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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 stic

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 thermadi
stepping model solves the equation for the temperdture

Qem 1)
_Qconv - Qrad (2)

“with p the mass densityg, the heat capacity, and the
thermal conductivity. Eq. 2 is the boundary condition on a
boundary between media 1 and 2 withthe normal vector.
The workpiece is heated by resistive electromagnetic ihgati
Qem, Which is a volume power density (in W#n It is cooled
by convectionQ..., and radiationQ,.q, which are heat flux

oT
Pep gy~ V- (AVT)
n- ()\1VT1 — )\QVTQ)

as geometry, material and frequency so that the results are ugd ~ densities (in Wi/rf) imposed on the workpiece surface.

also for other induction heating configurations.

Index Terms—Shielding, Finite element analysis, Optimization Axial  Excitation  Copper
symmgtry coils shield
I. INTRODUCTION wﬁ l _ a
In magnetic shield design problems, the optimization goals0.04 O
are usually the minimization of the field in a predefined area — O
the target region — and the minimization of the eIectromla'gneJ)'()2 O
losses in the shield [1], [2]. However, itis also useful tolime £, o [Work| = O< &
thermal aspects: a shield may obtain a high temperatureoduet ~ [P'¢¢¢
electromagnetic losses and heat radiation from the wockpie -0.02 O
In section IlI, the steady-state temperature of the work- O
piece is simulated and experimentally validated for the un- " T A |
shielded case by a coupled thermal-electromagnetic finite.06} Te -
element model (FEM). In section Ill, a simplified thermal- ) f—
electromagnetic FEM calculates the temperature of thddshie 0 %()[Sm] 0.135
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 ptiepe
(conductivity, permeability), frequencies, and workgiege-
ometries. In section V, the shield is optimized to obtainweegi
shielding efficiency without exceeding a limit temperature

Fig. 1. (a) Geometry of the shielded axisymmetric inductiontihgadevice
with dimensions in Table [; (b) unshielded induction heatéhwvorkpiece
and (c) induction heater with shield in a wooden frame. Theldhis a 1 mm
thick copper plate with, = 0.135 m andch, = 0.15 m

The convection i€)cony = h(T —Tp) with A = 10 W/(n?K)
[l. COUPLED THERMAL-ELECTROMAGNETICFEM TO calculated from [3] and}, = 20°C the ambient temperature.
STUDY THE WORKPIECE TEMPERATURE The total radiated poweP,.4 of the workpiece in stainless

A coupled axisymmetric thermal and electromagnetic FEFf€el iSPrad = [, Qraa da = ewc, [, (T*—T) da [4] with
finds as a function of time the temperature distribution in, the Stefan-Boltzmann constant (5.6700° W/m?/K*)
the workpiece. Fig. 1 shows the axisymmetric geometry éndA,, the workpiece surface. The emissivity of the work-
piece was measured and was observed to vary between 0.5 and
Manuscript received May 3th 2008. Corresponding authorSétgeant ( 97 depending on the oxidation state. For the simulatigheof
(e-mail: Peter Sergeant@UGent.be). This work was sugpdiethe FWO workpiece temperature, the value 0.97 was chosen becagise th

project G.0082.06, by the GOA project BOF 07/GOA/006 and &fe project : - >
P6/21. The first author is a postdoctoral fellow with the FWO. workpiece was completely oxidized. The thermal conduistivi
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Aw, the mass density,,, and the heat capacity, ,, of the
workpiece are temperature dependent expressions found fréiagion

