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Abstract—For the design of magnetic shields for induction
heating, it is useful to analyze not only the magnetic field reduc-
tion, but also the temperature behaviour of the shield. The latter
is heated by its electromagnetic losses and by thermal radiation
from the workpiece. A coupled thermal-electromagnetic axisym-
metric finite element model is used to study the temperature of
a shield for an axisymmetric induction heater, highlighting the
effect of the radius, height, thickness and material of the shield
on its temperature and magnetic shielding factor. Also the effect
of the frequency and the workpiece dimensions is investigated.
The model is validated by measuring the magnetic induction, the
induced currents in the shield and the temperature of the shield
on the experimental setup. The temperature is unacceptably high
for shields close to the excitation coil, especially if the shield
height is lower than the workpiece height. Although the study is
carried out for one specific induction heater geometry, the paper
indicates the effect on the shield temperature of parameters such
as geometry, material and frequency so that the results are useful
also for other induction heating configurations.

Index Terms—Shielding, Finite element analysis, Optimization

I. I NTRODUCTION

In magnetic shield design problems, the optimization goals
are usually the minimization of the field in a predefined area –
the target region – and the minimization of the electromagnetic
losses in the shield [1], [2]. However, it is also useful to include
thermal aspects: a shield may obtain a high temperature due to
electromagnetic losses and heat radiation from the workpiece.

In section II, the steady-state temperature of the work-
piece is simulated and experimentally validated for the un-
shielded case by a coupled thermal-electromagnetic finite
element model (FEM). In section III, a simplified thermal-
electromagnetic FEM calculates the temperature of the shield
as a function of the radial position and height of the shield.
In section IV, the temperature and shielding performance
are studied for several shield thicknesses, material properties
(conductivity, permeability), frequencies, and workpiece ge-
ometries. In section V, the shield is optimized to obtain a given
shielding efficiency without exceeding a limit temperature.

II. COUPLED THERMAL-ELECTROMAGNETICFEM TO

STUDY THE WORKPIECE TEMPERATURE

A coupled axisymmetric thermal and electromagnetic FEM
finds as a function of time the temperature distribution in
the workpiece. Fig. 1 shows the axisymmetric geometry of
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the induction heater with properties in Table I. The copper
shield shown in Fig. 1a and c is however not present for the
determination of the workpiece temperature. The thermal time-
stepping model solves the equation for the temperatureT :

ρcp

∂T

∂t
−∇ · (λ∇T ) = Qem (1)

n · (λ1∇T1 − λ2∇T2) = −Qconv − Qrad (2)

with ρ the mass density,cp the heat capacity, andλ the
thermal conductivity. Eq. 2 is the boundary condition on a
boundary between media 1 and 2 withn the normal vector.
The workpiece is heated by resistive electromagnetic heating
Qem, which is a volume power density (in W/m3). It is cooled
by convectionQconv and radiationQrad, which are heat flux
densities (in W/m2) imposed on the workpiece surface.
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Fig. 1. (a) Geometry of the shielded axisymmetric induction heating device
with dimensions in Table I; (b) unshielded induction heater with workpiece
and (c) induction heater with shield in a wooden frame. The shield is a 1 mm
thick copper plate withrp = 0.135 m andhp = 0.15 m

The convection isQconv = h(T −T0) with h = 10 W/(m2K)
calculated from [3] andT0 = 20◦C the ambient temperature.

The total radiated powerPrad of the workpiece in stainless
steel isPrad =

∫
Aw

Qrad da = ǫwcσ

∫
Aw

(T 4−T 4
0 ) da [4] with

cσ the Stefan-Boltzmann constant (5.670×10−8 W/m2/K4)
andAw the workpiece surface. The emissivityǫw of the work-
piece was measured and was observed to vary between 0.5 and
0.97 depending on the oxidation state. For the simulation ofthe
workpiece temperature, the value 0.97 was chosen because the
workpiece was completely oxidized. The thermal conductivity
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λw, the mass densityρw, and the heat capacitycp,w of the
workpiece are temperature dependent expressions found from
[5], causing the numerical model to be nonlinear. Typical
values of these quantities are given in Table I.

