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a b s t r a c t

Induction heating process was investigated numerically and experimentally. Cylindrically shaped steel
workpiece was heated with different heating protocols. Numerical model with coupled electromagnetic
and thermal physical phenomena was solved using the finite element method. Temperature-dependent
and temperature-independent steel material properties were considered and their impact on simulation
results was evaluated. Simulation results were also compared with experimental measurements using an
algorithm for processing thermographic images. Good agreement between them was obtained for work-
pieces without defects. With ability to observe temperature distributions and material defects, the ther-
mographic camera demonstrated to be an effective non-contact measurement tool and suitable
alternative to thermocouples.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Induction heating is one of the most widely used methods for
heat treatment of steel. It provides faster and more precise heating
of local areas, consumes less energy and is considered environmen-
tally friendlier than other methods. Other advantages also include
lower labor cost for device operators, easy maintainability of the
equipment, quality assurance, automation capability and high reli-
ability [1].

Induction heating is a complex process including electromagnetic,
thermal and metallurgic phenomena. In this process an alternating
electric current induces electromagnetic field, which in turn induces
eddy currents in the workpiece. The induced eddy currents release
energy in the form of heat, which is then distributed throughout the
workpiece. Preliminary numerical simulations of heat distribution
are highly desirable in planning of induction heating systems, since
choosing the right shape and position of the induction coil and adjust-
ing the electric current properties to attain a desired temperature pro-
file in the workpiece can be difficult. During the process of induction
heating the temperature of the heated material changes on such a
large scale that introduction of non-linear temperature-dependent
material properties is necessary, especially when dealing with ferro-
magnetic materials [2]. Consequently, electromagnetic and tempera-
ture distributions are in most cases impossible to derive analytically,
therefore numerical methods such as finite element method have
been used extensively [3–5].
ll rights reserved.
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Experimental investigation of numerical models of induction
heating is usually carried out by measuring the time course of tem-
perature in the workpiece with thermocouples [6–8] or with ther-
mographic cameras [9,10]. The main advantages of temperature
measurement with thermocouples are: high precision of spot mea-
surements, a possibility to measure internal temperature with sen-
sors placed inside the workpiece and low cost. However, there are
several difficulties associated with the use of thermocouples for
measurement of temperature in large-volume workpieces. A large
number of thermocouples placed inside the workpiece or on its
surface can influence the process of induction heating. Further-
more, implementation of surface temperature measurements with
thermocouples can be difficult to achieve on a production line. An-
other major constraint is the thermocouple’s time response, since
induction heating is a relatively fast process. To avoid these limita-
tions, a non-contact measurement method based on thermography
can be used. Thermography is a form of infrared (IR) measurement
that provides a color-coded thermal profile of the target surface.
Thermographic imaging devices, such as a thermographic camera,
use focal plane arrays of sensors that respond to electromagnetic
radiation in the IR range. Images or a video acquired by a thermo-
graphic camera can be stored for later studies or they can be pro-
cessed in real-time. These data can also be used for detection of
material defects in workpieces [11,12] or to observe temperature
distributions and dynamic changes in the heating process, since
modern thermographic cameras are able to track very rapid tem-
perature variations in the microsecond domain.

In this paper induction heating of steel workpieces is described
and investigated both numerically and experimentally. Initial com-
parison between temperature-dependent and independent steel
material properties of the workpiece was made to determine the
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Nomenclature

A magnetic potential vector
B magnetic flux density vector
C specific heat capacity
D electric displacement field vector
E electric field vector
H magnetizing field vector
J current density vector
Q heat source
qr radiative heat flux
T temperature
V electric potential
v velocity vector

Greek symbols
e0 dielectric permittivity of vacuum
ee emissivity of the steel
k thermal conductivity
rs Stefan–Boltzmann constant
q material density
l0 magnetic permeability of vacuum

