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Induction Heating of Aluminium Billets with
linear motion in a Strong DC Magnetic Field:
Magneto-Thermal Analysis in 2D

Hakim Bensaidane, Youcef Ouazir, Thierry Lubin, 8riveezani, and Abderrezak Rezzoug

Abstract— This paper presents a new structure of an induain
heater for aluminium billets. The device consistsni using a strong
DC magnetic field created by a superconducting indttor in
which the conducting billet is actuated by a linearmotion at a
constant velocity. The analysis, based on the anglyal model for
the magnetic field in the billet, has been develoge and then the
eddy currents and induced heating powethave been evaluated.
The analytical results are compared to those issueidom a finite
element software (COMSOL). The magneto thermal angkis
shows that the temperature profile in the billet ishomogenous.

Index Terms—Induction heater, analytical solution, eddy
current, induced heating power, linear motion, supeonducting,
magneto-thermal

I. INTRODUCTION

NDUCTION heating is widely used in industrial preses

to preheat aluminium billets before press-formipgmtions
[1]. The analysis of induction heating requires
development of simulation and modeling tools. Ipeeds on
several physical phenomena: electromagnetic, tHeraral
mechanical ones.

In conventional induction heaters, the billet ipesed to an

AC magnetic field produced by a water-cooled coppe:ﬁ
winding. The thermal power is due to the eddy cuse

induced in the billet. It is well known that thefiefency of the
process is related to the power transferred frarintuctor to
the billet. The efficiency depends on the resistivand the
magnetic permeability of the material to be heatédr
magnetic steel billets, the efficiency is in thega of 80 to

90% below the Curie temperature and remains relgtiv heater. It

important (approximately 70%) above this tempeetwhen

with conventional heating devices.

In order to improve the efficiency, Runde and Maggon
[2]-[4] have proposed a new type of induction hedig
replacing the conventional copper inductor by ahhig
temperature superconducting (HTS) coil excited Will60Hz
AC current. However, because of the AC losses eMHA'S
coil, the efficiency obtained with a small-scalemamstrator
does not exceed 60% [4]. More recently, a new Ddtigtion
heating concept with a superconducting coil hasnbee
proposed.In this approach, the billet is rotated inside a
transverse DC magnetic field generated by superczimg)
coils [5]-[7]. Velocity induced currents react thet driving
torque and generates a thermal power within thett§8]-[9].

In this paper, we develop an electromagnetic ardntal
analysis of an original induction heater for aluimin billets
using superconducting coils. In this topology, thidet is
subjected to a linear motion inside a strong DC maég field

thgroduced by a superconducting inductor. The topolog

described here was in its principle, patented irdédpntly by
Magnusson [10] and Mdller et al. [11]. The descgoiptof the
studied induction heater is given in section Il. Amalytical
electromagnetic model is then developed in sedtioand IV
find the eddy current density and induced poslarsity in
e billet. Finally, the temperature profile insitiee billet is
obtained with two dimensional finite elements saftev
(COMSOL).

II. DESCRIPTION OF THE INDUCTION HEATER

Fig. 1 shows the cross section of the studied itidic
is composed of an inductor made from
superconducting coils which create a strong DC regn

steel becomes nonmagnetic [l] In the same way, tﬂ@ld The aluminium billet to be heated is plaﬂedlde the

efficiency of an induction heater for nonmagnetietah billets
(aluminium and Copper) drastically drops to abo0#5 In
fact, it is difficult to heat nonmagnetic conductimaterials
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warm hole of the cryostat and moves linearly abva $peed.
The linear displacement of the billet in the DC metir field

generates induced currents which produce a Joakingen it.

