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3-D FINITE ELEMENT ANALYSIS OF FLUX REFLECTION AND FLUX
CONCENTRATION EFFECTS OF EDDY CURRENTS

T.Yoshimoto, S.Yamada and K.Bessho

ANSTRACT

This paper denls with the flux teflection effect
and the flux concentration effect of eddy currents
induced in a pair of conductors with small elit
between them under an a.c.-excited coil. To perform
this analysis sn fterative method of FEH calculation

vsing four components is applied to the 3}-D model.

By this method, the computer memory for the main
system matrix can be reduced to one sixteenth, compared
with the 3-D methods conventionally used. The model
analyzed 18 2 flux concentration apparatus for produc-
ing & state of high flux density through utilization

of eddy currents.

ITERATIVE 3-D FEM CALCULATION

From the fact that the eddy currents generally

circulate in a finite length conductor, it does not
seem approptiate to use conventional 2-D FEM calcu-

lations for determining the correct distribution and

effects of eddy currents.
Though several 3-D formulations have been pres-

ented, as shown in [1] and (2}, one serious problem

{n this fileld i{s liow to manape the hure system of
equations resultine from four components per each node,
in addition to 3-D structure. The method presented
here can reduce the computer memory for the maln aystem

matrix to one sixteentlh by dividing the total simul-
tanegus equations into four groups and using an ftera-

tive process.

For a three-dimensional, quasi-stationary, eddy
current diffusion problem, one fundamental equation is

derived by combining Maxwell's field equations, and
the othér equation is derived from the fact that the

divergance of the eddy current density should equal

zero,
Those two equations are

—lﬁ-vwmnl QA = -o(juht V) + T (1)

N
.-0{jwA+Vé)~0 (2}

where,
' A t three~component veclor potential
Jgqt source current density
$ : electric scaler potential
iU : permeability of medium
g : conductivity of medium

Applying the Coulomb guage, (1) is divided into three
groups of equations, so that (1) and (2) are rewritten

as follows
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- 3 9MAg+ Juohy = Jgx - (074)y (3)
1

-T?’A}.+jmuh},-..l,5y- (ﬂv¢)y {h}

-—:-v’Az-k JwohA,= Jg, - (aV$), (3)

V- (ojw(A W, + Agliy + A,T;) +074) =0 (6)

where,
A_sA ,A 3 x-, y-, z- components of A

sx’sz'Juz ¢ X

-, y-, z= components of Ji

After FEM formulated by using Calerkin's method
{3), these four groups of simultanecus equations are
golved by an iterative method. In the first iteration,
by glving an arbitrary initial value to ave , AX.A¥,hz
in ()~ (5) are solved and those values are put into
(6) for obtalriing next value of OVd. The new value
is used again to calculate (3)~ (5) in the gecond
{teration. In this way, final converged values of
A A ,A and ¢ can be obtained. Its iteration algo-

rithl 18 shown in Fig.l.

l DESICHNATE ANl INITIAL l

VALUE OF oVvé

IChLCULATE (3}~ (5) l

l AK,AF,ﬂZ

| CALLCULATE v¢é FROM (6) '

FINAL A AL A4

Fig.l Flow Chart of Iteration

1f the number of total nodes and the band width
are assumed to be N and M, respectively per each compo-
nent of A, the number of elements of the band matrix
for calculating each system matrix will be N xH, while
that of whole system matrix is 16 NxM. This memory
saving is very eflective, because the general time
sharing system of the large-sized computer provides a
certain limited reglon to an individual user.
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of the flux density versus slit-width resembles close-
ly in its tendency the experimental data shown in
Fig.5, in spite of using coarsely-divided, simplified
model. We call this phenomencn flux concentration
effect of eddy currents.

Heanwhile, Fip.3 (b) and Fig.4 (b) show most flux
1s reflected on the plate surface. This reflection
effect is observed more remarkably when higler frequen~-
cy 18 used.

Fig.6 (8) and (b) show eddy current distributions
on the central plane and the top surface, respectively,
when the applied frequency is 60 Hz. It must be noted
that circulating eddy currents result from introducing
scaler potential into (1) and (2). The scaler poten-
tial provides a voltage source for eddy currents to be
continuous in a finite dimensioned conductor.

It is observed that concentrated currents flowing 1in
the edges of both conductors contribute to elevate

the flux density in the air-slit. Fig.7 (a) and (b)
show eddy ¢urrent distributions on the central plane

and the top surface, respectively, when the applied
frequency 1s 180 Hz. We can observe skin effect clear-
ly in this case, as expected from the fact that half
the plate thickness 1s 5 mm against the skin depth of

4.04 mm.

CORCLUSION

A flux concentratlion apparatus utilizing eddy
currents is analyzed by using a 3-D iterative FEM cal-
culation. Calculations show that the flux density in
the air-slit can be elevated by the eddy currents in
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(a) at Central Plane (b) at Top Surface

Fip.6 Distribution of Eddy current Density
' for Applied Frequency of 60 lliz

the edpes of both conductors, and the flux is reflected
on the plate surface,

Qur numerical method presented here enables to
decrease the computer memory for 3-D system matrix to
one sixteenth, compared with the methods used so far,
Though this method may be applied to models with
smaller division, it remains to be improved further to
analyze real apparatus in general, |

Hereafter, we have to examine various parameters

of the model, to enhance the effect of flux concen-
tration.
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Fip.7 Distribution of Eddy Current Density
for Applied Frequency of 180 liz



FLUX CONCENTRATION APPARATUS
A flux concentration apparatus uvtilizing eddy
currents Is now under investigation in Kanazawa Univer-
sity for the purpose of producing a state of high flux
density. [4]

lte basic and simplified model shown in Fip.2 is
taken to ensure the effects of eddy currents, as well
as the effectiveness of the 3-D calculation method
mentioned above., One eighth of the whole region is
discretized and calculated, using symmetry, The a.c.
current of the excitinp coil 15 assumed to flow in
sheet form. Two conductor plates are placed in paral-
lel with a small slit. The conductor-pair is non-mag-
netic. Neumann condition i{s imposed on the outer
boundary surface with zero vector potential along
z- axls. Dimension of each plate 18 37.5 mm (width),
80 mm (lenpth), and 10 mm (thickness). 1Its conductiv-
ity 48 8.62x 107 $/m , slit width 10 mm.

Induced eddy currents in both plates show the
effect of flux concentration in the air-slit and the
effect of flux refiection on the top surface. As the
width of the a{r-slit Is narrowed, flux density in it
is strenpthened.

Z
Y
A.C.-EXCITED
COILL
X
CORDUCTOR

AIR-SLIT

Fig.2 Simplified Model
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DISTRIBUTION OF FLUX DENSITY AND EDDY CURRENTS

Calculated distributions of flux density for
applied current of 60 Hz are shown in Fig.3 and Fig.4.
Fip.3 and Fig.4 are for the slit-width of 10 mm and
4 mm respectively, The flux distribution along the
air-slit is shown In the figure (a) for Y-Z plane,
while the flux distribution across the plate {3 ghown
in the figure (b) for X-Z plane. These figures demon-
strate that the flux is concentrated in the air-slit
and reflected on the plate surface.
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Fig.5 Ratio of Flux Concentration (Experiment)

The ratio of the maximum flux denalty of the slit

to the average [lux density of the cell lncreases 1n
inverse relation to the slit-width. The characteristic
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Fig.4 Flux Density for Slit-width of 4 mm



