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Abstract—The efficiency of induction heating is highly
dependent on the coil geometry and the air gap between the
coil and the workpiece, therefore the aim of this research is
to experimentally evaluate the efficiency and uniformity of
temperature distribution in induction heating, utilizing an
inductor coil, movable in three axes. The experiment is
conducted under the condition that the inductor coil is not
tailored for the specific workpiece, giving it a higher
flexibility compared to the conventional application of
induction heating. To achieve this objective, a downscaled
test bench was designed, employing a CNC machine for
execution. In addition, in this study, a second test bench was
built to establish an analytical approach in determining the
parameter field between power, air gap and efficiency. The
steady-state conditions in this test bench allowed the closure
of the energy balances to be calculated analytically, allowing
immediate validation of the accuracy of the results. This
parameter field was utilized to evaluate the outcomes of the
moving inductor experiments.

Index Terms—Efficiency, induction heating, moving coil,
steady state

. INTRODUCTION

Induction heating finds widespread utility across
various industrial applications [1, 2]. An important
advantage of induction heating is its superior efficiency
relative to other methods of heating [1]. Induction
generates the heat directly in the workpiece without
relying on other transfer methods like radiation convection
or conduction. The power transfer density can reach up to
30,000 W/cm? [2]. High efficiency is particularly crucial
in the era of global warming and the global need to
decrease CO, emissions.

One drawback of induction heating is that the eddy
currents that cause the heating are highly concentrated,
resulting in heating of the material within a limited area
beneath the induction coil. The effects which lead to the
distribution of the eddy currents are well documented in
literature and the most important are:

« Skin effect [2-5]

 Proximity effect [6]

« Slot effect [6]

» End and edge effect [7]

A small air gap between the induction coil and the
workpiece is necessary for an efficient application of the
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heating process. Therefore, in many cases, the induction
coil is designed specifically for a single application. For
example, when sheet metal is heated using induction
heating, the induction coil is typically the same width as
the workpiece which continuously moves under the fixed
coil, as described by Vibrans [8] for sheet metal and by Liu
et al. [9] for welded pipes. Sun et al. [10] investigated the
continuously heating of inner corrugated section
experimentally and numerically for different geometries of
the inductor and air gaps. This method has demonstrated
its efficiency but lacks flexibility. It would not be practical
to switch the coil between every workpiece if induction
heating is used for a more adaptable production line.
Similarly, if the width of the workpieces is too wide, using
an induction coil of equal width would not be viable.

This work suggests a setup featuring a smaller induction
coil capable of moving in three axes over the workpiece.
This concept was tested at a reduced scale. The setup
allows for the use of a narrower induction coil compared
to the workpiece’s width. Two crucial parameters were
utilized to assess the effectiveness of the demonstrated
heating strategy: Efficient initial heating and uniform
temperature distribution (to prevent issues such as thermal
stresses).

Assessing the efficiency of induction heating is
challenging due to the complex nature of the magnetic and
hence temperature fields. As such, previous works [10-13]
have mainly focused on numerical investigations of the
subject. Another topic that many previous works have
focused on has been the investigation of the uniformity of
the temperature field with respect to geometry
optimisation. Patil et al. [14] numerically studied the
temperature field of steel bars and Jin et al. [15] studied
the distribution in a plate with respect to the geometry of a
static inductor. Other numerical simulations dealing with
the heating of tubes include Fu et al. [16] for sodium-filled
tubes and Wen et al. and Wang et al. [17] for inner linings
of tubes, focusing on the uniformity of the temperature
field. The influence of magnetic flux concentrators (MFCs)
on the induction heating process has been shown by Wen
et al. [19] for the hardening of gears and by Yang et al. [20]
where adjustable MFCs were discussed.

