m ABTOMOOGMNBLHLIA TPaHCNOPT, Bbin. 39, 2016

OBLUME BOIMNMPOCHLI ABTOMOBUIIbHOIO TPAHCIOPTA

VIK 621.318.4

ANALYSIS OF NONMAGNETIC METAL INDUCTION HEATING PROCESSES
BY FLAT-TYPE CIRCULAR SOLENOIDAL FIELD

Yu. Batygin, Prof. D. Sc. (Eng.), E. Chaplygin, Assoc. Prof., Ph. D. (Eng.), M. Barbashova,
Asst. Prof., Ph. D. (Eng.), S. Shinderuk, Asst. Prof., Ph. D. (Eng.),
T. Gavrilova, Assoc. Prof., Ph. D. (Fis.-Mat.),
Kharkov National Automobile and Highway University

Abstract. The article analyzes the electromagnetic processes in the system of induction heating with
estimating the main characteristics of heating the non-magnetic sheet metal. The analytical expres-
sions for numerical estimates of the induced current in terms of the phase of the excitation signal are
presented. The dependence for the heating temperature of the considered circular sheet metal area for
the time corresponding to the interval phase has been determined.
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Introduction rents). Induced currents are induced by an alter-
nating magnetic solenoid field. Their flow is
Induction heating (IH) is heating metal objects accompanied by the release of Joule-Lenz heat,

by induced electrical currents (Foucault cur- which leads to the metal object heating [1-4].
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Analysis of publications

Among the recent papers studied IH we should
mention those describing in details the processes in
the generators of transverse magnetic field [5], and
summarizing the results of complex researches
presented both in Russian and foreign publica-
tions, which describe methods for evaluating the
integral characteristics of heating processes and
the results of physical experiments in the produc-
tion units [6].

The interest to IH exists in vehicle repair technol-
ogies, namely in removing glass, cleaning paint-
and-lacquer coating, disconnecting bolt joints, sof-
tening the metal coating of the body before remov-
ing dents, etc. [7].

The idea of using induction pre-heating in magnet-
ic-pulse metal working was suggested in 1980s
[8]. The researchers developed and created a sys-
tem of initiation of current flow in the coil of the
working tool by the moment of force impact. In-
duction heating allowed to increase enough the
effective magnetic pulse deformation as a whole.

Following the logic of the first statement of the
authors [8] positive results can be expected when
using IH in the processing operations of pulsed
magnetic attraction of preselected sections of the
thin metal, especially in operations of eliminating
the external dents on body elements [7, 9-11].

Purpose and problem statement

Theoretical analysis of electromagnetic process-
es in the system for induction heating, with the
estimation of the main characteristics of heating
the non-magnetic sheet metal by the field of flat-
type circular multiturn solenoid.

The calculated ratio

The estimated model in a cylindrical coordinate
system with the guide unit vectors e,, e,, e. is
presented in Fig. 1, a. The heating of a circular
part of a sheet sample directly below the induc-
tor radius coil — R,, thickness — d from metal
with electrical conductivity — y and density — p
is studied.

We will rewrite the results cited in [12, 13],
where the electromagnetic processes are studied
in the system similar to the one describe above
but with a single-loop inductor, in a form
convenient for numerical estimates.

Fig.1. Flat-type circular multiturn solenoid for
induction heating: a — the calculation mod-
el of the «inductor — workpiece»: /() — AC
power supply; 1 — multiturn solenoid;
2 — flat-type parent sheet; b — a solenoid
model version

Averaging by the spatial coordinates
{z€[0;d],r€[0;R,]} the value of the induced

current can be written in terms of the excitation
signal phase
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The transformation ratio is determined as the
ratio of the amplitudes of the exciting and in-
duced current in a parent sheet in a circle of ra-
dius — R (region: » < R)

K(R,cp)=J"’m”(R) =( 4-d-w Jx
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The dependence for heating temperature of the
considered circular area of sheet metal during
the time corresponding to the phase interval is
A

1 a0

i cyda @) e

0

AT’ =

where M — plate weight, M =p-n-R;; C — spe-
cific heat capacity of the plate metal.

Equations (1)—(3) are the ratio allowing to carry
out all necessary numerical evaluations of the IH
process characteristics in the «inductor — sheet
workpiece» system.