As will be shown in the paper, the use of a lovedinspeed
and a strong DC magnetic field allow obtaining egéaskin
depth and therefore a homogeneous temperaturebdtgin

inside the billet, which is necessary before thesgiforming
step. The physical parameters of the studied deaieegiven
in Table I. The geometrical parameters have beearserh
arbitrarily in order to test the analytical modeldloped in the
paper.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 2

TABLE |
PHYSICAL AND GEOMETRICAL PARAMETERS OF THE STUDIEDNDUCTION
HEATER

Symbol Quantity Value
Ry Billet radius 8cm
Ry Superconducting coil inner radius 13cm
e Superconducting coil thickness 4cm
a Width of the coil 15cm
b Distance between two coils 10 cm
L Billet axial length im
\% Linear velocity of the billet variable
o Electrical conductivity of the billet (Al) 37 f@y!m*
o Magnetic permeability # 107 H/m
At Thermal conductivity of the billet 206 WhK?
p Specific mass of aluminium 2707 Kgim
c Specific heat of aluminium 936 J KR!
J Current density in the superconducting 200 A/mn?

coils
L 'Y
Superconducting coil
Cryostat

with DC current

i v :
e I [ X ® X i
F Rl ]
R4 Vv Linear motion
- >

Fig.1. Induction heater with DC magnetic field dimetar motion

Ill. EQUIVALENT CURRENT SHEET

Current sheet

Js = Z Jon cos(nkz)ug

Rytel2 ]
I | _ ——

q 7 A V=Vu,

Ry Linear | Velocity -
Aluminum Billet : ¢ z

Fig.2. Simplified model used for the analysis
‘;JS(Z)
eJ
T/2
0 I >
a2 b+a2 z

Fig.3. Current sheet distribution along the ax@rcinatez

The current sheet distribution versus the coordindg shown
in Fig. 3. Its Fourier series expansion is

21T

35(2)= ) I cospkz)  with k=== (3)

wherely, is the peak value of th@h harmonic component of
the current sheet given by

ooz

with 7 =2(a+b) the spatial period of the current sheet.

4el
=——s
nsr

J (4)

sn

To reduce the study to a 2D axisymmetric problere, W pye to the cryostat and thermal insulation thickess the

consider that the induction heater (the inductat tre billet)
has an infinite axial length. The billet is subgattto a linear
movement along the axis with a constant velocity. In the
analysis, the current in the superconducting soikplaced by
a current sheet of radilig+e/2 with an infinite axial length as
shown in Fig. 2 [12]-[13]. This current sheet i®sén to carry
the same current as the original coil.

The superconducting winding is excited with a DCrent
densityJ. The electrical current in a coil is given by

| =ael 1)

The corresponding value of the equivalent curréeesin
A/m is then
J, =ed 2

whereJ andJs have only one component in thelirection.

radius of the billet is relatively small comparex the inner
radius of the superconducting coil. Hence, the digtarmonic
terms of the flux density strongly decrease with #ir gap
thickness. In this study, only the fundamental ténm1) of
the current sheet distribution is considered.

Ja(2)= 4ed sin(%j cogkz) (5)

T

IV. MATHEMATICAL FORMULATION

A general multiregion problem is analyzed. The whol
space is divided into three regions as shown in#&ig

- Region 1 corresponds to the conducting billetrip@ce).

- Region 2 corresponds to the space between tle &ild the
current sheet.

- Region 3 corresponds to the space outside therdsheet.
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r A(r,z)=A(r)coskz+4, ¢ )) (11)
Current et Region3 (o= 0; ug) i, Since the magnetic vector potential is varying suidally
""" - é_., in space, we can use the complex notation
Ryte/2 Region2 (¢ =0; 1) i, i,
R Region1 (o; pg) _ i
- A . —0{ A (r)elkz
> A(r,z) D{A(r)e } (12)

Where O denotes the real part of a complex number. Using
the complex representation, (10) becomes a modBiessel
differential equation