To determine the total electromagnetic powerPem, at ev-
ery time step, a time-harmonic and quasi-static electromag-
netic FEM is solved with the vector potential as unknown:
− 1

µ0

∇2
A + jωσwA = Je. Then, Pem =

∫
Vw

Qem dv =∫
Vw

σω2|A|2 dv with Vw the volume of the workpiece. The
electrical conductivityσ is temperature dependent (Table I).

To validate the model, the time evolution of the temperature
is simulated and measured by a sensor Thermovision A40,
starting from a cold workpiece in stainless steel. The excitation
current in the 7-turn induction heater was set to 532 A rms
at 26.8 kHz. The steady state temperature of the workpiece of
50 mm diameter and 90 mm height is 1170◦C (simulated) and
1212◦C (measured) with a time constant of 168 s (simulated)
and 201 s (measured) as shown in Fig. 2.
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Fig. 2. Workpiece temperature has steady-state of 1170◦C (simulated) or
1212◦C (measured); time constant is 168 s (simulated) or 201 s (measured)
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Fig. 3. Radiation from workpiece sectionAw,i to shield sectionAp,j

III. S IMPLIFIED THERMAL -ELECTROMAGNETICFEM TO

STUDY SHIELD TEMPERATURE

Secondly, the temperature of the 1 mm thick copper shield
is studied. To reduce the CPU time of the simulation, the
coupling between the electromagnetic and the temperature
model is broken. The heat problem (1) and (2) is solved by
a transient FEM in the shield only, with the following source
terms.

The negative source terms that cool down the shield are
applied at all its boundaries: free natural convection in air
Qconv,p = h(T − T0) and heat radiation to infinityQrad,p =
ǫpcσ(T 4 − T 4

0 ) whereinǫp is the emissivity of the shield.
The positive source terms that heat the shield are the

electromagnetic lossesQem and the heat radiationQrad from

TABLE I
GEOMETRICAL AND ELECTROMAGNETIC PROPERTIES

Excitation Radius re 47.4 mm
Total height we 104.8 mm
Number of turns te 7
Conductor radius he 4.8 mm
Current Ie 532 A rms
Frequency f 26.8 kHz

Workpiece Outer radius rw 25.0 mm
Height hw 90.0 mm
Magnetic permeability µw µ0

Mass density(∗) ρw 7350 kg/m3

Electrical conductivity(∗) σw 0.799 MS/m
Thermal conductivity(∗) λw 30.3 W/(m.K)
Heat capacity(∗) cp,w 667 J/(kg.K)
Emissivity(∗) ǫw 0.5–0.97

Shield Inner radius rp (60–250 mm)
Height hp (0–400 mm)
Sheet thickness tp 1.00 mm
Electrical conductivity σp 50 MS/m
Magnetic permeability µp µ0

Thermal conductivity(∗∗) λp 400 W/(m.K)
Mass density(∗∗) ρp 8900 kg/m3

Heat capacity(∗∗) cp,p 385 J/(kg.K)
Emissivity(∗∗) ǫp 0.15

Target area Inner radius rta 0.30 m
Width wta 1.0 m
Cross section height hta 1.0 m

(∗) At steady-state temperature of 1170◦C. (∗∗) At 80◦C.

the workpiece to the shield.Qem in the shield is found
from a linear time-harmonic electromagnetic model with (full)
geometry of Fig. 1a. The broken coupling between the thermal
and the electromagnetic FEM means that the latter assumes
temperature independent material properties, chosen based on
a workpiece temperature equal to the steady-state value found
in section II (1170◦C). Prad is the total power radiated from
the workpiece to the shield through the air gaps between the
excitation coil windings. In the thermal FEM of the shield
only, Prad is a heat flux boundary condition on the shield
edge that is illuminated by the workpiece as shown in Fig. 3.

Prad = ǫwǫpcσ

6∑

i=1

N∑

j=1

Fwp,ij Aw,i (T 4
i − T 4

j ) (3)

Fwp,ij =
cos2 αij

πr2
ij

Ap,j (4)

The shield is divided in a sufficiently large numberN of seg-
ments with total surfaceAp. The surfaceAp,j is illuminated by
surfacesAw,i, i = 1 . . . 6 (the number of gaps between the 7
excitation coils). The height of the surfacesAw,i is determined
by the space between the adjacent excitation coils and the
angleαij .