Subscripts
amb ambient
dep temperature dependent
indep temperature independent
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importance and relevance of temperature-dependent properties in
the numerical model. An algorithm for processing thermographic
data was developed and applied in the process of experimental
investigation. Simulation and experimental results were evaluated
and discussed.
2. Materials and methods

The workpiece used in our study was a non-ferromagnetic steel
cylinder placed in the middle of a symmetric induction coil with
four turns. Three identical cylindrically shaped workpieces mea-
suring 250 mm in height and 50 mm in radius were used. As
shown in Figs. 1 and 4 two ring-shaped and radially symmetric
surface areas were chosen arbitrarily as the observation areas.
The outer ring area extended between the radii of 20 and 23 mm,
Fig. 1. Model geometry: cylindrically shaped steel workpiece surrounded by a coil
of four loops placed in the cylindrical and in a three-dimensional coordinate
system. The outer and inner evaluated areas are colored black and grey, respectively
(see also Fig. 4). Due to symmetry only half of the workpiece is present in the
cylindrical coordinate system.
while the inner ring area extended between the radii of 13 and
18 mm from the central axis.

Three different induction heating protocols marked 1, 2 and 3
(in the order of decreasing voltage) were used in our study. They
differed only in the voltage used (higher voltage results in faster
heating). The same frequency of 101 kHz was used with all proto-
cols. Voltage values together with the resultant electric current
amplitudes and frequency values are given in Table 1.

2.1. Properties of the steel workpieces

Uniform samples of a non-ferromagnetic steel X5CrNi189
(1.4301) were used as workpieces. This is one of the most widely
used stainless steels with accurately determined physical proper-
ties. Three most important temperature-dependent material prop-
erties (the specific electric conductivity, the specific heat capacity
and the thermal conductivity, respectively) of the steel were
adapted from previous studies [13,14] and are presented in Fig. 2
and specified empirically in Eqs. (1)–(3).

rðTÞ ¼ 1=ð4:9659� 10�7 þ T � 8:4121� 10�10 � T2 � 3:7246

� 10�13 þ T4 � 6:1960� 10�17Þ; ð1Þ

CðTÞ ¼ 351:93þ T � 976� 10�4; ð2Þ
kðTÞ ¼ 11:215þ T � 1:4087� 10�2: ð3Þ

Simulations were performed for both the temperature-dependent
and for the temperature-independent material properties. For tem-
perature-independent properties the following constant values
(measured at 25 �C) were used: r = 1.39 (M S)/m, C = 500 J/(kg K),
k = 16 W/(K m). These values are presented in Fig. 2 and were ob-
tained from the producer of steel samples used in our study (Metal
Ravne, Ravne na Koroskem, Slovenia).

A constant value of 7900 kg/m3 was used as mass density of the
steel (q) in all simulations. The impact of these properties on the
model was evaluated by examining the deviation D of results of
the temperature-independent model from those of the tempera-
ture-dependent one in Eq. (4). This deviation was observed in the
temperature range from 25 to 800 �C for the inner and the outer
observation area of the workpiece.

D ¼ Tindep � Tdep

Tdep
� 100%: ð4Þ
2.2. Numerical model of induction heating

The problem was solved numerically in a cylindrical coordinate
system due to axial symmetry of the geometry (see Fig. 1).



Fig. 2. Temperature-dependent and temperature-independent material properties
of a non-ferromagnetic steel X5CrNi189. Values for the electrical conductivity, the
specific heat and the thermal conductivity are shown.

Fig. 3. Cylindrically-shaped workpiece surrounded by a coil placed in the cylindri-
cal coordinate system with marked boundary conditions.

Fig. 4. Inner and outer radially symmetric ring-shaped surface areas, where the
surface temperature was evaluated. The outer ring extended radially 20–23 mm
(black) while the inner ring extended 13–18 mm (grey) from the central axis of the
workpiece. The diameter of the steel workpiece was 50 mm.

Table 1
Parameters of the heating protocol in terms of the frequency of the applied voltage
and the resultant electric current in the induction coil.