Most of the above-mentioned works investigated
induction heating numerically or compared a numerical
simulation with experiments. The focus of this paper is to
present an experimental setup that allows for the analytical
investigation of the efficiency of a coil, and then to
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compare the calculated parameter field with an experiment
that more closely reflects an industrial application to prove
the usefulness of the parameter field. Therefore, the first
step in this study was to pre-measure the induction coil in
steady state conditions, which allowed a simple calculation
of a parameter field for power, air gap and efficiency of the
inductive heating device without the need to know the
exact geometry of the magnetic field and therefore the
temperature field. This was done analytically using
equations derived from thermodynamics. Another notable
advantage of this method is the ability to analytically check
the closure of the energy balances for the entire system,
allowing immediate validation of the measurements.
These steady-state experiments were then used in this
work to later evaluate the efficiency of the transient sheet
metal experiments, serving as an upper limit of efficiency
and validation for the experiment’s results, instead of the
numerical investigation shown in the literature above.

Il. STEADY-STATE EXPERIMENTS FOR DETERMINING THE
PARAMETER FIELD FOR COMPARISON

The objective of this series of experiments was to
determine the correlation between the electric power of the
inductor, the air gap, and efficiency. A similar setup (tube
with inductor on one side) has been numerically
investigated by Zhang et al. [18] also for different air gaps
and inductor output powers for molten salt in receiver
tubes. The experimental setup enabled steady-state
measurements, which allowed for analytical efficiency
calculations, thus eliminating the need for numerical
considerations.

The following parameters were varied during the
experiments:

 Power of the inductor (DC)

« Air gap between inductor and the workpiece

» Material of the heated pipe

v Unalloyed steel
v Stainless steel
The following parameters were measured:

* In- and outlet temperature of the test rig and the

inductor

» Mass flow of water through the test bench

» Mass flow of cooling water through the inductor

« Surface temperature of the heated pipe

» Drawn electrical power of the induction heating

device

The experimental setup is depicted in Fig. 1 and Fig. 2,
where a schematic and a picture of the test rig are provided.
Water flows into the rig via the inlet (1) and mass flow is
measured using a magnetic inductive flow meter (3)
positioned further downstream. Temperature sensors (4, 9)
are used to measure inlet and outlet temperatures. An
induction coil (5) is used to heat the 1-inch pipe, which can
be exchanged between unalloyed and stainless steel, in
order to obtain parameter fields for both materials. The
induction heating device is commercially available and can
operate between 0.5 kW and 10.2 kW. A vortex generator
(7) has been installed to increase the mixing of the laminar
flow’s distinct layers in the pipe and thus, achieve the
mixed temperature of the flow after the inductor’s heating.

In order to obtain all leading terms of the energy,
measurements were conducted on the mass flow rate, inlet
temperature, and outlet temperature of the cooling water
flowing through the inductor, in addition to the inlet and
outlet streams in the test rig. The inductor utilized in the
experiments was a surface inductor with a single wound
coil and additional magnetic flux concentrators with a
width of 74 mm.

1 water

3

4 6

1inlet 6 stainless steel/ unalloyed steel pipe
2 ball valve 7 vortex generator

8 outlet
9 PT100 temp. sensor

3 mass flow meter
4 PT100 inlet temp. sensor
5 inductor coil

Fig. 1. Schematic drawing of steady-state test bench.

o —
Fig. 2. Picture of steady-state test bench.

A. Execution of Steady-State Experiments

The aim of the test bench, as stated in the introduction,
is to measure parameters while maintaining steady-state
conditions. This data will help to provide a benchmark for
subsequent validation of the transient experiments. It will
also ensure their validity. In order to ensure steady-state
conditions during the measurements, the temperature was
recorded every second. The values for further calculations
were derived after the outlet temperature and surface
temperature of the heated pipe had reached steady-state
conditions  through ~ measurements made using
thermocouples and thermography. After steady-state
conditions were achieved, all the aforementioned
parameters were monitored for a duration of 100 s, and
subsequently the mean for this time period was calculated.

The losses resulting from natural convection and
radiation are assumed to be negligible. To obtain the
temperature data of the pipe which was heated for
experiment U3-2, a thermal imaging camera was used,



which revealed an average temperature in the near-field of
the inductor of 63.7 <C. Assuming an ambient temperature
of 20 <C and a heat transfer coefficient of 10 W/(m3K), it
was calculated that the heat loss through natural
convection amounts to 9.25 W. The radiant heat losses,
with an emissivity of 0.85, was calculated to be 13.4 W.
Both can be disregarded in comparison to the effective heat
flow of the 4.65 kW induction heating device.