The experimental validation of this model is carried out
in three ways, for the same excitation current as in section
II (532 A at 26.8 kHz) and for a shield with radial position
rp = 0.135 m and heighthp = 0.150 m.
Firstly, the steady-state temperature of the shield is measured
and simulated. Both agreed well: 83.1◦C and 87.7◦C respec-
tively. Regarding the shield, it was observed that the emissivity
of the used copper samples strongly depends on the tempera-
ture: during the experiment, the emissivity of the copper was
identified in real-time by measuring the temperature both by
a thermocouple and by the Thermovision sensor that uses
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the emissivity to determine the temperature. The emissivity
at 83.1◦C shield temperature turned out to be 0.15. This value
was used in the simulations.
Secondly, the induced currents in the shield were simulated
and measured by a Rogowski current probe, for five values of
the excitation current. For all five measurements, the measured
induced current was about 11% higher than the simulated one,
e.g. for 219.2 A excitation current, the measured and simulated
shield currents were 186.7 A and 167.4 A respectively.
The third way of validation is the comparison of the magnetic
flux density that is simulated and measured (by a field meter
Maschek ESM-100) in the target region. In Fig. 4, it can be
seen that in absence of shields, the measured and simulated
curves are almost coinciding. With the shield present, the
deviation increases with increasing radial distance, probably
because the lower field levels are influenced by the magnetic
field of the generator. Fourier analysis was carried out to avoid
disturbing fields that have other frequencies. As a reference,
field curves are shown for a small shield short to the excitation
coils and for a large shield at large distance.

The electromagnetic and radiated powerPem and Prad in
the shield depend on the positionrp and heighthp of the
shield as shown in Fig. 5a and b.Pem decreases slightly with
increasinghp, and decreases strongly with increasingrp. Prad

is usually much higher thanPem at the considered workpiece
temperature: it increases more or less linearly withhp if hp is
lower than the inductor height (≈0.1 m), and “saturates” for
higherhp to a constant value of approximately 300 W.

The average flux densityBavg in the target region with
dimensions in Table I is very low for high shields short to
the induction heater (Fig. 5c). When increasingrp, the height
hp should increase more or less proportionally to achieve the
same shielding performance. The field reduction of three shield
configurations can be seen as a function of the radius in Fig. 4.

The temperature distribution in the shield is almost uniform
because it is thin and a good thermal conductor. Therefore, the
shield temperature can be studied by using the average shield
temperature instead of the entire temperature distribution in
the shield. Fig. 5d shows the average steady-state temperature
in the shield. It can be observed that the temperature decreases
with increasingrp, becausePem and Prad decrease. With
increasinghp, the temperature of the shield decreases although
Pem + Prad increases. The reason is that the larger surface of
the shield causes better cooling by convection and radiation.

IV. I NFLUENCE ON SHIELDING PERFORMANCE AND

SHIELD TEMPERATURE OF SHIELD MATERIAL, WORKPIECE

GEOMETRY, SHIELD THICKNESS AND FREQUENCY

Other material for the shield – with different electrical
conductivity and magnetic permeability than copper – affects
the electromagnetic power, but also the radiated power because
of a change in emissivity. Only taking into account the
change in electromagnetic power, Fig. 6 shows the steady state
temperature of the “experimental” shield withrp = 0.135 m
andhp = 0.150 m for several conductivities and permeabilities.
Copper withσ = 50 MS/m andµr = 1 results almost in the
lowest possible temperature: 87.7◦C. If the copper material is
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Fig. 4. Measured and simulated induction in the target regionfor the
unshielded and shielded induction heater for 180.7 A excitation current.
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Fig. 5. As a function of the radial positionrp and the heighthp of the 1
mm thick passive shield, (a) electromagnetic powerPem, (b) radiated power
Prad (c) average magnetic induction in the target region and (d) average
temperature in◦C. The excitation current is 532 A. The experimental shield
is indicated by a cross.

replaced by a ferromagnetic electrical steel withσ= 5.9 MS/m
andµr = 372, the temperature increases from 87.7 to 238.8◦C.
The maximum in the curve can be explained as follows. For
high σ, a further increase ofσ reducesPem because the
induced currents see less resistance. For lowσ, an increase
of σ increasesPem because the induced currentI is more or
less proportional toσ, andPem ∼ I2.