Voltage amplitude
(V)

Current amplitude
(A)

Frequency
(kHz)

Heating protocol 1 650 823 101
Heating protocol 2 450 608 101
Heating protocol 3 301 381 101
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Numerical calculations were performed with commercial finite
element software package COMSOL Multiphysics 3.5a (COMSOL
AB, Sweden) running on a desktop PC (Windows XP 64-bit, 3.2-
GHz Intel Core i7 extreme, 12-GB RAM). The mesh of the numerical
model consisted of 15,280 triangular elements and 61,435 degrees
of freedom. The calculations took on average 10 min for the
numerical model with temperature-dependent and 7 min for tem-
perature-independent properties.

Mathematical equations describing the electromagnetic part
are based on the Maxwell’s equations. As the dimensions in the
studied geometries are considerably smaller than the wavelength
of the electromagnetic waves, a quasi-static approximation was
used [15]. According to this approximation the Ampère’s law can
be written as

r�H ¼ rðEþ v � BÞ: ð5Þ
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Term v � B in Eq. (5) is assumed to be zero, considering the work-
piece and the coil are both static. The relationship between mag-
netic and electric potential is introduced:

E ¼ �rV � @A
@t
: ð6Þ

The magnetic potential is a three-dimensional vector field, whose
curl is equal to the magnetizing field, i.e.:

lH ¼ r� A: ð7Þ

Substituting Eqs. (6) and (7) in Eq. (5) yields

r� 1
l
ðr � AÞ þ r rV þ @A

@t

� �
¼ 0: ð8Þ

After performing the double curl operation in the first term of Eq.
(8) using the cylindrical coordinates defined by the set of unit vec-
tors [er, e/ ,ez], the equation becomes a partial differential one. The
magnetic potential is reduced to a single non-zero component
A = A(r, z)e/ in the u direction with the null divergence condition
implicitly taken into account. Due to singularities of Eq. (8) along
the symmetry axis where r = 0, an auxiliary variable u is introduced,
defined for the non-zero component of magnetic field in the u
direction as

u ¼ Au

r
: ð9Þ

The term involving the gradient of electric potential can be written
as

rV ¼ Vloop

2pr
; ð10Þ

where Vloop is the potential difference for one turn of the coil around
the z-axis in the u direction and therefore is present only in the re-
gion of the coil. Solving Eq. (8) in cylindrical coordinates and taking
into account the considerations above, the problem is then to find u
satisfying

r
l
@2u
@r2 � 3

1
l
@u
@r
� r

l
@2u
@z2 þ r

Vloop

2pr
þ r

@u
@t

� �
¼ 0: ð11Þ

The boundary conditions for our model are presented in Fig. 3. For
axial symmetry the following boundary condition along the z-axis
must be used:

Br ¼ 0; ð12Þ
@Bz

@r
¼ 0: ð13Þ

The first condition assures that the flow lines for the magnetic flux
density begin at r = 0, while the second one prevents a discontinuity
along the z-axis. Using the variable u, the boundary condition in Eq.
(12) is fulfilled whenever r is zero:

Br ¼ �
@Au

@z
¼ �r

@u
@z
: ð14Þ

The second boundary condition Eq. (13) must be given explicitly.
Using the variable u the following expression is obtained:

@Bz

@r
¼ @

@r
1
r
@

@r
ðrAuÞ

� �
¼ r

@2u
@r2 þ 3

@u
@r
: ð15Þ

The expression is zero when r and the derivative of u with respect to
r are both zero. The air surrounding the workpiece and the coil is
enclosed in a box with magnetic insulation condition applied on
its boundaries, which makes the normal component of the magnetic
field zero:

Au ¼ 0: ð16Þ

Boundary condition on the edges where the surfaces of the work-
piece and coil meets the air is continuity:
n� Hair �Hcoil=workpiece
� �

¼ 0: ð17Þ

Eddy currents derived from the electromagnetic model manifest
themselves through heat production due to the Joule effect. The
heat is then distributed throughout the workpiece. The process is
described by a classical heat equation

qC
@T
@t
�rðkrTÞ ¼ Q : ð18Þ

The heat source Q is caused by the eddy currents:

Q ¼ 1
2

ReðJ � E�Þ: ð19Þ

As for the boundary conditions for the heat transfer model, continu-
ity – Eq. (20) is imposed at the edges where the surface of the coil
comes in contact with air. Thermal insulation – Eq. (21) is pre-
scribed along the z-axis and specified temperature T0 – Eq. (22)
on the remaining edges of the box enclosing the whole numerical
model. Also, surface-to-ambient radiation is imposed at the inter-
face between the workpiece and air – Eq. (23) [16].

� nair � ð�kairrTairÞ � ncoil � ð�kcoilrTcoilÞ ¼ 0; ð20Þ
q ¼ 0; ð21Þ
T ¼ T0; ð22Þ
qr ¼ eersðT4

amb � T4Þ: ð23Þ
2.3. Measurement setup

A thermographic camera was placed on a tripod above the ver-
tically positioned steel workpiece to measure the temperature of
its upper flat surface. The three different heating protocols were
used (Table 1) and each workpiece was heated only once by one
of the three heating protocols in order to avoid the influence of
permanent changes in material properties caused by heating. The
coil was driven by a high-power generator Ekoheat 45 (Ameri-
therm, Scottsville, USA). Surface temperature of the workpiece cir-
cular cross-section was measured with thermographic camera
ThermoPro TP8 (AMETEK, Pennsylvania, USA) with the recording
rate of 25 frames per second and the frame resolution of
576 � 720 dots. The camera was connected to a personal computer
using Audio/Video device AverTV USB MCE (AverMedia, Taipei, Tai-
wan) via S-video connection cable. Emissivity of the steel work-
piece was taken into account when calibrating the camera and
was set to a constant value of 0.4 [17]. The accuracy of the thermo-
graphic camera was verified before the measurements by compar-
ing the temperature values obtained with the camera and a
thermocouple TM100 (Extech, Massachusetts, USA). Between sev-
eral temperature ranges available on the camera the measurement
range between 400 �C to 800 �C was chosen because temperatures
below 400 �C are not interesting for heat treatment of steel. Due to
the upper temperature measurement limit the process of induction
heating was stopped when the maximum temperature in the
workpiece reached 800 �C.

Video data were processed using Matlab R2009a Video and Im-
age Processing blockset. As shown in Fig. 4 the video frames were
masked with an appropriate template to isolate the ring-shaped in-
ner and outer observation area of the upper flat surface of the steel
bar, where the temperature was measured.

An algorithm from the Video and Image Processing blockset was
used to compensate for the distortion of the workpiece surface area
representation in the video (caused by the camera not being pre-
cisely aligned with the z-axis of workpiece) so that the correct cir-
cular shape was obtained. A moving average filter (length 15
frames) was used to smooth the video data by reducing the effect
of electromagnetic interference present in the video recording. The
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data were further processed by an algorithm that compared the
measured RGB values contained within the isolated ring areas with
a generated full 24-bit RGB color scale based on the internal ther-
mographic camera color scale. After temperature values of all pix-
els were obtained for all frames, the values were averaged in the
inner and outer area for each single time frame to obtain a single
temperature value later used in generating the time profile of
heating.
Fig. 6. Deviations between simulation results of numerical model with tempera-
ture-dependent and independent material properties of the workpiece. Tempera-
ture axis is based on temperature-dependent model. For easier comparison
between temperatures in the inner and outer area simulations lasted until average
temperature in the inner area reached 800 �C.
3. Results

Temperature distribution in the workpiece calculated using the
temperature-dependent properties is shown in Fig. 5 for heating
protocol 1.

The difference between the simulation results using tempera-
ture-dependent and independent steel parameters are shown in
Fig. 6 for three steel workpieces of equal dimensions heated using
three different induction heating protocols (1, 2 and 3 – see Table 1).