Numerical estimates

Calculations are carried out for the following
initial data: the number of turns in the inductor
coil is w = 20, its radial dimensions is
R=0,0025 m and R,=0,0225 m (the transverse
coil dimension corresponding to the operating
area is 40 mm), the thickness of parent sheet is
d=0,001 m, the gap clearance between the induc-
tor surface and the workpiece is £ = 0,001 m, the
conductivities of nonmagnetic steel and alumi-
num are correspondingly, ys~0,4-10" (Ohm-m)”
and y,~3,75-10" (Ohm-m)”', operating frequency

range is f €[25000; 50000] Hz, the current am-
plitude in the inductor coil is 7,,=10+15 A.

Calculations were performed using a standard
software package «Mathematica 5.1» according to
the following algorithm.

1. By the form of the integrand — f{x), which is the
Fourier-Bessel way to distribute radially the initi-
ated current in the inductor — f{y), the approximate
range of changing the variable of integration — x is
determined where |f(x)| is different from zero, i.e.,
x€[0; x,,.]. The adjustment of this interval of
integration is accomplished for taking x > Xxy. a
priori, by comparing the final calculation results.

The allowed disalignment is ~ 5+10 %.

As numerical evaluation showed, for the accepted
inductor geometry (R;=0,0025 m and R,=0,0225
m) is taken x €[0; 0,8].

2. In the range of values x €[0; x,

3 Xax ] the Toots of
the equation in the formula (1) — B;,=P(x) are cal-
culated for the values of the summation index

k=0,1,2,3...

3. In general, the calculated dependence [;=P(x)
can be approximated by a set of linear functions.
As numerical evaluation showed, for the re-
ceived inductor geometry the approximation by
analytic dependence seems quite satisfying:

By ck-m++2-x.

4. The obtained dependence B;=P(x) is applied in
the integrands of calculating formulas [13, 14].

5. Improper integrals and sums of the series are
calculated using the standard commands «NIn-
tegrate» and «NSumy.

6. The summation in the series is carried out for
different numbers of harmonics. Their calculat-
ed number is considered to be sufficient if the
increase of utmost value «k» does not lead to a
result that differs from the previous one by more
than 5+10 %.

By summarizing the calculation results we can
make the following conclusions.

Non-magnetic steel.

a) f=25000 Hz.

— Transformation ratio calculated by the for-
mula (2) according to the transverse dimensions
of the heated area would be K ~ 15,9+17,4.
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— The sample should get warm for ~ 4 min up
to the temperature ~100 C when the inductor
current is 10 A.

b) /= 50000 Hz.

— Transformation ratio, depending on the
transverse dimensions of the heated zone will be
K~17,4+18,3.

— When the inductor current is 10 A the sample
should get warm for ~ 3 min up to the tempera-
ture ~100 'C. With the current increase up to ~15
A the heating time goes down. If
f = 25000 Hz the process takes less ~2 min. If
f=150000 Hz it takes less ~1,5 min.

The behavior of electromagnetic processes at dif-
ferent operating frequencies is illustrated by the
graphs given in Fig. 2.

— Comparing the indexes of induction heating of
steel samples shows that the increase in the fre-
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quency of the excitation current from 50000 Hz
to 25000 Hz is accompanied by the following
effects. The transformation ratio increases by
nearly ~10 % (from 15,9+17,4 to 19,5+19,7).

— The time of heating to the temperature of
100 °C falls by factor of 1,3.

In general, increasing the current frequency in
the inductor increases the efficiency of energy
transformation from the source to the sheet met-
al and thus the heating efficiency.

From the electrodynamic point of view, it can be
explained by decrease in the effective penetra-
tion depth in relation to the sheet thickness
(from 1,6 to 1,1), that results in decreasing of
scattering of electromagnetic energy used for the
induction heating of the sample.
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Fig. 2. Dependencies of the main characteristics of electromagnetic processes in the steel samples,
a — the current transformation ratio in a circular area of R, radius as a function of phase (¢p=27f'¢)
with the frequency f = 25000 Hz; b — radial distribution of induced current density with the
normalization to the maximum amplitude in the phase @..x=4,39 radius with the frequency
f=25000 Hz; ¢ — the transformation ratio at the frequency f'= 50000 Hz; d — radial distribution of
induced current density at the frequency /= 50000 Hz
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Aluminum.

a) f=25000 Hz.

- The transformation ratio depending on the
transverse dimensions of the heated zone
(r<R,and r<10-R,)is K= 19,5+19,8.

