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ABSTRACT. In induction heating applications where high eants and intermittent power
application dominate, thermal fatigue can be atigi factor of the service life of the
induction coil. The outer geometry of the coil ifea set by the application, hence the
temperature in the cross section has to be affdayethe inner shape of the coil, coolant
velocity, and thermal properties of the coolant.ttis paper a model for estimating the
temperature of the cross section is presented.nfdael is also applied to an optimization
problem where a high power loss, copper regionuisosinding a wedge shaped cooling
channel. The point of the wedge was replaced gdais that was optimized. The optimum
was considered where the thermal fatigue servieei$i maximized, i.e. where the peak
deviation from mean temperature in the cross seatias at a minimum. The results show
that the optimum corner radius is very small, tahc0.3-0.5 mm.

INTRODUCTION

In induction heating applications the inductionleésia component of crucial importance.
The life expectancies of these units are depenalinipe environment the coils are exposed to
and application where they are used. There are rmwsefault mechanisms limiting the
service life [1, 2]. A properly designed coil iness demanding application may have a very
long service life limited by normal wear. In othegplications, there are coils that have much
shorter service life, even if they seem to havenbaesigned well. Typically coils used in
applications that imply high current densities asttbrt heat cycles have shown to fail
prematurely. In these cases thermal fatigue isa@gpdeto be a limiting factor of service life.
The fatigue life of an induction coil is determinbg the thermal stresses in the coil. The
thermal stresses are generated by temperatureetitfes in the copper of the coil. It has been
shown that there is a relation between the thefatigiue based service life and the difference
between the peak temperature and the mean temgematthe cross section of an induction
coil [3, 4]. A manual temperature model of an intlut coil was previously developed and
compared to experiments [5]. This model is devedoparther in this paper. When the
temperature profiles are found, the optimum sofuttan be determined by investigating the
peak temperature difference from the mean temperatithe different cases. This paper first
describes the fully automated model. The second gescribes the use of this model to
investigate the influence of the radius of the aablchannel wall in a corner of a triangular
cross section induction heating coil.



MODELING TEMPERATURE

The model is based on iteration between a Fflibased model and a Fftsbased model.
Fluent is a CFD (Computational Fluid Dynamics) wafte package. Flux is a package for
calculations in the electromagnetic domain. Theg hoth capable of including thermal
calculations. The packages are based on finitewelmethod and the finite element method,
respectively, and they are both commercial codbs. dmbined model handles a 2D plane-

symmetric geometry as shown in Figure 1.

Figurel 2D plane-symetric geometry with horizontal and vertical syetry lines. Pari
removed from the computational domain by the symiestre greyed.

The geometry modeled consists of two anti-paraitel conductors separated by an air
gap. The principle behind the model was suggestedvalidated by experiments in [5]. The
electromagnetic domain is modeled in 2D. Due toahg-parallel structure two symmetry
lines can be introduced. The vertical symmetry @lenlocated between the two tubes where
no magnetic flux is crossing the symmetry planee $cond, horizontal symmetry line goes
through the middle of the two tubes where all m#égniux lines are perpendicular to the
symmetry plane. After introducing the symmetry-&intke model is reduced to one quadrant
of the total domain as shown in Figure 1. Due ®rihture of electromagnetics the current is
concentrated in the part of the cross section dogbe vertical symmetry plane. This will
also be where most of the joule losses are disipdthe heat is conducted to the inner wall
of the tube where the heat enters the coolant.

Since the flow in a tube develops along the tuledfltid dynamic model was chosen to be
the realized in 3D. The shape of the fluid dynamiedel is an extruded version of the 2D
plane symmetric geometry and consists of two paas shown in Figure 2.
The first part is a preheat volume where the cdaaters the tube with a flat velocity profile.
This preheat volume is made long enough for theoigl and temperature profile to enter a
fully developed state before the coolant enterssieond part; the measurement volume.
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Figure2 The fuid dynamic gemetry. The length of thqpreheat volum is shortene in this
illustration.



Normally the length would be in the range of 50dsrthe width of the coolant volume. The
measurement volume is a relatively short volumeretire heat transfer coefficient of the
fluid is calculated. The length of the measurenvahime is long enough to calculate the heat
transfer coefficient without being too much infleed by back flow or geometrical
inaccuracies.

Figure 3 Heat exchangregion: on the inner surfa of the elctromagnetic mod.

The two domains are connected at the inner walheftube, the wall of the cooling
channel. This wall is divided into heat exchanggiams along the (inner) wall as shown in
Figure 3 (and on the outer surface of Figure 2)e flamber of heat exchange regions is
depending on the application. They must be sufiityesmall, so that the temperature and the
heat flux can be considered constant over the megio

The flow sheet of the Python program controlling #olving process is shown in Figure
5. The solving process is started by estimating lbat transfer coefficients of the heat
exchange regions in the electromagnetic domainceSihere is no water region in the
electromagnetic domain, boundary conditions areosethe heat exchange regions; a heat
exchange coefficient and a temperature are specifie each region. Here a constant
temperature of 20°C is used for all regions. Tatdtae solving process, the heat transfer
coefficient of all exchange regions is initializethe electromagnetic domain is solved and
the temperatures and the heat fluxes of the hediaggye regions are recorded. The heat flux
of each region is then applied to the correspontea exchange regions in the fluid dynamic
model, both the corresponding region in the prekiemtme and in the measurement volume.
The model is solved and the temperatures of the dxehange regions in the measurement
volume are collected. The temperatures from thetrelmagnetic and the fluid dynamic
domains are compared. If they are all within a ptednined difference the solution is
considered converged.
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Figure4 Iteration. Temperature of thrdiffereni exchange regions in the electromagnt
and in the fluid dynamic domain converging.
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Figure5 Flow sheet of the solvir proces.