In the outer observation area (the one closer to the surface of
the workpiece) the deviation was very similar for all three heating
protocols. The deviations were falling with the temperature
approaching 230 �C. Above that value the deviations started to rise
uniformly. However, in the inner observation area the deviations
were remarkably more dependent on the heating protocol than
in the outer observation area even though the general courses of
deviation as a function of temperature were similar in both areas
and for all three heating protocols. With the temperature
approaching �230 �C the deviations were larger in the inner com-
pared to the outer observation area. Largest deviations were at
800 �C with the temperature difference of 14 �C and 23 �C in the in-
ner and the outer area, respectively.

Fig. 7 shows a comparison of the results obtained by experi-
mental measurement and numerical simulation using the temper-
ature-dependent properties.

The temperature measurement range on the camera was set to
400–800 �C and therefore only this temperature range is shown. A
good agreement between the results of numerical simulation and
measurement are observed in workpieces for heating protocols 1
and 2 with the mean absolute difference of 3.2 �C and 9.7 �C in
the outer area and 10.4 �C and 11.1 �C in the inner area, respec-
tively. However, heating protocol 3 temperatures resulted consid-
erably above those predicted by the model. The mean absolute
Fig. 5. Temperature distribution in the workpiece 55 s into heating by the heating
protocol 1 presented as a 2D numerical model and the corresponding 3D model
based on rotating the 2D model around the axis of symmetry by 270�. Due to high
voltage frequency of 101 kHz temperatures near the thin layer under the surface
reached higher values compared to those towards the center of the workpiece.
difference of 31 �C and 37 �C for the outer and the inner ring
respectively were found. An example of temperature distribution
in the workpiece heated by protocol 3 is shown in Fig. 8.

A lighter patch in the upper left corner indicates a material de-
fect (inhomogeneity) in this workpiece and this is most likely the
reason for relatively large difference in temperature between the
measurement and simulation (note large temperature differences
in the outlined regions belonging to two opposite sides of the
workpiece).

4. Discussion

In our study of induction heating we compared the simulation re-
sults for temperature-dependent and temperature-independent
material properties of a simple cylindrical-shaped stainless steel
workpiece. Considerable differences between simulations were ob-
tained and therefore temperature-dependent material properties
are recommended to use when modeling induction heating. Numer-
ical results were compared to measurements obtained by thermog-
raphy, which proved to be an efficient and simple measurement
method for relatively accurate assessment of temperature.

The comparison of simulations of induction heating using tem-
perature-dependent and temperature-independent thermal con-
ductivity, heat capacity and electrical conductivity showed
considerable deviations. By increasing thermal conductivity (with



Fig. 7. Temperature in the inner and outer observation area as a function of heating
time. The results of numerical simulation (using temperature-dependent param-
eters) are compared to those of experimental measurements using a thermographic
camera for the three different heating protocols. The outer and inner surface area on
the top of the steel cylinder consisted of concentric rings extending 20–23 mm and
13–18 mm from the central axis, respectively. Note that the data ranges (temper-
ature and time) are different for the three heating protocols due to different speeds
of heating.