Fig.4. Multiregion problem used for the analysis

A. Diffusion equation

By considering the movement of the billet, the ) dz;\l dA1 -
electromagnetic behaviour of the system is desdribg r o2 -(A’r?+1)A =0 (13)
Maxwell's equations expressed as . '
with
3B A% =K%+ jkoyV and j=+-1 (14)
OxH=J OxE=-— ©)
AB=0 AE =0 ot In the conducting billet (Region 1), the generdlgon of
B B (13), knowing that Amust be finite whemr — 0, has the
with the material properties following form [14]
J=0(Vx8) withV =V AN =a,(n) (15)
_ . (7)
B=iH wherel, is the modified Bessel function of the first kindd
order 1 anda; is a complex coefficient which will be
The magnetic vector potentiﬁ is defined by determinate using the interface conditions.
For region 2 where the electrical conductivity= 0, the
B=0OxA (8) general solution is
The combination of (6), (7) and (8) gives the mdigne A2(r) = 8,1 (kr) + DK (kr) (16)
diffusion equation which takes into account the eraent of
the conducting billet whereK; is the modified Bessel function of the second kind
and order 1.

DXA) in region 1 For region 3, knowing thafy must be finite wherr — o,

(9) the solution is

EXEXA:J,UO(VX
Ox0OxA=0 in regisr? and 3

As(r) = byKy (kr) (17)

Due to the axial symmetry, the studied problemmisriant The complex coefficientay, ap, b, andb; in (15), (16) and

according to thef-coordinate. So, the electric and magneti¢7) are determined using the interface conditinetsveen the
quantities will be independent 6f Under these conditions, the gjfferent regions

magnetic vector potential, in each region, presemity one

component in the azimuthal direction, and deperrdg on r A=A
andz variables. Then, (9) becomes in region 1 atr=R: dA dA (18)
a? 10 1 a2 0 o
T A Ry (10) o |
or® ror atr=R, +E (current sheet interface):

B. Magnetic vector potential expressions

According to the form of the current sheet exaatior the
fundamental term of the Fourier series (5), theitsmh of the (19)
magnetic vector potential in regioii=1,2,3) can be written as dAZ dA3 + Iy

o dr

A=A
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We obtain a system of four linear equations fronictviwe
extract the expressions of the coefficieatsa,, b, andbs. The
magnetic vector potential in region 1 is then espeel as

(20)

) =Ko s{ h(kR) , 1 Kl(kRa} LN

(ﬂRl) D 1,(ARy)

with

2
2 Kl[k(R2+§D
(21)
and
Kl (AR) Ko (kRy) + AK (kR 1 o(AR) -
o (R (IR) A1, (KR) o AR) 2

P =2mV?k*aa EF (28)
where
_ ﬂon{ L(kR) , 1 Kl(kRJ)} (29)
kC | 1;,(AR) D 1,(ARy)
and
E=—T [/1 lo(AR) 134 Ry) =41 (A Ry)1 (A Rﬂ (30)

- . %(L+sin(kL)ctl)(s(% & »J 1)

where @, (R,) is the argument oﬁl(Rl) given by (20).
The analytical expression of the induced heatinggsdn the

wherely andKj are respectively the modified Bessel functiorbillet (28) depends on the geometrical and physieahmeters

of the first kind and the second kind, of order 0.

C. Eddy current expression

The induced current density in the aluminium bi{letgion
1) can be obtained from the following relation

Ji(r,2) :J(Vxﬁxﬂl) __py A2 (23)
0z
which becomes in the complex domain
J1(r) = —joVkA(r) 24)

Finally, the expression of the induced current dgrcan be
written as

J(r,2)=0 {31(r)e”‘z} (25)

D. Induced heating power expression
The induced powedlensity in the billet is expressed as:

J2(r,z
p(r,2)= 02 (26)
o
So the induced powénm the billet of length L is
R 2m L/2
p= j j X2 (r 2) rdrdédz 27
0 0-L/2

Substituting (20) and (24) into (25) and then (@& (27),
we obtain the analytical expression of the indubedting
power in the conducting billet

of the induction heater. This expression will bedisn the
next section to study the effect of the geometnmziameters
on the performance of the induction heater.

V. RESULTS AND DISCUSSION

A. Eddy current density

Figs. 5 and 6 show the flux lines and the magnftix
density distribution obtained by finite element ot
(COMSOL) when the conducting billet is moving resjpeely
at a linear velocity ofV=0.24 m/s andv=0.62 m/s. The
superconducting coil is excited with a current dgnd=200
A/m?. One can observe that the flux lines are drivethin
direction of the motion and are rejected from tlilketowhen
the speed increases.

