Consider first of all Fig. 3. As you know,
researchers and engineers design inductors taking into
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a)

Fig. 3. Total Current Density. a) Modeling area - 9% b) General view.

a)

Fig. 4. Joule Heat Generation on the disk surface after 30 s heating. a) Modeling area - 9°; b) General view.

a)

Fig. 5. The final temperature distribution on the disk surface after 30 s heating. a) Modeling area - 9% b) General view.

account the physical phenomenon - the surface effect.
Since the system in question has more than one turn,
inhomogeneities in the current density distribution over
the surface of the heaters occur as a result of a physical
phenomenon called the proximity effect, which is a form
of surface effect. Naturally, eddy currents in the disk
repeat the inductor shape. A key feature of the solution is
eddy currents circulate along the edge of the disk, which
is clearly seen in Fig. 4. and 5 (the current density
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induced in the disk and Joule Heat Generation on the
disk surface).

However, analyzing the final temperature field after
the induction heating completion, the disk edges
overheating doesn't observed and the maximum
temperature on the surface shifted toward the center due
to heat losses from the disk surface, which also
corresponds to experiment [6]. In the next step, consider
a disk with a complex profile. The problem statement is
formulated similarly to the “Inductor - disk” system.
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Fig. 6. The final temperature distribution after the heating process completion in a longitudinal magnetic field with poor quality
processing of the surface of the diaphragm spring in the area of the bend of the fingers. a) Modeling area - 36°; b) General view.
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Fig. 7. The final temperature distribution after the heating process completion in a longitudinal magnetic field with poor quality
processing of the surface of the diaphragm spring in the area of the bend of the fingers. a) Modeling area - 18°; b) General view.

Let's pretend that the system in the calculation area
is: 1) 36°, 2) 18%; 3) 15°% 4) 7°5" which correspond to 1)
5; 2) 10; 3) 12; 4) 24 fingers on the diaphragm spring. In
fact, the number of fingers equal to 5 and 10 does not
take place for a number of reasons. 12 fingers is the
minimum number of fingers, and 24 is the maximum
possible. A formulation of the modeling problem is
capable of illuminating the limits of the approach under
consideration.

The estimation of the correctness of the numerical
solution is based on the analysis of the uniformity of the
temperature distribution around the circumference of the
heated diaphragm spring and comparison with the
experimental results, as well as with data published in
scientific journals. The first test electrothermal results
are presented in Fig. 6.

Along the circumference of the outer diameter
visually observed local temperature differences of up to
130 °C. The sharp temperature inhomogeneity indicates
the unnatural behavior of the temperature distribution,
which evidences the selected computational modeling

area is not applicable in practice. Consider the test
results for option 2), shown in Fig. 7.

During analyzing the obtained results by narrowing
the modeling area to 180, we observed temperature
differences along the circumference within acceptable
limits. However, the final temperature distribution
should be considered unsatisfactory. The final test for
options 3) and 4) are presented in Fig. 8 and 9.

Developing problem-oriented models for induction
disk heating systems by rotation in a high-frequency
magnetic field, the minimum allowable calculation area
for modeling in the same a formulation is an area not
exceeding 15°. Modeling a diaphragm spring disk with
the maximum number of fingers has the most uniform
and close to experiment temperature distribution [6].

6 Conclusions

Two programs and a method for solving the coupled
electrothermal problems of induction heating of
machine-building units by numerical simulation in the
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Fig. 8. The final temperature distribution after the heating process completion in a longitudinal magnetic field with poor quality
processing of the surface of the diaphragm spring in the area of the bend of the fingers. a) Modeling area - 15°; b) General view.

a)

Fig. 9. The final temperature distribution after the heating process completion in a longitudinal magnetic field. The diaphragm
spring diameter is 350 mm; the current value is 288 A: a) Modeling area - 7°5’; b) General view.

ANSYS package have been developed. The programs
automatically  perform  preliminary initial data
preparation, construct a geometric model, assign
physical material properties, set boundary conditions, FE
meshing, solve the electromagnetic and thermal tasks,
and post-process the calculation results. The
methodology extends to a number of products with
azimuthal periodicity, but has a significant limitation
associated with the boundaries of application.
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