Fig. 8. A material defect or inhomogeneity (colored green) was observed with
thermographic camera in the workpiece heated by protocol 3 (situation 240 s after
the start of heating). Average temperatures in smaller portions of the outer and
inner observation area are shown for comparison. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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increasing temperature – Fig. 2) more heat can be dissipated from a
thin layer under the surface of the workpiece, where it is gener-
ated, towards the center of the workpiece. Its influence is most
clearly seen when temperatures approach 230 �C; the tempera-
ture-dependent model reaches higher temperatures compared to
the temperature-independent model. Thermal dissipation is not
as intense with heating protocol 3 as it is with protocol 1, which
heats the workpiece the fastest. This can be observed in the inner
area (Fig. 6) where the course of heating protocol 1 is farther above
the course of protocol 3. Heat capacity also rises with temperature
and therefore the temperature-dependent model predicts a larger
amount of energy necessary to heat the steel compared to the inde-
pendent model. The influence of heat capacity is observed in both
areas (inner and outer), most notably when temperatures are
above 230 �C as deviations between temperature-dependent and
independent model start to decrease. Electrical conductivity de-
creases with temperature and therefore smaller currents are in-
duced and less heat is generated in the temperature-dependent
model. Its influence can be seen, mostly in heating of the outer area
of the workpiece when temperatures are above 230 �C. As the elec-
tric current density decreases towards the center of the workpiece,
influence of the electrical conductivity on heating of the inner area
of the workpiece is negligible. To sum up, thermal conductivity
influence is mostly seen when temperatures are approaching
230 �C and the temperature-dependent model reaches higher tem-
peratures compared to the independent model. Above that temper-
ature value temperature differences between dependent and
independent model starts to decrease as heat capacity and electri-
cal conductivity influences start to prevail over thermal conductiv-
ity. Use of the temperature-dependent material parameters also
does not increase the computational time significantly in compar-
ison to temperature-independent ones and therefore we conclude
the temperature-dependent material properties should be used in
the model whenever possible in order to increase the accuracy of
the model.

A comparison between measurements and simulation of induc-
tion heating using temperature-dependent material properties was
also made. A relatively good agreement between the two was seen
for heating protocols 1 and 2, as can be observed in Fig. 7. There
may have been minor measurement errors due to strong electro-
magnetic interferences caused by large electric currents in the
induction coil which were present in individual video frames.
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The impact of these interferences was reduced by averaging the
consecutive video frames prior to video analysis. Further elimina-
tion of electromagnetic interferences could be attained with addi-
tional electromagnetic shielding of the equipment. The
measurements could also be improved by using a thermographic
camera with a larger temperature sensor to acquire more detailed
thermographic images. Minor differences between numerical and
experimental results can also be a result of inhomogeneities of
the steel material and the dynamic emissivity value, which was
not taken into account in measurements described in this paper.
As emissivity of the material changes during heating due to surface
deformation, a real-time measurement of emissivity value
throughout the process of induction heating would be needed for
more accurate results [18].

In the workpiece heated by heating protocol 3 a defect (large
inhomogeneity) was observed with the thermographic camera as
shown in Fig. 8. The defect has manifested itself in higher temper-
ature values within its area in comparison to symmetrically lo-
cated region on the opposite side of the workpiece. This material
defect acted as an internal heat source and due to a long heating
time of heating protocol 3 it affected the entire surface of the steel
workpiece, including the inner and outer observation areas used
for evaluation of heating profiles, by increasing the average tem-
perature. Due to this material defect the difference between the re-
sults of the model and the measurements obtained for heating
protocol 3 cannot be used for comparison with the model. On the
other hand, the observed defect also demonstrated how useful
the thermographic measurements can be for detection of material
anomalies during heating [19].

Numerical models of induction heating can be used in numer-
ous applications. One of the most prominent benefits of using a
model is to reduce the time needed for design of new induction
coils (inductors) for heating of asymmetric or otherwise geometri-
cally complex workpieces or for achieving irregular heating pat-
terns. Such an approach is particularly useful when specific
requirements for different temperatures in different parts of the
workpiece are required. Successful use of numerical models for
such purposes, however, depends critically on their validation on
experimentally measured temperature profiles. As use of thermo-
couples can sometimes be difficult, especially with complex geom-
etries with limited availability of suitable areas for their
placement, the non-contact approach using a thermographic cam-
era can serve as a suitable alternative.

5. Conclusion

In this paper we report on investigation of induction heating of
steel workpieces both numerically and experimentally. Initial com-
parison between numerical model with temperature-dependent
and independent material properties showed important differ-
ences in the results and therefore temperature-dependent proper-
ties should be used whenever possible. The induction heating
process was successfully investigated using a non-contact
measurement method based on thermography. Thermographic
measurements also demonstrated to be a useful tool for observing
temperature distributions of workpieces during induction heating
and for detection of material defects.
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