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Abstract—This paper presents a numerical analysis of an
industrial-scale induction heating oven to improve heat transfer
performance for applications in the tyre manufacturing industry.
Tyre mould preheating is a vital step in the tyre manufacturing
process, for which the local industry is currently using conven-
tional heating techniques. Research has shown that induction
heating has the potential to significantly reduce the heating time
and the energy use of the tyre mould preheating. However, some
limitations in obtaining the required temperature profiles have
prevented the local industry in moving toward induction heating.
Hence, this research focused on using finite element analysis to
study the induction heating process to propose an improved oven
unit for tyre mould preheating. The simulation was conducted
on a simplified and scaled-down model of a tyre mould to study
the effects of key parameters. The simulation results showed that.
The pancake type coils are recommended for the application and
the maximum Ohmic losses could be obtained when the coil air
gap is 7-8 mm.

Index Terms—Induction Heating, Tyre Mould Preheating,
Finite Element Analysis, Pancake coils

I. INTRODUCTION

Induction heating has been identified as one of the promis-
ing technologies that can provide efficient heating in indus-
trial processes as well as household appliances [1] [2] [3].
Heating by induction has minimal heat wastage compared
to conventional heating technologies as the heat generation
is carried out by eddy current induced inside the work-
piece [1]. The high-efficiency of induction heating results in
significant power savings and a fast heating method, especially
in industrial processes. Induction heating applications are
rapidly developed in household applications such as induction
cookers. Many research studies have been conducted to study
the heat generation and efficiency improvements in induction

cooker applications [4] [5]. However, to date only a limited
number of research has focused on industrial induction heating
applications [6] [7].Even though the induction heating has the
potential to improve the efficiency of industrial heating appli-
cations, use of induction heating in local industry in Sri Lanka
is very limited, specially due to the limitations of technology
transfer. Hence, this research is focused on analysing the use of
induction heating in industrial applications, especially focusing
on local tyre manufacturing sector to eliminate the limitations
of induction heating which has been preventing it from use in
the local tyre manufacturing industry.

Tyre manufacturing industry comprises a wide range of
companies all over the world. According to the government
reports, currently, 25% of the global demand for solid tyres
is supplied by Sri Lankan tyre manufacturers. Additionally,
Sri Lanka produces pneumatic and semi-pneumatic tyres,
and tubes for exporting markets. According to Sri Lanka
Export Development Board, more than 60% shares in the
total value of rubber exports from the country are accounted
by tyre manufacturing sector [8]. The local manufacturers to
compete in the global tyre market, it is important for the
local tyre industry to improve its manufacturing process and
technologies to reach more customers at a low production cost.
In the tyre manufacturing process, tyre mould provides the
final shape and the threads/cuts to the tyre [9]. During the
process, tyre mould are required to preheated to a temperature
range of 130 -1400C. Preheating the tyre mould is one of the
time-consuming process in the solid tyre manufacturing which
creates a bottleneck in the manufacturing process. Currently
the preheating process is carried out by the conventional
conduction heating process which takes significant time for
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heating a tire mold. According to the source from tyre
manufacturing industry, it takes 120 minutes for preheating
a one-ton tyre mould, and for larger moulds that weights
around 8 tons, it takes about 8 to 10 hours to get to the
required temperature. Another problem associated with the
conventional heating process is large energy losses. Energy
losses occur through heat conduction from the work-piece to
the fixtures, natural convention, and thermal radiation. Energy
losses make low thermal efficiency in the heating process
resulting in a waste of energy and money [10] [2]. According
to the literature, in ferromagnetic kitchen equipment, the
efficiency of power conversion can be as high as 97.5%. Non-
ferromagnetic components can achieve efficiencies of 60–70%
[4]. Thus, there is a significant potential of energy saving in
the tyre manufacturing industry by replacing the conventional
heating ovens with the induction heating.

Hence, developing an induction heating oven suitable for
tyre mould preheating will be vital in increasing the production
efficiency and save energy costs. The introduction of the
induction heating method over the current conventional coils
ovens could save time, energy, thus the production cost.
However, according to the literature there are limitations of
the current industrial induction heating oven systems which
prevents the application in tyre manufacturing industry. One
of such issues reported in the literature are the uneven tem-
perature distribution in the mould during the heating process
[1] .Hence, this study analyse the induction heating process by
using numerical simulation methods and propose an improved
induction heating oven setup with modified coil arrangements
for the tyre industry.

The structure of the paper is such that section (II) discusses
the methodology which includes two parts: the numerical
method and the simulation setup. And section (III) discusses
the result followed by the conclusions of the study.

