where S;=®..:/%..; are the shielding factors for indi-
vidual shells. #,;;/%w; in (13) and (14) represent the
reluctances of air spaces between corresponding shells
that are normalized to the reluctances of the shielded
areas.

Reluctances #;;; in (14) can be easily calculated ac-
cording to (6) and (8), taking into account the previous-
ly made assumption about the uniformity of the mag-
netic flux distribution within air gaps between the
shells and assuming that the thicknesses of the shells
(see Fig. 6) are small in comparison with their diameters
and air gaps between them (practical case):

-‘%m ] [s; 1.[/—4 7 Vj = Vi V’:
=== = = = 15

Rint linti /A V; Vi (15)
For multiple concentric cylinders, (15) can be rewritten
as follows, considering that V,;=A,X4 and V,=A;x 4
(see Fig. 5(b)):

R ij A;

kB ] =L, 16
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Finally, by considering (15), (16) and the recursion in
(13) and (14), a general solution for n concentric cylin-
ders can be written:

~1+zs,+"z]%ss,(1—‘44‘?)

i=1j>i

n—2n—1 n
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A—3n-2n—1 n (17)
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Equation (17) exactly reproduces (5). We can conclude
therefore, that the magnetic circuit approach enables
both qualitative and qualitative descriptions of mag-
netic shielding with single and multiple concentric cyl-
inders.

The developed equivalent magnetic circuits clearly
demonstrate an advantage of introducing air spaces
between the shield shells. For a shield with no air gaps
(Fig. 2(a)), elements representing in Fig. 2(b) reluctances
of the shielded area, %, and the shield shell, &, ,, are
connected in parallel to the ‘flux source @,.. For a
relatively large value of the @in/%«, ratio, magnetic
flux, @i, lowing through .. is in direct proportion to
A1 (see (7). According to (6), #s ¢ is in inverse propor-
tion to the permeability and the shield thickness.
Therefore, for a solid shield, with no air gaps, the shield-
ing factor, @.../®;., is proportional to the x and ¢ (see (8),
(9)). Dividing a solid shell into two shells and introduc-
ing an air gap between them (Fig. 3(a)) principally
changes the shield's equivalent scheme (Fig. 3(b)). If the
air gap in Fig. 3(a) is relatively narrow and its reluc-
tance, #. 2, is comparable to that of the shells, Z.,, and
R, then these two latter reluctances can be consid-
ered as not decoupled by the #,,.. In this case, the
behavior of the equivalent scheme in Fig. 3(b) resem-
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bles the behavior of the scheme in Fig. 2(a), and the
effect of the permeability and thickness of the two
shells on the shielding factor is additive. Increasing the
gap width decouples the %, from the #, . and causes
magnetic flux, @y, lowing through %#.,, to be in direct
proportion to the %,,,. Magnetic flux flowing through
Aine 18 in direct proportion to the %, , as was mentioned
above. Hence, the total effect of the %, , and the %, on
the @, is multiplicative. Therefore, an introduction of
spaces between the shield’s shells allows one to save an
amount of the magnetic material, keeping a constant
shielding factor or vice versa, it allows one to increase
the shielding factor, keeping a constant amount of the
shielding material.

4. Conclusions

The usefulness of the magnetic circuit concept for
illustrating magnetic shielding mechanism has been
demonstrated. Equivalent magnetic circuits for both
qualitative and quantitative descriptions of single and
multiple cylindrical shields are developed and
analyzed. The analysis resulted in formulas describing
the transverse shielding factors in terms of the reluc-
tances of the shielded area, the shield shells, and the
spaces between the shells. In order to simplify further
analysis, it is assumed that flux density is distributed
uniformly throughout the shield parts, including the
shielding material and the spaces between the shells.
This allows a simple and straightforward evaluation of
the corresponding reluctances. It is interesting that the
finally developed equations exactly reproduce well-
known approximate analytical shielding formulas. The
described approach, assists in a simple and comprehen-
sive illustration of magnetic shielding. It also anables a
deeper and more straightforward physical insight into
the shielding problem. The proposed simple physical
model can assist in a more conscious and effective
employment of numerical methods.
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