The critical current in the superconducting coilclssely
dependent on the maximum value of the flux denslgnce, it
is important in the design of the HTS induction teeao
carefully consider this maximum value. In the cadethe
simulations of Figs.5 and 6, a maximum value ofuath5T
appears in the inner surface of the coils. Notize this value
is acceptable for DI-BSCCO HTS tapes [15] for whitie
critical current density is higher than 200 A/mm# bperating
temperatures of 15-20 K.

Fig. 7 and 8 show the spatial distribution of thddye
currents in the billet fo¥=0.24 m/s an&/=0.62 m/s.

The eddy current density versus the radial distarate = 0
for a linear speed of = 0.24 m/s and/ = 0.62 m/s are given
respectively in Figs. 9 and 10. We can notice thatresults
obtained with the analytical method (current sheet
approximation with the first harmonic) are in goagreement
with those obtained by FEM (the real coil geomeisy
considered in the FE computations).
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Figs. 11 and 12 show the eddy current density getise
Fig.7. Eddy current distribution in the billet fof= 0.24 m/s and = 200 aXial distancez at the surface of the billet € Ry) for V = 0.24
Amm? m/s andV = 0.62 m/s. Obviously, the eddy current density
presents a sinusoidal variation along the z-axis.
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Fig.11. Eddy current density versus the axial distaz (atr = Ry) for
V = 0.24 m/s and = 200 A/mnf
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Fig.12. Eddy current density versus the axial dista (atr = Ry) for
V =0.62 m/s and = 200 A/mn?

B. Induced heating power

The power density variation with respect to radéuglotted
in Fig. 13 for two values of the velocity. As fdmet current
density (Figs. 9, 10), the penetration of the podensity is
higher in the case of low velocity values.

The induced heating powar the conducting billet obtained
for various values of the linear velocity and for the coil
excited by a DC current density= 200 A/mnf is given in Fig.
14. These results have been obtained using theytimadl
expression (28) and compared with those obtainedrbiy
(FEM with real coil distribution). We can observeat the
analytical model can predict with a very good psixi the
induced powerin the billet. Furthermore, the analytical

computations are much faster than the numericals.one

Therefore it could be used as an efficient toolstody the
influence of the geometrical parameters on thededitheating
power.
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Fig.13. Induced power density versus the radiatz =0 a)V = 0.24 m/s

b)V=0.62 m/s
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C. Design analysis of the induction heater

1) Effect of the distance between two coils (parameter b)
Using the analytical expression (28), Figs. 15 a6dshow
the effect of the distance between two supercomntyctoils

Figs. 17 and 18 that the induced podecreases rapidly when
the distance between the inductor and the condydiitiet
increases.

(inductor) on the induced powéor two values of the linear

velocity V. We can observe that the induced popsents a
maximum value forb = 7.5 cm, then decreases whi
increasing the distande

40

35

30

25

20

15

Induced power (kW)

10

Fig.15. Induced heating powewersus the distance between two

superconducting coils fof = 0.24 m/s and = 200 A/mnf

250

Induced power (kW)

Fig.16. Induced heating powewnersus the distance between two

superconducting coils fof = 0.62 m/s and = 200 A/mnt

2) Effect of the distance between the inductor and the
conducting billet

Figs. 17 and 18 show the effect of the rédRet+e/2)/R; on the
induced poweffor various values of the linear velocity A
certain distance is necessary between the induatdr the
billet. Indeed, the superconducting coils must lzegd inside
the cryostat and a thermal insulation must be pldmtween
the cryostat and the billet. As expected, one dasewe on

le 80

40

Induced power (kW)

N w
o [=)

[y
o

1 14 18 2.2 2.6 3
ratio (R2+e/2)/Rl

Fig.17. Induced power versus the distance betweeimtductor and the billet
for V= 0.24 m/s and = 200 A/mn?

