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INDUCTION HEATING OF NON-MAGNETIC SHEET METALS IN THE
FIELD OF A FLAT CIRCULAR MULTITURN SOLENOID
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Abstract. The theoretical analysis of electromagnetic processes in the system for induction heating
presented by a flat circular multiturn solenoid positioned above a plane of thin sheet non-magnetic
metal has been conducted. The calculated dependences for the current induced in a metal sheet blank
and ratio of transformation determined have been obtained. The maximal value of the transformation
ratio with regard to spreading the eddy-currents over the whole area of the sheet metal has been de-
termined.
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Annomanyus. IIposeden meopemuueckuti AHAIU3 INEKMPOMACHUMHBIX NPOYECCO8 8 cucmeme UHOVK-
YUOHHO20 Hazcpesa, NpeoCmABIeHHO20 NIOCKUM KPY2O8biM MHO20BUMKOBHIM CONEHOUOOM, PACNOJIO-
JHCEHHBIM HAO NJIOCKOCHIbIO MOHKOAUCIO8020 HeMasHumnoz2o memania. llonyuensl pacuemuule 3a6u-
cUMOCHU Ol MOKA, UHOYYUPOBAHHO20 8 TUCHOBOM Memallie, Kod(duyuenm mpaunchopmayuu u e2o
MaxkcumanbHoe 3Havenue.

Knrouesvie cnosa: unoykyuonusli Hazpes, UHOYKMOPHASL cCUCmeMda, UHOYYUPOBAHHBIU MOK, BUXDeable
MOKU, Hacpeg Memaid.

IHIYKIIAHE HATPIBAHHSI HEMATHITHUX JJUCTOBUX METAJIIB
¥ OBJIACTI INIOCKOT'O IAJITHAPUYHOT'O BATATOBUTKOBOI'O
COJIEHOI 1A
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Anomauis. [Iposedeno meopemuunull aHANi3 eNeKMPOMASHIMHUX NPOUECI8 y cucmemi iHOYKYIUHO20
HA2PIGaHHSs, SKUL NPeOCMABeHO NIOCKUM KPY2o8uM 0a2amosumKosuM COJICHOIO0M, PO3MAUOEAHUM
HAO NAOWUHON MOHKOIUCIOB8020 HeMacHimuo2o memany. Ompumano po3paxyHKo8l 3alelNCHOCME OJis
cmpymy, iHOYKOBAHO20 6 JUCHOBOMY Memaii, Koeqiyienm mpaunchopmayii ma oo MaKCumManibhe
SHAYEHHS.

Knrouosi cnoea: inoyxkyitine Hacpieanus, iHOYKMOPHA cucmemd, iHOYKOBAHUU CIPYM, GUXPOGI CIp)-
MU, HAZPIBAHHS MEMAT).
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Introduction

Statement of the problem. Induction heating
(IH) is heating of a metal object called «a blank»
by electric currents. The latter are induced by
variable magnetic field of an inductor (single-
turn or multiple-turn solenoid). Flow of the ed-
dy-currents is accompanied by heat liberation
determined by the effect of Joule-Lenz's law,
which results in the object heating [1, 2]. This
effect has found a wide industrial application in
performing a whole number of working opera-
tions, for example, quenching the surfaces of
metal products, non-contact heating of liquids,
levitation melting of metals, etc. [3, 4].

Publications analysis

Among the latest works devoted to IH there
should be mentioned those, which in details de-
scribe processes in instruments of the method —
generators of transverse magnetic field [5] and
generalize the results of integrated studies pre-
sented in Russian as well as foreign literature,
describe the methods of calculating integral
characteristics of the heating processes and the
results of physical experiments on industrial
units [6].

Interest in IH has been observed in vehicle re-
pair technologies. Here production operations on
glass removal, cleaning lacquer coatings, dis-
connecting bolt joints, softening car body metal
coatings before planishing dents, etc. [7].

The idea of using the induction pre-heating in
magnetic-pulse metal treatment was suggested
yet in the eighties of the 20th century [8]. The
authors of the proposal developed and created the
system initiating the flow of current in the work
tool coil till the moment of force impact. The in-
duction pre-heating allowed sufficient increasy in
magnetic-pulse deformation efficiency in whole.

Following the logic of the first proposal of the
work authors [8] positive results can be expected
at using IH in production operations with mag-
netic-pulse attraction of preselected areas of thin
metals particularly in operations on external
planishing of car body elements [7, 9].

A single-sided induction heating system based
on IGBT is proposed in the article [4]. Authors
have a simulation of the single-sided induction
heating system in ANSYS. He simulation results
are compared with the experimental results.

And also authors estimate the temperature dis-
tribution model by the least squares theory.

From the above-mentioned, it is clear that IH of
nonferromagnetic materials in the field of a flat
circular multiturn solenoid presents a quite urgent
scientific and technical problem, which solving is
required for production operations to repair
vehicles.