II. METHODOLOGY

This study used numerical simulation methods to analyse
the induction heating process and sensitivity of the heat
distribution to the key parameters of the induction oven. The
simulations were used to investigate how the different arrange-
ments of the coil and its key parameters would affect the
Ohmic losses and the temperature distribution in the mould.
According to the previous studies [4] [7], key parameters that
affects the performance of the induction heating oven were
identified as coil current, operating frequency, air gap between
the coil and the work-piece, and coil arrangement. Hence, the
numerical simulations were used to study the effects of above
parameters on the temperature distribution on the mould. In
designing the computational simulations, in order to save the
computed cost, a scaled down model of 1:10 scale of the
mould and induction oven was used. To further simplify the
simulations, the mould was de-featured by removing additional
features like clamping components, fillets, thread pattern cut,
etc. Removal of these feature will induce some error in the
calculations, however these features are comparatively small
compared to the mould size thus error would be small. A solid

model of the simplified mould and the coil arrangements are
shown in Fig. 1.

Fig. 1: Simplified model of the tyre mould and coil geometry.

In induction heating, the skin depth is the major parameter
that define the heat-affected area [11] [12]. The skin depth can
be calculated using equation 1 [13]. According to previous
studies, the induced current becomes almost non-existent at
two layers of skin depth [14]. Hence, the cast-iron outer sur-
face of the mould was split into two skin depth layers in order
to properly mesh a finite element model. The generated mesh
consisted of tetrahedron elements. ANSYS®MAXWELL use
in build predefined mesh size for these types of simulations.
The mesh is refined by 15% for each iteration step to improve
the calculations.

δ =

√
ρ

πf0µrµ0
(1)

where,
δ - Skin depth, ρ - Resistivity, f0 - Signal frequency,
µr - Relative permeability, µ0 - Permeability of free space

A. Numerical method

The Finite Element Analysis technique was employed to
obtain the most suitable coil geometry and sensitivity of
key parameters. ANSYS®Maxwell 3D and ANSYS®Thermal
were used for computational simulations to find the ohmic
losses and the temperature distribution in the tyre mould for
different coil types, respectively. The purpose of this study is to
improve the uniform temperature distribution in the tyre mould
by modifying the coil arrangements and other key parameters.
The following equations were used to solve an electromagnetic
problem in ANSYS®Maxwell [14] [15],

∇×H = J +
∂D

∂t
( from Ampere’s law) (2)

∇× E = −∂B

∂t
( from Faraday’s law) (3)

∇.B = 0( from Gauss’ law) (4)



∇.D = ρcharge( from Gauss’ law) (5)

where,
H - Magnetic field strength, J - Current density,
D - Electric flux density, E - Electric field,
B - Magnetic field, ρ - Charge density

ANSYS®Thermal was used to solve the heat transfer prob-
lem and the temperature distribution was calculated by solving
the equation 6 [15] [16],

ρc(
∂T

∂t
+ {v}T {L}T ) + {L}T {q} = q̄ (6)

where,
ρ - Density, c - Specific heat,
T - Temperature , t - Time, v - Vector operator,
L - Velocity vector for mass transportation of heat,
q - Heat flux vector, q̄- Heat generation rate per unit volume

B. Simulation Setup
As depicted in Fig. 1, the mould used for the simulations

included five main parts: two coils (top and bottom), upper
mould, bottom mould, inner cavity, and clamping compo-
nents. Tyre mould 3D model was generated by using An-
sys®Maxwell polygonal tool with 40 segments. The simula-
tion setup was validated by comparing with the experiments
data available in the literature [1].

In the computational simulations two types of simulation
setups were used for the analysis considering the compu-
tational cost and the required accuracy of the results. In
the initial simulations (setup 1), a simplified work-piece was
used to analyse the sensitivity of the induced Ohmic losses
and temperature of the work piece to the current frequency
supplied to the coils. In these simulations a cast iron plate with
160mm diameter and 10mm thickness was used instead of the
actual mould to simplify the simulations. The current input was
set to 51.5 A to match with the experimental conditions used
for the validation. However, when extending the simulations
to study the effect of air gap between the coils and the
work-piece and, the coil turn spacing, mould shape also play
a vital role, Hence in the simulation setup 2 a work-piece
similar to the tyre mould was used, however, it was simplified,
and scaled down to a 1:10 as as discussed earlier to reduce
the computational time. Although setup 1 is computationally
inexpensive, having a work-piece with the same shape as the
tyre mould in setup 2 also allowed to calculate additional
important details related to the temperature distribution on
the mould. In the simulation setup 2, 50A A/C current was
supplied with 100 kHz frequency in analysing the effect of air
gap, coil turn space and the coil geometry.

