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1. Infroduction.

When a metal swings in a magnetic field that is non-uniform or
discontinuous, the damping forcs (the retarding forece proportional to
the velocity) is generated by Foucault currents induced in the metal.
Walterhoffen” was the first to devise an apparatus showing skilfully
the damping effect of IFoucault currents, while Galitzin® applied the
damping to his Zsllner pendulum seismometer, in which a horizontal
copper plate moves in the field produced by a pair of strong horse-shoe
magnets fixed above and below it. Heretofore magnetic damper of the
Galitzin type have been used for pendulums of long period. The
magnetic damper has the advantage over other dampers in having a
damping force that is strictly proportional to the velocity, but as its
damping force is comparatively sraall, it has only a limited application
and is consequently not used except in the case of pendulums of com-
paratively large period. By using an electromagnet a strong field can
be obtained and the damping force becomes strong, but difficulties arise
in the case of continuous observations. The study of magnets, however,
has advanced remarkably of late, and materials with large coercive force
have been made availabe, so that by their use stronger magnetic fields
can be obtained, which enables the magnetic damper to be used in
various ways.

In designing a magnetic damper, we must predetermine the magni-
tude of the damping force that iz to be produced by a given magnetic
field and a given size of metallic plate. Galitzin investigated the
damping force of his magnetic damper, changing the distance of the
poles and the thickness of the plate, but without touching on the

1) A. v. WALTERHOFFEN, Wied. Ana., 19 (1883), 928.
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general problems. Suda® experimented with a magnetic damper of
Galitzin type and wrote on some subjects. In designing a magnetic
damper the effect of the area of the metallic plate must be known. The:
problem is discussed in this paper.

2. The Mathematics of a Simple Case.

The magnetic damper of a seismometer generally has the form
shown in Fig. 1; «, b. Since type '
a is equal to two of type b arranged
side by side, we need consider only F
type 0. We have the following general

electro-magnetic equation : s
rotE:-ﬁ Y]
‘ at ‘
T

true everywhere in conductive and non-
conductive media, where E? is the
electric potontial gradient, B the

gnetic flux density, and ¢ the ti “ b
mab-ne 1¢ Hux density, an : .1e me Fig. 1. Two types of magnetic
(all in c. g. s. elctromagnetic units). If damper.
the change of phenomena with respect to time is not very rapid, the
following relation holds in a conductive medium :—

G=od, e @)

where 4 is the electric current density, and o the specific electric con-
ductivity of the medium. We have therefore the equation

roti= —o 2B L )
ot
true for any point in the conductive medium, the meaning of which is
that rotation of electric current is induced in the conductor at the place
where the magnetic flux density changes with time. We shall now
consider the case in which a metallic plate moves in the field that is
produced between the poles of a magnet of rectangular cross section, as
shown in Fig. 1, b. TFor simplicity we shall assume that the magnetic
flux density between the poles is everywhere uniform and zero in the
space outside it, and also that the area of the metallic plate is infinitely

3) K. Supa, Umi to Sora (i & 22), 2 (1922).
4) The letter of gothic type represents a vector quantity.
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large We can then easily calculate the retarding force that acts on
the metallic plate. We assume that the metallic plate is crossed by the
magnetic flux in the area ABCD shown in

Fig. 2, that the sense of the magnetic flux _ 4 D
in the figure, points upwards, and that the
plate moves toward the left with velocity

v. The changes in the flux density B «,| L7

crossing the plate then occur at the two f— x| B:8, -0
margins AB and CD, but in the space in- | ¢

side ABCOD, B=constant=28, and outside B 5 C

it, B=0. If we denote the line element of Fig. 2.
AB by da, then we have

%d',:—]?,,fuda, R )
that is,
rotido=cBovda, .................. 5
at the margin 4B. And
robd=0 ... ... (6)

except on lines 47 and CD. TIlence the current density ¢ produced
in the plate at distance 7 from da is

[ ot e, ] da

2

27y

— [Borlveda e (D)
ot e
When the electric currents flow in a magnetic field the mechanical force
acts on the conductor. This is expressed by =[¢, B], where f is the
mechanical force. The retarding force acting on ihe elemental volume
of the metallic plate Ddady (D) is the thickness of the plate) there.
fore is
if = Bive D cos@da dx dy
Qary