600

500

Induced power (kW)
w B
o o
o [=]

N
o
o

100

1 14 18 2.2 2.6 3
ratio (R2+e/2)/Rl

Fig.18. Eddy current versus the distance betweerirttiuctor and the billet
for V= 0.62 m/s and = 200 A/mn?

VI. TEMPERATURE FIELD ANALYSIS

Taking into account the movement of the conduchitigt,
the equation describing the heat transfer phenomamdhe
billet to be heated is given by [9],[16]

pc(%—-[ +\7.ﬁTj = p(r,2)+ AAT (32)

whereT, A, p andc respectively represent the temperature, the
thermal conductivity of the billet, the specific ssaand the

specific heat. The terv.CT in (32) is the convective term
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due to the motion of the billet an;j(r, z) is the heat source

produced by eddy current in the billet. In 2D cglical
coordinates, the boundary value problem describihg
temperature evolution is defined only in regionatiébatic
condition is considered on the surface of the tille

oT ., 0T 0T 10T a°T
c| —+V— |[=p(r,2)+ A | —+——+— 33
p[at az] P(r.2) t[ar2 ror 622] 9
a_T =0
or r=Ry (34)

T(r,z,t=0)=30C

The problem is solved with 2D finite element softeva
(COMSOL). The induced poweaensity is evaluated using the
electromagnetic problem with a constant linear eigyoV of
the billet. The source term for the heat transfebjem is the
one given by (26).

Fig. 19 gives the transient temperature profil¢hatcentre
of the conducting billet. The linear velocity ofethbillet is

8

535

530

Temperature (T)

525

520

515
0

0.03
Coordinate r (m)

0.04

Fig.20: Temperature distribution in the billet uesshe radial distancefor
V=0.62 m/s and=200 A/mn? at timet=150 s.

constant and equal ¥ = 0.62 m/s and the current density in 1he maximum temperature 1543°C on the surface of the

the superconducting coil is fixed d= 200 A/mni. The
corresponding induced heating powethe billet is about 200
kW. We observe that the temperature inside thethilcreases
almost linearly because the boundary conditionhensurface
of the billet is adiabatic. The rise time to he@ tonducting
billet from 30 °C to 500 °C is about 145 s.

conducting billet and the minimum one T&517°C at the
centre of the billet. This result shows that thegerature is
sufficiently homogeneous in the billet (within 5%yhich is
suitable for press forming operation.

It is important to keep in mind that the analysseloped in

Fig 20 shows the temperature distribution inside thth® Paper is a simplification of a 3-D problem t@-® one.

conducting billet along the radial distarrcatt = 150s.
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Fig.19: Transient temperature profile at the ceotehe billet forvV=0.62 m/s
andJ=200 A/mnf

Indeed, we have supposed an infinitely long cylindbereas
the length of the cylinder is finite. The end effecignored so
the power density in the end regions of the cylindél be
smaller than in the centre of the billet. This banshown only
with a 3D analysis.

VII.

In this paper, we have presented a new structure
induction heaters for aluminium billets. The devamnsists in
using a strong DC magnetic field created by a supetucting
inductor in which the conducting billet is actuateg a linear
movement at a constant velocity.

An analytical model for the magnetic field distrilmn in
the billet has been developed, and then the eddgrts and
the induced heating powdrave been evaluated. The results
obtained using this model are validated throughefinlement
computations. The analytical model has been usstltty the
effect of the geometrical parameters on the perdoce of the
induction heater. It has been shown that an optirdigtance
exists between the superconducting coils to obttia
maximum induced powen the billet. By solving the thermal
problem, we have also shown that the heat powdisisbuted
in the heart of the billet, so the temperature uffigently
homogeneous in the billet and satisfies the remerd for
press forming operation.

CONCLUSION
of
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The considered model being a 2D one, it will prdpdie
necessary to develop a full 3D model in order toswer the
end effects. Furthermore, the choice of a constafhtcity
leads to a very long furnace which may be a lindtafor this
heating system. The use of an oscillating systeruldvo
probably be more suitable. Finally, it will be inrent to
consider the end effects as well as the react&ld §ince they
affect the performances of the superconductingscgidsses
and critical current density).
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