Ansys®Thermal software used to simulate the temperature
distribution of the work-piece. Convection coefficient and the
ambient temperature were set 50w/m2 and 250C, respectively
for both setups accordingly.

III. RESULTS AND DISCUSSION
The simulation results were used to calculate the Ohmic

losses generated on the work-piece and the temperature dis-
tribution. The subsequent sections of the paper discuss how

these parameters varied when the key feature of the induction
oven changes.

A. Model Validations

Before conducting the numerical analysis for sensitivity
analysis, the simulation setup was validated against the ex-
perimental data presented in [1]. The experiments have used
a 16 cm diameter cast iron work-piece with a pancake type
coil to study the induced temperature distribution on the
work piece. The simulation designed to replicate the same
experiments and the temperature distribution alone a diameter
of the work-piece was compared with the experimental data
and the comparison is given in Fig. 2. The simulation results
were in good agreement with the experimental data for most
region of the work-piece and results showed that average error
percentage is 1.2% with a standard deviation of 1.05 and root
mean square error was 2.66.

The error percentage can be calculated using equation 7,

1

n

n∑
n=1

[|T2 − T1

T1
| × 100] (7)

where,
T2 - Simulated Temperature , T1 - Measured Temperature ,
n - Number of data points,

Fig. 2: Comparison of temperature distribution in the work-
piece.

As can be seen from the Fig. 2 the simulation results and
experimental results follows similar trends with a maximum
different of 50 C.

B. Variation with the frequency

The simulations were then extended to study the effect of
supplied electric frequency on the temperature distribution.
Simulation setup 1 discussed in the methodology was used
to conduct the analysis and simulations were conducted for
the different frequencies ranging from 1 kHz to 120 kHz.



The observed variation in the ohmic losses and temperature
distribution are depicted in Fig. 3. As can be observed from
Fig. 3, supply current frequency increase resulted in increase
in the ohmic losses and the maximum temperature in the work-
piece, as expected.

However, according to the equation 1, skin depth reduces
with the increment of the frequency. The skin effect analysis
showed that the uniformity of the heat distribution is reduced
with frequency increase. Hence, having too high frequency
will results in further uneven temperature distribution, even
though it increases the work-piece maximum temperature and
Ohmic losses.

Fig. 3: Ohmic losses and maximum temperature variation with
the frequency.

C. Variation with the air gap

The analysis on the effect of the air gap between the coil
and the work-piece/mould on the generated temperature distri-
bution was conducted using the simulation setup 2 discussed
above. The simulations were conducted for different air gaps
ranging from 6 mm to 12 mm. The variation of the maximum
temperature on the work piece and the Ohmic losses were
plotted against the air gap which is shown in Fig. 4. As
can be seen from the Fig. 4, both Ohmic losses and the
maximum temperature increased when the air gap reduced
from 12 mm. However, when coils get more closer to the
work-piece magnetic flux will be concentrated and narrow
down to a segment of the work-piece. Thus, the magnetic flux
generation the work-piece get reduced resulting in reduction
of total ohmic loss generated in the work-piece.

Both Ohmic losses and temperature depicted a maximum
value in between coil gap of 7-8 mm and any air gaps below
this resulted in reducing ohmic losses. Hence the results indi-
cated that optimum coil gap for the simulated coil arrangement
is observed in between 7-8 mm.

Fig. 4: Variation of Ohmic losses and maximum temperature
on the mould with air gap.

D. Variation with coil turn spacing

Space between two subsequent coil turns is referred to as
turn spacing. To cover a given particular work-piece there
should be a selected number of coil turns. When the number
of turns increases, coil turn space will be reduced and it will
be a more compacted coil. In this analysis, pancake type coil
was considered and numerical simulations were conducted for
the coil turn spacing values ranging from 2 mm to 8 mm. The
resulting Ohmic losses are shown in the Fig. 5. As can be
seen from the Fig. 5 more eddy current losses were generated
in the work-piece when the coil turn spacing is reduced. The
maximum temperature of the work-piece also increased with
the reduction of turn space as given in Fig. 6.

Fig. 5: Ohmic losses variation with turn spacing



However, it is clear from the Fig. 6, when the turn spacing is
reduced, the uniformity of the heat distribution and maximum
temperature difference (i.e.difference between the maximum
and minimum temperatures) is increased in the work-piece.
Hence, having a too small coil turn spacing is not desirable
for the tyre mould preheating process.According to the current
simulation setup required temperature of 1400 C was achieved
with 7 mm coil spacing with a reasonably uniform temperature
distribution. However, experimental testing on scale up model
is required to confirm these optimum coil turn spacing for a
industrial scale oven.