TABLE |

GEOMETRICAL AND ELECTROMAGNETIC PROPERTIES

. X . . Radius Te 474 mm
[5], causing the numerical model to be nonlinear. Typical Ilotalbheug?tt We %04.8 mm
e f . umper or turns te
values of these quantities are given in Table . Conductor radius he 4.8 mm
To determine the total electromagnetic power,, at ev- gurrent % gngAk |—r|ms
requency . z
ery time step, a time-harmonic and quasi-static eIeCtremaUWorkmece Ouiter Tadiis - 50
netic FEM is solved with the vector potential as unknown: Height N - 90.0 mm
VA joouA = Jo. Then, Puy =, Qun dv = Mogneto pemetily b gt
fv an\AF dv with Vi, the volume of the workpiece. The Electrical conductivity®) o 0.799 MS/m
electrical conductivityr is temperature dependent (Table ). Thermal conductivity*) Aw 30.3 W/(m.K)
To validate the model, the time evolution of the temperature Heat Capjcgtﬁi*) cpw 667 J/(kg.K)
e ai ii A0 Emissivity\* €w 0.5-0.97
is S|_mulated and measur_ed b_y a sensor ThermOV|5|(_)r_1 Ad0grrg nerTadiis o (60-250 mm)
starting from a cold workpiece in stainless steel. The axicih Height hp (0-400 mm)
current in the 7-turn induction heater was set to 532 A rms Sheet thickness tp 1.00 mm
. Electrical conductivity op 50 MS/m
at 26.8 kHz. The steady state temperature of the workpiece of Magnetic permeability i o
50 mm diameter and 90 mm height is 12@0(simulated) and Thermal CO_ndU)Ctivit?**) Ap 400 W/(m.K)
1212C (measured) with a time constant of 168 s (simulated) Mass density 9 Pp 8900 kgin?
d 201 s (measured) as shown in Fig. 2 Heat capacity cop 385 JkgK)
an g. 2 Emissivity(**) & 0.15
Target area Inner radius Tta 0.30m
‘ Width Wta 1.0m
1200- oo x X Cross section height hta 1.0m
1000 (*) At steady-state temperature of 1270 (**) At 80°C.
xx
o 800 x
o X . . . - .
— 600 % the workpiece to the shieldQ., in the shield is found
2 *

|— from a linear time-harmonic electromagnetic model witHIYfu

400 /x geometry of Fig. 1a. The broken coupling between the thermal
200t x-*' Simulation and the electromagnetic FEM means that the latter assumes
% Measuremer temperature independent material properties, choserd lmase
0 260 460 660 8(‘)0 1000 a workpiece temperature equal to the steady-state valuwlfou

Time t [s] in section Il (1170C). P,.q is the total power radiated from
Fig. 2. Workpiece temperature has steady-state of 1C€7@imulated) or the workpiece to the shield through the air gaps between the
1212 C (measured); time constant is 168 s (simulated) or 201 s (meBsuresycitation coil windings. In the thermal FEM of the shield
only, P..q is a heat flux boundary condition on the shield
edge that is illuminated by the workpiece as shown in Fig. 3.

Axial  Excitation Copper
sy;n Sﬂ'y collls shield 6 N
S 4 4
~— O Prad = €Ew€pCo Z § pr,ij Aw,i (Tz - ,-rj) (3)
i=1 j=1
Work F COSQ aZJA (4)
piece wpyij = I Y

)

Fig. 3. Radiation from workpiece sectiof, ; to sh|e|d section4, ;

The shield is divided in a sufficiently large numh¥rof seg-

ments with total surfacel,. The surface4,, ; is illuminated by

surfacesAy ;, i = 1...6 (the number of gaps between the 7
lll. SIMPLIFIED THERMAL -ELECTROMAGNETICFEMTO  excitation coils). The height of the surfacds ; is determined

STUDY SHIELD TEMPERATURE by the space between the adjacent excitation coils and the

Secondly, the temperature of the 1 mm thick copper shieddhglec;;.

is studied. To reduce the CPU time of the simulation, the The experimental validation of this model is carried out

coupling between the electromagnetic and the temperatimethree ways, for the same excitation current as in section

model is broken. The heat problem (1) and (2) is solved bl (532 A at 26.8 kHz) and for a shield with radial position

a transient FEM in the shield only, with the following source, = 0.135 m and height, = 0.150 m.

terms. Firstly, the steady-state temperature of the shield is oreds
The negative source terms that cool down the shield aaad simulated. Both agreed well: 83 and 87.7C respec-

applied at all its boundaries: free natural convection in dively. Regarding the shield, it was observed that the eniigs

Qconv,p = h(T —Tp) and heat radiation to infinity),.q,, = of the used copper samples strongly depends on the tempera-

epco (T* — T) whereine, is the emissivity of the shield.  ture: during the experiment, the emissivity of the coppes wa
The positive source terms that heat the shield are thientified in real-time by measuring the temperature both by

electromagnetic loss€3.,,, and the heat radiatio®,.q from a thermocouple and by the Thermovision sensor that uses
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the emissivity to determine the temperature. The emigsivit no shields

at 83.FC shield temperature turned out to be 0.15. This value 10° ¢ no shields ~ i
was used in the simulations. oo 1 o 2o
Secondly, the induced currents in the shield were simulated 10 L shield = 0.135mh = 0.150m]
and measured by a Rogowski current probe, for five values of shieldr = 0.200mf = 0.300m
the excitation current. For all five measurements, the nredsu g 1 ’ :
induced current was about 11% higher than the simulated one, &

e.g. for 219.2 A excitation current, the measured and siradla

shield currents were 186.7 A and 167.4 A respectively. 10°

The third way of validation is the comparison of the magnetic

flux density that is simulated and measured (by a field meter 15

Maschek ESM-10p0in the target region. In Fig. 4, it can be ‘ R TR RS as s
seen that in absence of shields, the measured and simulated 0 0.2 0.4 0.6 0.8 1