— The heating up to about 100°C at the induc-
tor current ~ 10 A equals ~ 14 min.

b) f= 50000 Hz.

— The transformation ratio depending on the
transverse dimensions of the heated zone
(r<R,and r<10-R,) equals K=19,92+19,98.
— When the inductor current is ~ 10 A the
sample should get heated for ~ 11 min up to the
temperature ~100 °C.

When the current increases up to ~ 15 A the
heating time falls. If f'= 25000 Hz it takes less ~
6 min. If f= 50000 Hz it takes less ~ 5 min.

Electromagnetic processes in time and space are
shown in Fig. 3.
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Fig. 3. Electromagnetic processes in aluminum
at a frequency /= 25000 Hz: a — Current
transformation ratio in a circular area of R,
radius as a function of phase (¢=2m:f7);
b — the radial distribution of induced cur-
rent density with the normalization to the
maximum amplitude in a phase Qm.—=4,39
radius

Comparing the calculations results in the operat-
ing frequency range [25000; 50000] Hz of the
current in the inductor to aluminum samples
shows the following effects.

— Transformation ratio is almost unchangeable
and corresponds to its maximum possible value,
equal to the number of inductor turns.

— Transformation ratio independence on the time
limit of the exciting current is explained by the
fact that in the defined frequency range the ratio
value of the effective depth of field penetration
to the sheet thickness (0,52 + 0,36) corresponds
to the almost total concentration of electromag-
netic energy of the induced signal in the thick-
ness of an aluminum sheet.

In general, although the increase of the current
frequency in the inductor does not increase the
efficiency of energy transformation processes
from the source to an aluminum sheet, but the
efficiency of its induction heating increases. So
with f= 50000 Hz for receiving the same sample
temperature it takes a factor of 1,27 less time
than with the frequency /= 25000 Hz.

The summary of the obtained results of IH pro-
cesses evaluation allows to formulate some rec-
ommendations for choosing operating frequen-
cies of the exciting current at [H nonmagnetic
sheet metal.

1. It is efficient to operate in the frequency
range, when the upper limit is set up by the elec-
tric conductivity of nonmagnetic metal of a
heated sample, which allows raising the effi-
ciency of energy transformation if the frequency
increases, as well as the induction heating corre-
spondingly while reducing the current amplitude
in the inductor coil.

2. While choosing the operating frequency it is
necessary to take into account not only the conver-
sion efficiency of a drive signal into the induced
one, but also to consider its effect on the tempera-
ture of the inductor coil, which is also determined
by the skin effect, i.e., the displacement of the cur-
rent flowing to the metal surface when the fre-
quency of electromagnetic processes increases.

The current density in the inductor coil with the
skin effect in this frequency range is about
2040 A/mm’. In practice this means that when
the system is in continuous operation the exter-
nal coil cooling is required.
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Conclusion

The main results of the evaluation are the fol-
lowing:

1. The transformation ratio is defined in this
system by the ratio of the effective penetration
depth in the conductor and its thickness, which
determines the degree of dispersion or concen-
tration of electromagnetic energy in the consid-
ered metal part of a sheet sample.

2. For the steel samples with low conductivity
the operating frequencies from the calculated
range f €[25000;50000] Hz correspond to a

certain growth of transformation ratio, as its
maximum range lies in the field where fiax-see™
63000 Hz.

3. The fall of transformation ratio value relative
to the highest possible value while reducing the
field size, where the induction process is exam-
ined (up to ~ 10 %) occurs due to «spreading»
of the linear density of the induced currents in
the range of frequencies f €[25000; 50000] .

4. For the aluminum samples with high values
of specific conductivity the operating frequen-
cies from the calculated range
£ €[25000;50000] Hz are sufficiently high,

therefore:

— there is a very slight increase in the transfor-
mation ratio,

— there is nonessential «spreading» of the linear
density of the induced current (substantially ra-
dial distribution is concentrated under the induc-
tor coil) and as a result, there are rather small
differences of the transformation coefficient
values relative to the largest possible value with
reducing the area where the induction is studied.

5. The estimated time of heating up to the tem-
perature ~100 °C with frequencies ~ 25000 +
50000 Hz and the current amplitude in the in-
ductor ~10 = 15 A for thick sheet samples
~1 mm makes up:

— 1,54 min - steel,

— 5+14 min — aluminum.
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