If the difference is too large, new heat transiefticients calculated from the heat flux
and the temperature of the regions. A relaxati@bofawas introduced so the new estimated
heat transfer coefficients were chosen a certastofabetween the new estimate and the
previous value. It was found that this would geligmot improve the converging process. A
typical way the solution converges over a few tiiers is shown in Figure 4. The
convergence criterion is that the highest tempegatiifference between two corresponding
regions must be less than 2°C.

INVESTIGATION OF CORNER EFFECT IN COIL

The previously described model is utilized to irigege the effect of the radius of a
corner of the cooling channel of a triangular ingre coil cross section. The cross section is
shown in Figure 6.

(0,0)|tds- tsx

Figure6 Geometry for investigation of effect of corner inmadius. (tri — Tube Radiu:
Inner,tro — Tube Radius Outetya — Tube Wall Angletwt — Tube Width{sx
— Tube Size X-direction, artds — Tube distance to vertical Symmetry line.

In this cross section two effects are expectedflaence the heat transfer. When the inner
radius is increased the surface area of the codivannel is reduced. This is expected to
reduce the heat transfer from the wall to the wa&derthe other hand, if the corner is to sharp
the water velocity in the corner is reduced withogential of reducing the heat transfer in this
important region. The inner radiusii°, and the tube wall angletwa’, of the cross sections
are changed to see how this would influence th@ézature of the cross section.

The model is set up with the default Fluent praperpf water for the fluid. The water
inlet has a constant velocity boundary conditiorl@fm/s. The water is entering the domain
at 20 °C. There is a pressure outlet boundary tiomdon the outlet andekmodeling is used
for turbulence. In the electromagnetic domain aesurof 2.5 kA at 10 kHz is applied to a
solid conductor region. The standard copper materaperties of Flux are used for the
copper region. Thermal insulation is applied to theer boundaries of the coil, i.e. no
conduction, convection, nor radiation through theeo surface. All heat generated in the
domain leaves through the heat exchange regionsamsient thermal solver allowed to
stabilize is used in the electromagnetic domain arstationary solver in the fluid dynamic
domain.



Temperature [ C]

Figure7 Temperature of the coil cross section when walle, twa = 45° and the radius
the inner cornetyi = 0.25 mm.

Temperature [ C]

Figure8 Temperature of the coil cross section when wallgitwa = 15° and the radius
the inner corneityi = 0.25 mm.

0.00e+00°

Figure9 Velocity inside the coil cross section when walgjle, twa = 15° and the radius «
the inner cornettyi = 0.25 mm. Coolant velocity in = 10m/s.
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Two selected cross sections are showed in Figuaad7in Figure 8. The coolant velocity
profile corresponding to the tube cross sectiomwshim Figure 8 is presented in Figure 9. The
highest velocity region is located in the rightntal side of the cooling channel, away from
the region where most of the heat is generated. Vdlecity closer to the radius is
significantly lower than the free stream velocity.

Since the fatigue life of the coil is related te tifference between the peak and the mean
temperature of the coil cross section [3], thishis factor that is extracted form the model.
The model is investigated with the following segBimds =tro =twt = Imm andsx = 10mm.
The wall anglefwa, is set at 15, 30, and 45 degrees and the indersraf the cornetyi, is
varied gradually up to 2 mm. Depending on the geépneerange of 13 to 41 heat exchange
regions have been utilized. From the generatedreleagnetic data files information about
the elements in the domain is collected. This imfation is used to calculate an area weighted
mean temperature. In the same process the maximdnmaimum temperature are found.
From these values the maximum temperature devi&ton the mean temperature is found.
The resulting temperature deviations are showngarg 10.

As seen from the graph there is an optimal radius @dius range for the different cross
sections. The temperature difference is lowesgaliathe different tube wall anglesya, when
the inner tube radius is around 0.2mm. This effgts more pronounced as the angle of the
corner is reduced i.e. when the tube wall anigle, is reduced.

CONCLUSIONS

A script based model feeding an electromagnetiox)Fand a fluid dynamic (Fluent)
solver is realized. The model obtains a solutiat th valid in the electromagnetic and in the
fluid dynamic domain through iteration until an egment of the temperature of two sets of
exchange regions (one set in each domain) is adutailhe concept has been utilized to
investigate the effect of the corner radius ofiangular cross section used in an induction
coil. An optimum was considered where the thernasigtie service life is maximized, i.e.
where the peak deviation from mean temperaturéenctoss section was at a minimum. It
was found that for the higher corner angles theas asmaximum recommended corner radius
in the 0.25 to 0.5mm range, and for smaller comamgyles there seems to be an optimum
corner radius about 0.25 mm.
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