The objective of the research

The objective of the research is theoretical anal-
ysis of electromagnetic processes in the system
for induction heating presented as a flat circular
multiturn solenoid placed above the plane of
thin sheet non-magnetic metal.

Electromagnetic processes

When making calculations analytical dependenc-
es for induced currents obtained by the authors of
the works [10] can be used. The design model in
the cylindrical coordinate system with unit direc-

tor vectors é,., é(p, e, is presented in fig. 1.
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Fig. 1. The design model of the system
«inductor—blanky»: /(f) — alternating-current
source; 1 — multipleturn solenoid; 2 — flat
sheet blank

The assumptions accepted.
1. The system has axial symmetry, so that

9 =0 (¢ —polar angle).
o

2. The inductor — a flat coil (the number of
turns w), which thickness is quite small and its
metal is so «transparent» for the existing fields
(A—0) that has no effect on the taking place
electromagnetic processes.

3. In the inductor there flows the harmonic cur-
rent /(f), which time parameters allow using in
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calculations a known condition of  quasi-
stationary electromagnetic processes so that

() . .
—- ¢ <<1 (here o is a circular frequency of the
c

process, ¢ — light velocity in the vacuum condi-
tion, / — the most common geometrical dimen-
sions of the system).

4. The radial length of the sheet blank is quite

large, so that i<<1, where d — the metal
Ry

thickness, R , — internal and external radius of

the field inductor.

The results of the works of reference [9, 10],
where electromagnetic processes were studied in
the system similar to the considered one but
with a single-turn field magnet/inductor we
rewrite in a form convenient for numerical
estimates.

h
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excitation current;w — number of turns; R, —
internal and external radius of the inductor; j(¢) —
time dependence of the current in the inductor;
t — time;
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fly) — the function describing radial distribution
of the current density in the inductor; 3, — roots
of equation
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Taking into account the specifics of the present
task and in accordance with the accepted

assumptions the expression (1) can be rewritten
as follows:
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where f(x)z—2 I y-Jiy(y)-dy — corres-
X R,
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ponds to uniform distribution of the current

2,2
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density in the inductor; | cos p*e T -

convolution function corresponds to harmonical
time dependence of the excitation current;

J(©)=sin(p) (¢=wm-t — signal phase);
(pi+’)
E—C

cosp*e  OT =

o )
= ICOS(n) e of dn;
0

T = pyy-d* — specific time of the field penetration
into conducting layer with electric conductivity
v and thickness d.

Integrating the expression (2) on re[0;R] we
find intensity of the current induced in the metal
of a sheet blank in the circle of radius R.

4-4-
I,(r<R0)= (Im -T_;‘:)]x

% L R
x!f(x)-x-e d -(I—JO(xEDx
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(B2+)

XOO M * - ot ¢
ga(k) .0 cos p*e .(3)

The ratio of transformation is determined as the
amplitude ratio of the excitation current and the
current induced in a blank in the circle of radius
R (area: r <R).

Jq)max(R) _ 4dW x
L,  ((R,—R)

o h
x!f(x)-x-e_x"-(I—Jo(xgjjx

(Bi+x*)
XOO F;f(x’Bk) %, ot
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K(R,0)=

dx. (4)

max

From the dependence (4) it follows that the ratio
of transformation on the current is directly pro-
portional to the number of turns in the primary
coil, thickness of the sheet metal and radius of
the circular zone where excitement of the eddy-
currents is considered.

Varying the mentioned above parameters allows
intensifying electromagnetic coupling between
the excitation and induced signals thus raising
the level of energy transformation in the metal
of the sheet blank.

The maximum value of the transformation ratio
is observed at R—oo taking into account distri-
bution of the edd-currents over the whole sheet
metal surface.

From the equation (4) we obtain

q)max (R - OO)

max
1
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XOO F;f(x’Bk) %, ot
ga(k) ,(x) cosp*e

dx. (5)
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Formulas (2)—(5) are the relations permitting to
perform all required numerical evaluation of
quality of the processes in the investigated sys-
tem “inductor — sheet blank™ with regard to all

peculiarities determined by the prosesses of the
field penetration at IH of thin metals.

Conclusions

The main results of the theoretical analysis of
parameters of the induction heating process of
non-magnetic sheet metals depending on their
electric conductivity and the time characteristics
of current in the coil of a flat multi-turn inductor
come to the following statements.

1. The ratio of transformation in the investi-
gated system is determined by the ratio of effec-
tive depth of penetration of the field into the
conductor and the thickness of the latter, which,
to a certain extent specifies the degree of disper-
sion of concentration of electromagnetic energy
in a certain part of the metal sheet blank.

2. The maximal value of the current trans-
formation corresponds to the current operation
frequency in the inductor calculated for the
equation

1
TC'(dz'lvlo"/)

9

f =
max

where d — thickness; 1y — magnetic conductivity
of the vacuum;y — electric conductivity.
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