B. Calculations of Efficiency

The energy balances were calculated for different
operating points using the given equations. The effective
heat flux could be expressed as:

Qheat effective = mwater CPw (Tout rig = Tin rig)v (l)

where the mass flow of water through the test bench
Myater 1S Multiplied by the specific heat capacity of water
cpw (4.19 kJ/(kg K)) [19], and the temperature difference
between the inlet T, i, and the outlet Ty 1. Please note
that temperatures used to determine the temperature
difference are obtained during the steady-state phase of the
experiment.

The device’s heat loss is calculated using the same
approach as the effective power and can be expressed as
as follows:

Qheat loss = mcooling water CPw (Tout ind T Tin ind) (2)

With the mass flow of the cooling water 1Mcqling water
and the temperature difference of the cooling water
(Touting @nd Tiying)- The error in the energy balances is
calculated by:

Error = PDC_(Qheat effective"’Qheatloss) X 100% (3)
Ppc
Specifically, this equation computes the relative

difference between the electrical power of the inductive
heating device after the rectifier Pp¢, and the sum of the
effective power Qpeateffective and the cooling power
Qheat 10ss calculated beforehand.

The efficiency of the operation points can be calculated
by:
Qheat effective

effective 4

PelAC “)

Using the calculated effective heat flow of the inductor

Oheat effective @nd the electrical power consumed by the
inductor P, ac.

n:

I1l. PLANAR HEATING EXPERIMENTS

The adopted planar heating strategy was intended to
efficiently heat the sheet metal while maintaining an even
surface temperature distribution. To achieve this, the
inductor head was mounted to a small CNC milling
machine, as shown in Fig. 3.

Four test series were carried out for the planar heating
experiment, testing two sizes of workpieces (2x and 3x the
width of the induction coil) and two materials (unalloyed
and stainless-steel) to see if there is a decrease of
efficiency if the workpiece width is increased. The

workpieces and the path of the inductor coil are depicted
in Fig. 4 and Fig. 5.

Fig. 3. Test bench of transient experiments.
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Fig. 4. Schematic of the smaller workpiece
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Fig. 5. Schematic of the larger workpiece.

The planar heating process involved positioning the
induction coil at the edge of the part for the first pass and
then moving along the length of the part, as visually
indicated by the arrow marked ‘1’. Once the coil has
traversed the entire workpiece, the power to the induction
coil is switched off and the coil is moved across the width
of the workpiece before being passed over again as shown
by arrow ‘2. This sequence is repeated for a third time
(arrow “3’). For the smaller workpiece it was only



necessary to pass the workpiece 2 times to cover the whole
surface area as indicated in Fig. 4.

The experiment was conducted using three air gaps
ranging from 3 mm to 9 mm. With larger air gaps, the
power was increased to maintain an approximate
temperature of 140 <C. The feeding speed of the CNC
machine remained constant for all experimental series at a
rate of 1500 mm/min for each longitudinal pass.
Temperatures were monitored using nine thermocouples
positioned under the workpiece, as displayed in Fig. 4 and
Fig. 5 (TC 1-9).

Another experiment was conducted with the same setup
to maintain the temperature at the level of initial heating
for some time. Fig. 6 provides an example of this
experiment. In this case, the inductor’s power was reduced
after it passed over the entire workpiece for the first time.
The inductor coil subsequently moved over the workpiece
with reduced power to maintain the temperature.

Temp °C

—TC 1 TC 2 TC 3 TC 4——TC 5

TC 6=—TC 7=—TC 8——TC 9
2.3kwW 0.5kW
0 50 100 150 200

Time s

Fig. 6. Heating up and holding temperature.

A. Calculation of Efficiency for Transient Experiments
The inductor’s effective power is determined by:

s _ mcp (Tave.end—Tave.start) 5
Qheat effective trans — tind ( )

The workpiece’s mass is represented by m and its
specific heat capacity is cp (502 J/(kgK) for stainless steel
and 490 J/(kg K) for unalloyed steel. The temperature at
the beginning of the experiment is identified as T,ye start,
which is the average of the nine thermocouples used. The
average end temperature (T,yeenq) Was determined by
averaging the temperature measurements from all 9
thermocouples after the initial heat up of the workpiece
(when the inductor coil has passed the whole workpiece
for the first time). t;,q4 represents the time at which the
inductor was activated over the workpiece.