. . . r [m]
curves are almost coinciding. With the shield present, thg 4.  measured and simulated induction in the target reganthe

deviation increases with increasing radial distance, @iphb unshielded and shielded induction heater for 180.7 A eftgitacurrent.
because the lower field levels are influenced by the magnetic

0.3

coils and for a large shield at large distance. _
The electromagnetic and radiated powey, and P,,q in éﬂo,z
the shield depend on the position and heighth, of the = E

h, [m]

field of the generator. Fourier analysis was carried out tocs Pem W] ol Prag V]
disturbing fields that have other frequencies. As a refere g8 B l 7 L& &

T i[ 03 § A\v a/a:/cgzr

i\
3 K 02 W o
x Wi“e//

shield as shown in Fig. 5a and B,,, decreases slightly wit 0.1 01 B =
increasingh,,, and decreases strongly with increasifg FP;aq 5% ]

field curves are shown for a small shield short to the exoite :[
is usually much higher thak,,, at the considered workpiet {501 015 02 o025 s 01 o oz oz

temperature: it increases more or less linearly wighf 4, is ", ] "y [l

lower than the inductor heightf0.1 m), and “saturates” fc* B(a)[m T(b)[oc]

higher h,, to a constant value of approximately 300 W. 04 &/avg s T s ™ <
The average flux density3,,, in the target region witl /// S \

dimensions in Table | is very low for high shields short 03 / _ . 03 \

the induction heater (Fig. 5c). When increasing the height- % // i\\\

h,, should increase more or less proportionally to achieve %2 /Q%/ A
same shielding performance. The field reduction of threeld M// )
configurations can be seen as a function of the radius in F e F— o é,%\

The temperature distribution in the shield is almost umif 09359, Y05 75 O
because it is thin and a good thermal conductor. Therefoe fos o1 P 40 fos o1 O 0
shield temperature can be studied by using the averagealsniel Ec) fd)
temperature instead of the entire temperature distribuitio Fig. 5. As a function of the radial position, and the height:, of the 1
the shield. Fig. 5d shows the average steady-state ternpera m thick passive shield, (a) electromagnetic powef,, (b) radiated power
. . .ad (C) average magnetic induction in the target region and (dyame
in the shield. It can be observed that the temperature d&&$eaemperature irf C. The excitation current is 532 A. The experimental shield
with increasingr,, becauseP,, and P.,q decrease. With is indicated by a cross.
increasingh,,, the temperature of the shield decreases although
P.., + P,.q increases. The reason is that the larger surface of

the shield causes better cooling by convection and radiatioreplaced by a ferromagnetic electrical steel with5.9 MS/m
andy, = 372, the temperature increases from 87.7 to 238.8

The maximum in the curve can be explained as follows. For

high o, a further increase ot reducesP,, because the

induced currents see less resistance. For dgvan increase

of o increases”,,,, because the induced currehis more or
Other material for the shield — with different electrical less proportional ter, and Pe,, ~ I°.

conductivity and magnetic permeability than copper — affec Concerning theworkpiece geometry Fig. 7a shows that

the electromagnetic power, but also the radiated powensecathe average temperature in the shield increases with isiciga

of a change in emissivity. Only taking into account theuter radius, and heighti,, of the workpiece. The reason is

change in electromagnetic power, Fig. 6 shows the steatdy sthat the radiated power — shown in Fig. 7c — increases because

temperature of the “experimental” shield with = 0.135 m it is proportional to the workpiece surfac#,q ~ Ay ~

andhy, = 0.150 m for several conductivities and permeabilities., i,,. The electromagnetic power however — see Fig. 7b —

Copper witho = 50 MS/m andu, = 1 results almost in the decreases as more eddy currents in the workpiece reduce the

lowest possible temperature: 87C. If the copper material is stray field of the induction heater, i.e. the field that is not

hb\
hy [m]
o
N

[

IV. INFLUENCE ON SHIELDING PERFORMANCE AND
SHIELD TEMPERATURE OF SHIELD MATERIAL WORKPIECE
GEOMETRY, SHIELD THICKNESS AND FREQUENCY
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remains 1170C. 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 frequencyp,,, 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 T without exceeding a shield temperature