Bive Dedadzdy '
= - - el (8)
27|’ + (y — @)’}
So that the retarding force f arising from currents induced by the
magnetic flux changes at line AE is

= Boza-D zdy
fdfdj%+@a) ...... 9)

.
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where o and @ are respectively the longitudinal and transversal lengths
of the rectangular field. The retarding force is produced by the
magnetic change at line CD in the same manner, and as a result the total
retarding force f becomes 2f’. Hence

f=CBiva Do

_OweD L 10)
S b
and
1 e 1 a g\ 18 o
=1 [otan-1® 1 & ,,(1 18, «e(l -> 11
—[2tan ,3+2:80g +a2) 5 o 08 +B'} (11)

where ¢ is the total magnetic flux and § is the area of the field. As
will be seen from the expression, the retarding force is proportional to
the velocity of the plate, to the square of the total flux of the field, to
the thickness of the 1.0 I
plate, and to the I —
specific conduectivity ’ —
of the plate, but in- P
versely proportional TO{, | ‘
to the area of the I
field. The numeric- 7 :
al value of the di- /
mensionless quanti- |

ty C depends on the 0 T T T CR
ratio of o and B, %

that is, the geome- Fig. 3. Value of C when the size of the metallic plate
trical size of the is infinitely large. (o« and B are respectively longi-

tudinal and transversal lengths of the field.)
pole of the magnet.

The numerical values of ' corresponding to various values of a/B are
shown in Fig. 8. The value of C increases with that of o/B, and C=0'5
when «/B=1; that is, the sectional size of the pole is a square, and it tends
to 1 when /8 becomes infinite. For this reason, in order to obtain larger
damping force it is necessary that the magnetic field shall be contracted
and that the pole of the magnet shall be of a shape with its longer
side in the direction perpendicular to the motion of the metallic plate.
In the above we calculated the damping force when the area of
the plate is infinitely large. However, even should the arca of the
plate be finite, the forms of the obtained equation (10) will be maintained,
only the value of C' becoming smaller. In this case the value of C is
determined not only by the geometrical size of the pole but also by
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that of metallic plates as well. We examined by experiment the value
of C with respect to various sizes of poles and metallic plates. They
will be dealt with in the next section.

3. Experiments.

We constructed an experimental apparatus as shown in Fig. 4. A
brass pendulum (2/) is suspended from a steel knife edge (K). Under
the pendulum mass a copper plate of (77)

a certain specified area is attached by <]jR
means of screw (S). The pole pieces of L
an electromagnet are fixed by bolts (B), <

which enable us to alter the size of the
pole. On the knife edge a lens-mirror (L)
is fixed for optically recording the decay
curves of the pendulum. A rolled plate of

cm

electrolized copper 1:0 mm. thick, was used M

for the metallic plate. The areas of the plate P

are from 4™ x5 to 10°x10°". The area i A
of the pole is of three kinds, 38°"x4™, ol NG
4% 8 and 4°™x4°". The distance be- P
tween the poles was in all cases about 4™ T
The total flux of the electromagnet was I
measured by a ballistic method, using a /‘M\

¢ 3 o B ’ cnl cm

search coil hzw.mc AN are 1. of 6°™x6°™. Fig 4. Exporimental apparatus.

The damping force acting on the copper ¢ coil for electromagnet, P pole

plate can be calculated from the decay piece, B bolts, T copper plate, S

. . screws, M mass of the pendulum,

curves of the free oscillation of ths pendulum, & knife edge, I lens-mirror, I
that is rectangular prism.

< )

f:9'2103><# per unit velocity, :
e (12)
1" = T'V1+0-5372048,
where I is the moment of inertia of the pendulum system, 7 the distance
from the axis of rotation of the pendulum to the centre of the plate,
A the logarithmic decrement (the common logarithm is used), 7" the
apparent period of the pendulum, and 7' the natural period of the
pendulum. In this case the resistance due to friction of air and of
the knife edge ought to be taken into account, but in the present ex-
periment they were found to be negligible.

~.