Fig. 6: Variation of temperature variation with turn spacing

E. Coil geometry

Previous studies have shown that coil geometry and the
arrangement has a significant effect on the temperature distri-
bution on the work-piece [1]. Hence the numerical study was
extended to study the effect of different coil arrangements. In
these FEA simulations, same inputs parameters of the induc-
tion coil were used similar to the setup 2 and the temperature
distribution and Ohmic losses were observed for different
coil geometries and arrangements. For these simulations five
different variations of coil arrangements as shown in Figs. 7
and 8 were analyzed. The five coil arrangements included:

a. Basic pancake coil-Two pancake-type coils with circular
cross-sections are located above and below the mould as de-
picted in Fig. 7. This coil arrangement provided the base model
for comparison with other variation of coil arrangements.

b. Pancake coil divided into 4 separate segments-This
has eight pancake-type coils with circular cross-sections. Out
of the eight coils four coils are located above the mould
and four coils are located below the mould as shown in Fig.
8a.This arrangement of eight number of small spiral type coils
covering the surface of the tyre mould was selected to observe
whether this will improve the uniformity of the ohmic loss
distribution on tyre mould.

Fig. 7: Basic Pancake type coil geometry

c.Conical coil 1 -This coil arrangement is an upward conical
shape where larger diameter turns are located near to mould
as shown in Fig. 8b.

d.Conical coil 2 -This coil arrangement is a downward
conical shape where smaller diameter turns are located near to
mould as depicted in Fig. 8c. The two upward and downward
conical arrangements were selected as Pancake type coil and
its variations (b,c,) are recommended in the literature to be
used with large diameter work-pieces.

e.Helix coil -This coil arrangement used a helix-shaped coil
around the mould which has a circular cross-section.A solid
model of the coil arrangement is given in Fig. 8d.

(a) (b)

(c) (d)

Fig. 8: (a) Pancake coil divided into 4 separate segments (b)
Downward conical coil (c) Upward conical coil (d) Helix coil

For the five coil arrangements same input conditions as
mentioned in setup 2 were supplied, and simulations were
used to calculate the Ohmic losses, maximum and minimum
temperature and the maximum difference in the work piece



temperature. The obtained results are tabulated in Table I.
As can be seen from the Table I, basic pancake arrangement
showed a highest Ohmic losses with a reasonably even tem-
perature distribution in the work-piece.Even though the spiral
coil provided the second heights Ohmic losses, it resulted in a
highly uneven temperature distribution, which is undesirable
for tyre mould preheating. The four coil arrangements given
in Fig. 8b showed a better temperature distribution, however
due to the small flux generated it could not achieved the
required temperature. The downward conical shape was able
to achieved the required temperature, however the tempera-
ture difference is too high compared to the basic pancake
coil. Thus, all the selected coil arrangements under-performed
compared to the basic pancake coil arrangement.

TABLE I: Observations for different coil types

Coil Arrangement Ohomic Max. Min. Tem.
Losses Tem. Tem. difference

(W) (C) (C)
a.Basic pancake coil 1065 247.9 182.4 65.4

b.Pancake coil divided
into 4 separate segments 128 51.9 44.6 7.3

c.Conical coil 1 720 209.8 126.4 83.4
d.Conical coil 2 272 97.5 64.3 33.2

e.Spiral coil 756 238.5 122.9 115.5

IV. CONCLUSION

This paper presented a numerical analysis on induction
heating oven system to improve its heat transfer performance,
specially to use in the tyre mould preheating. The simulations
were used to calculate the variation of ohmic losses and heat
distribution with the change of frequency, air gap, coil turn
spacing, and coil geometry. The simulation results showed that
ohmic losses in the work piece could be increase by increasing
the frequency of the supplied current and reducing the coil
turn spacing. The mould temperature was also increased with
the reducing air gap between the coil, however temperature
reached to a maximum at 7 -8 mm range for the selected coil
arrangement. Also, the basic pancake coil arrangement showed
the best performance for the simulated range of conditions.
Based on the analysis, it is recommended that high frequency,
low air gap, and compact coil geometry are suitable for surface
heating applications. However, these arrangements will results
in reduction of the skin depth leading to uneven distribution
in bulk heating applications. The simulation results clearly
indicated that Ohmic losses transmitted to the work-piece or
the temperature of the work-piece could be increased and
uniformity of the temperature distribution could be reduced
by optimising the key parameters. However, for a bulk heating
application, it is complicated to find the balance between the
uniformity of the heat distribution and the amount of ohmic
losses transmitted. Thus,determining the Optimized design
parameters require, more simulations and experiments on the
specific oven designs, which would be the future direction of
this research.
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