Concerning theworkpiece geometry, Fig. 7a shows that
the average temperature in the shield increases with increasing
outer radiusrw and heighthw of the workpiece. The reason is
that the radiated power – shown in Fig. 7c – increases because
it is proportional to the workpiece surface:Prad ∼ Aw ∼
rwhw. The electromagnetic power however – see Fig. 7b –
decreases as more eddy currents in the workpiece reduce the
stray field of the induction heater, i.e. the field that is not
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(rp = 0.135 m andhp = 0.15 m) as a function of the electrical conductivity
σp and the magnetic permeabilityµp. The position of the copper shield is
indicated by a cross. The radiationPrad is assumed to be constant (constant
workpiece temperature and emissivity of the shield)

coupled to the workpiece. Here, we assumed that the shield
does not influence the excitation current amplitude and the
workpiece temperature. Nevertheless, the decrease ofPem has
almost no influence onTavg asPem ≪ Prad at the steady-state
temperature found in section II.
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radiated powerPrad in the shield as a function of the geometry of the
workpiece: outer radiusrw and heighthw.

If the shield thickness tp is changed, few influence is
observed on the temperature.Prad is independent oftp. For
shields thicker than the penetration depthδ (0.44 mm in
copper at 26.8 kHz), the field reduction andPem are almost
independent of the thickness. For shields withtp ≪ δ, the
field reduction is less efficient.

If the frequency is higher than 5 kHz – the frequency where
δ equals the shield thickness of 1 mm –Pem increases with
the square root of the frequency: the induced currents flow in
a thinner region resulting in an increased AC resistance. For
lower frequency,Pem is quadratic with the frequency, but in
amplitude negligible compared toPrad. Prad shows almost no
change in the hypothetic case that the workpiece temperature

remains 1170◦C. However, increasing the frequency also in-
creases the power in the workpiece, its temperature and the
power radiated to the shield. The average field in the target
area decreases with increasing frequency up to 5 kHz; for
higher frequency,Bavg remains approximately constant.

V. OPTIMIZATION OF THE SHIELD FOR GOOD SHIELDING

EFFICIENCY WITHOUT EXCEEDING TEMPERATURE LIMIT

An optimization is carried out to find a shield geometry that
reduces the average magnetic field norm in the target region
to maximally 1 µT without exceeding a shield temperature
of 100◦C. The parameters to optimize are the shield position
rp (in the range 0.06 – 0.25 m) and the shield heighthp (in
the range 0 – 0.40 m). This is a multi-objective optimization
problem. The first objective aims at achieving sufficient field
reduction. This means that the rectangular search domain in
Fig. 5c is restricted to the area above the line B = 1µT. The
second goal about the temperature means that in Fig. 5d, the
search domain is restricted to the region right of the contour
line 100◦C. It can be seen that the experimentally built shield
(indicated by a cross) is approximately the best solution. Of
course, an optimization routine should find the solution with-
out scanning the whole domain. We used the Matlab routine
fgoalattain to solve this problem. The optimization routine
used 32 function evaluations and returned the optimal solution
which is close to the experimental shield:rp = 0.1208 m and
hp = 0.1578 m, resulting inBavg = 1.0µT andTavg = 100◦C.

VI. CONCLUSION

When shielding the magnetic stray field of an induction
heating device, the shield temperature increases as a result of
electromagnetic resistive heating and radiation of heat from the
workpiece. The electromagnetic power – caused by induced
currents in the copper shield – is rather small in a copper
shield, but very large in a steel shield at the considered
frequency of 26.8 kHz. It decreases weakly with the height
of the shield and strongly with the radial distance between
the shield and the workpiece. The radiated heat is usually
dominant in the considered induction heater. It increases
strongly with the height of the shield until the shield height is
the same as the height of the workpiece and becomes more or
less constant for higher heights. The radiated power decreases
weakly with increasing radius of the shield. An optimization
shows that a good field reduction and low shield temperature
can be achieved if the shield is rather high but at a large radial
distance from the workpiece.
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