The overall efficiency of the transient experiments is
calculated as follows:

Q .
— Xheat effective trans , (6)
Pelac

U]

by dividing the previously calculated effective power
Qheat effective trans OY the electrical power consumed by the
device P ac. Thus, the same calculation method used for
the transient experiments was implemented to ensure
comparability between the two experiments.

IV. RESULTS OF EXPERIMENTS

A. Results of Steady-State Experiment

The findings from the steady-state experiments are
presented in Fig. 7 for stainless steel and Fig. 8 for
unalloyed steel, and additionally in Table | and Table Il in
more detail.

TABLE |: RESULTS STEADY-STATE EXPERIMENTS STAINLESS

Unit Alr Pel ac Qheat Qheat loss n Error
n g.lanq kw effective kW kw % ebnaer%
S1-1 1 10.42 5.27 4.63 50.6 2.0
S1-2 1 6.2 3.05 2.93 49.2 -14
S1-3 1 3.06 1.37 157 44.7 -1.4
S1-4 1 1.05 0.34 0.60 31.9 -35
S3-1 3 10.56 4.64 5.38 43.9 2.7
S3-2 3 8.33 34 4.66 40.8 1.8
S3-3 3 5.11 2.01 2.76 39.4 0.5
S3-4 3 2.6 0.89 148 34.3 -3.3
S6-1 6 10.45 3.08 6.86 29.5 1.6
S6-2 6 6.94 2.01 4.56 29.0 -1.1
S6-3 6 4.24 111 2.84 26.2 13
S9-1 9 10.57 1.87 7.9 17.6 3.9
S9-2 9 8.85 1.62 6.84 18.3 0.5
S9-3 9 5.9 0.96 443 16.3 3.7

TABLE Il: RESULTS STEADY-STATE EXPERIMENTS UNALLOYED

Unit Alr Perac Qheat Qheat loss n Error
e e KW e KW KW % erdy
uUl-1 1 10.56 7.32 281 69.3 0.8
u1-2 1 5.44 3.6 1.66 66.2 0.7
Ul-3 1 3.54 212 1.2 59.9 2.3
uUl-4 1 10.56 6.36 3.86 60.3 -0.2
us-l1 3 7.95 4.65 2.98 58.4 -17
us-2 3 39 211 154 54.0 -14
uUs-3 3 13 0.57 0.54 440 -1.2
us-4 3 10.53 4.35 5.61 41.3 24
U6-1 6 8.4 341 4.65 40.6 0.6
uU6-2 6 5.12 1.97 2.8 38.4 0.7
Ue-3 6 2.57 0.93 15 36.2 -1.2
uo-1 9 10.53 2.98 6.99 28.3 2.3
ug-2 9 10.2 2.99 6.81 29.3 1.0
Ug-3 9 6.9 1.89 4.56 27.3 2.3
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Fig. 7. Comparison steady-state(st.)/transient(tr.) for stainless steel.
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Fig. 7 and Fig. 8 illustrate different air gaps, marked by
colour, utilized in the experiments, with each air gap
category varying the power of the inductor. To maintain
the same conditions for each experimental series, the upper
limit of the power was selected to prevent the boiling of
water near the wall of the pipe. Lower-power experiments
were not conducted for larger air gaps due to the potential
for a low temperature delta leading to a significant increase
in measurement error. The most important parameter in
this study is the air gap, illustrated by the significant
decrease in efficiency for unalloyed steel from 69.3% at a
1mm air gap to 28.3% at a 9mm air gap at the same power
output. Additionally, there is a noticeable trend of
decreasing efficiency as the power output of the induction
heating device is reduced. The margin of error was small
throughout the series of experiments.

B. Results of Transient Experiments

The results of the transient heating experiments are
shown in Table Il and Table I1V. The efficiency between
the two workpieces stays nearly the same for the same air
gaps and induction power. As in the steady-state
experiments, it can be clearly seen that the efficiency also
decreases sharply in the transient experiments with the air
gap, e.g., for unalloyed steel the efficiency decreases from
47.41% at an air gap of 3 mm to 30.5% at 9 mm. Between
the different widths of the material there is not much
difference in efficiency, e.g. 33.89% for the wider
workpiece compared to 34.75% for the narrower one, both

at 3 mmair gap and 2.33 kW power and with stainless steel.