10 10 10 of 100°C. The parameters to optimize are the shield position

. o _ _7p (in the range 0.06 — 0.25 m) and the shield height(in
Fig. 6.  Average temperature iAC in the 1 mm thick copper shield .. . L S
(rp = 0.135 m andh;, = 0.15 m) as a function of the electrical conductivitythe range 0 — 9-40 m) Thls 'jc‘ a mUIt"O_bJe_Cuve Opt'mlzat_'on
op and the magnetic permeability,. The position of the copper shield is problem. The first objective aims at achieving sufficientdfiel
indicated by a cross. The radiatid®.q is assumed to be constant (constantedyction. This means that the rectangular search domain in
kpi issivity of the shiel : L . .
workpiece temperature and emissivity of the shield) Fig. 5c is restricted to the area above the line B gTL The
second goal about the temperature means that in Fig. 5d, the
ﬁ\)arch domain is restricted to the region right of the cantou
ﬁge 100°C. It can be seen that the experimentally built shield
(indicated by a cross) is approximately the best solutioh. O
course, an optimization routine should find the solutiorhwit
out scanning the whole domain. We used the Matlab routine
fgoalattainto solve this problem. The optimization routine
used 32 function evaluations and returned the optimal ispiut
which is close to the experimental shielg; = 0.1208 m and
hp =0.1578 m, resulting iByy,; = 1.0 4T andT,,, = 100°C.

crp [S/m]

coupled to the workpiece. Here, we assumed that the shi
does not influence the excitation current amplitude and t
workpiece temperature. Nevertheless, the decreagg, phas
almost no influence offi,,s as P, < Praq at the steady-state
temperature found in section II.

VI. CONCLUSION

When shielding the magnetic stray field of an induction
heating device, the shield temperature increases as d osul
electromagnetic resistive heating and radiation of heab fihe
workpiece. The electromagnetic power — caused by induced

& ---h,=009m N currents in the copper shield — is rather small in a copper
% 0.01 0.02 0.03 0.04 shield, but very large in a steel shield at the considered
‘ ‘ ‘ o- frequency of 26.8 kHz. It decreases weakly with the height
g Y00 JPPianth of the shield and strongly with the radial distance between
© % 00 JEPEIAt the shield and the workpiece. The radiated heat is usually
o dominant in the considered induction heater. It increases
5 001 0.02 003 0.04 strongly with the height of the shield until the shield heigh
' r,, [ml ' ' the same as the height of the workpiece and becomes more or

less constant for higher heights. The radiated power deesea
Jweakly with increasing radius of the shield. An optimizatio
shows that a good field reduction and low shield temperature
can be achieved if the shield is rather high but at a largeafadi

If the shield thicknesst, is changed, few influence isdistance from the workpiece.
observed on the temperaturB,,4 is independent of,. For
shields thicker than the penetration depth(0.44 mm in
copper at 26.8 kHz), the field reduction a@t,, are almost [l P. Sergeant, L. Dupr M. De Wulf and J. Melkebeek, "Optimizing

. . . . active and passive magnetic shields in induction heating Beanetic
mdependent of the thickness. For shields V\l]!;,h<< 9, the Algorithm”, IEEE Trans. Magn., Vol. 39, No. 6, pp. 3486-3496, 2003.

field reduction is less efficient. [2] P. Sergeant, L. Dugr, and J. Melkebeek, “Space mapping method for

If the frequency is higher than 5 kHz — the frequency where the design of passive shieldggurnal of Applied Physics, Vol. 99, No.
. ; . . 8, 08H901, Apr. 2006.
0 equals the shield thickness of 1 mmZ%,, increases with [3] S.Kakac, R.S. Shah, and W. Aurigandbook of Single-Phase Convec-

the square root of the frequency: the induced currents flow in  tive Heat Transfer, Wiley, New York, 1987.

a thinner region resulting in an increased AC resistance. F¢# R. Siegel and J.R. HowellThermal Radiation Heat Transfer, 4
edition, Taylor & Francis Inc., New York, 2002.

lower frequency,Per, is quadratic with the frequency, but in (5) « ¢ Mils, Y. Su, Z. Liand R. F. Brooks, “Equations foréralculation
amplitude negligible compared 1.,4. P.2q Shows almost no of the thermo-physical properties of stainless ste@,J International,

change in the hypothetic case that the workpiece temperatur Vo!- 44, No. 10, pp. 1661-1668, 2004.

Fig. 7. (a) Average temperature, (b) electromagnetic paiRgr and (c)
radiated powerP,,q in the shield as a function of the geometry of th
workpiece: outer radius,, and heighth.,.
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