TABLE Ill: RESULTS TRANSIENT EXPERIMENTS LARGER WORKPIECE
Unit  Material; Width  Airgap mm P ac KW n %

TS 3-1 Stainless 222mm 3 2.33 33.89
TS 3-2  Stainless 222mm 3 3.44 35.14
TS6-1  Stainless 222mm 6 3.44 27.22
TS6-2  Stainless 222mm 6 4.56 28.33
TS9-1 Stainless 222mm 9 4.56 21.32
TS9-2  Stainless 222mm 9 5.67 22.09
TU 3-1 Unalloyed 222mm 3 1.72 44.69
TU 3-2  Unalloyed 222mm 3 2.33 47.41
TU 6-1 Unalloyed 222mm 6 2.33 37.32
TU 6-2 Unalloyed 222mm 6 3.44 38.94
TU9-1 Unalloyed 222mm 9 3.44 30.50
TU 9-2 Unalloyed 222mm 9 4.56 29.95

TABLE IV: RESULTS TRANSIENT EXPERIMENTS SMALLER WORKPIECE
Unit  Material; Width  Air gap mm P ac KW 7 %

TS 3-3  Stainless 148mm 3 2.33 34.75
TS 3-4  Stainless 148mm 3 3.44 35.20
TS 6-3  Stainless 148mm 6 3.44 27.72
TS 6-4  Stainless 148mm 6 4.56 27.09
TS9-3  Stainless 148mm 9 4.56 20.90
TS 9-4  Stainless 148mm 9 5.67 21.04
TU 3-3 Unalloyed 148mm 3 1.72 47.44
TU 3-4 Unalloyed 148mm 3 2.33 46.73
TU 6-3 Unalloyed 148mm 6 2.33 40.34
TU 6-4 Unalloyed 148mm 6 3.44 39.77
TU 9-3 Unalloyed 148mm 9 3.44 32.93
TU 9-4 Unalloyed 148mm 9 4.56 29.21

The most important results of this work can be seen in
Fig. 7 and Fig. 8. Where the parameter field, between the
efficiency, the power of the inductive heating device and
the air gap, of the steady-state experiments are shown. This

result is compared to the transient experiments in the same
diagram.

The results show clearly that the transient results fit right
with the trend of the validated parameter field, which can
be seen as an upper limit for the efficiency. Therefore, the
shown heating strategy of moving the inductor coil over
the workpiece is proven to be efficient way to heat up sheet
metal.

The experiment in which the temperature was held at
the same level as the initial heat up can be seen in Fig 6.
The shown diagram shows the workpiece made out of
unalloyed steel with a width of 222 mm. As it is marked in
the diagram the initial heat up was done with 2.3 kW, after
this the power of the induction coil was reduced to 0.5 kW
to hold the temperature at 140 <C. Fig. 6 shows that the
experiment was highly successful, with the temperature
distribution across the nine thermocouples revealing only
small deviations from the initial heat-up until the
conclusion of the experiment at 200 s.

V. CONCLUSION

This paper presents two important findings. First, the
method of providing a parameter field with steady-state
measurements was proven to be highly accurate, with only
a small error in the energy balances. As demonstrated in
the efficiency calculation section of this paper, this
measurement method allowed for the evaluation of
induction heating efficiency without the need for
numerical investigation. This work provides a foundation
for future investigations. For instance, it is feasible to
compare various geometries of induction coils or different
materials of magnetic flux concentrators. The paper’s
second major finding is the successful implementation of
the proposed method for heating sheet metal in small-scale
experiments. The method exhibited no significant decrease
in efficiency as the size of the workpiece increased. These
findings can also be extended to the examination of larger
workpieces. The parameter field of the steady-state
experiments fits well with the transient experiments which
reflect an industrial application, as demonstrated in Fig. 7
and Fig. 8. The insights gained from the transient
experiments can be applied to other industrial applications.
The temperature range used, up to 140 <C, is similar to that
used in paint curing and drying, where uniform
temperature distribution is of major importance.
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