.
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4. Experimental Results.

First we tried to see if the damping force depends on the amplitude
of the plate or not. For this purpose the logarithm of the double-
amplitude was plotted as ordinate and the time as abscissa, an example
of which is shown in Fig. 5. It will be seen that the points all lie
on one straight line. From this we may conclude that the damping force
does not depend on the amplitude, even though of fairly large amplitude.

3

—

D n OV D007

— 5 —

Toral #1ux = §-84x10° Maxsey

s

a5}

Double amplitude of the plate.

o

Time

Fig. 5. Showing that the logarithmic decrement does not
depend on the amplitude of the metallic plate. 7" is the
apparent period of the pendulum.
Next we changed the total flux of the electromagnet by controlling

the electric current of the coil and measured the damping force. The

result is shown in Fig. 6. 005
The logarithmic decrements )
are in linear relation to the . ool &8
square of the total flux ; that g T;/i‘j’;”
is to say, the damping force 5 003k :
is proportional to the square =
of the total flux. § ouak
As already stated in the =
second paragraph, the damp- gn ool
ing force acting on the = §
metallic plate is expressed :
by the equation (all c. g.s. 0 30 20 50 30 100 (x10°)
eletromagnetic units) Square of the total flux

Fig. 6. Showing that the logarithmic

_ CQdeD : decrement is proportional to the square

f = L per unit . of the total magnetic flux of the field
S velocity, (in Maxwell).
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where ¢ is the total flux, o the specific conductivity, D the thickness
of the plate, S the area of the pole, and C the dimensionless quantity
determined by the geometrical size of the pole and the plate. We used
pla,‘tes of various size and determined the values of C by using the

above expression.

Throughout, the experiment the thickness of the

plate was constant (1'0mm.). The experiments were as follows:

Experiment. No. 1 No. 2 No. 3 No. 4
Sectional size of ’ th 1 rectangle rectangle rectangle circle
al size ¢ pole. 4em x (em 4cm x 8cm Jem ¢ 4em dia. =4cm
Distance between the poles. 4-8mm 4-2mm 4:2mm 4.,9mmu
, . Maxwell Maxwell Maxwell Maxwell
Total magneite flux. 908 x 10" 884 %107 7:66 x 10° 908 % 10*

The results
represent the longi-
tudinal and the
transveral lengths of
the plate respective-
ly. In the case in
which the size of the
pole is a rectangle,
when B is constant
when A becomes
more than twice e,
the increment of the
value of C is as-
symptotic (Fig. 7, a,
0, ¢). But when 4
is constant and B
increases, the value
of C slowly ap-
proaches the as-
symptotic value (Fig.
8, a,b,¢). We sce
from this that, so
far as the size of the

are shown in

graph (Fig. 7,8 and

9), in which A and B

T T
L T‘ e
t
a8 R=fer
] o]
L —
G
L
— im— e =
] ! —
/ 2 3 - B [} 7 § =
—A
Fig. 7, a.

XY
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plate is concerned, 020 1 ]
in order to obtain a - 8-10
large damping force, ] — ] _
the length of .1 need - ? 371:‘ , —
only be twice e, but ¢ F B-6em
the length of B shou- T ]

1d be at least more
than three times ===
B. In short, the 0 N ¢ i
—4
plate must have Fie. 7, c.
a large length as
possible in the direc-
tion of swing of — ! Q —
the plate. But in R

practice, to make o Befon
the metz.lllic plate C — P
so large is difficult, [

since the seismo-
graph is liable to o R T o
be affected by phy- —d

sical disturba- Fig. 7, d.

nces, such for example as the vibration of the plate itself in an
earthquake. The value of C of the most suitable size of metallic plate
therefore seems to be about 0-2.

R=8cm

9. Remarks.

It is essential that the metallic plate of the magnetic damper shall
contain no magnetic substances. If it does, no matter in how small a
quantity, the retarding force cannot be completely proportional to the
velocity of the plate owing to attraction or repulsion between the plate
and the poles. The disturbance will be evident especially when the
period of the pendulum is comparatively large.  We tried to examine
this disturbance by a torsion pehdulum. To both ends of an aluminium
pipe, two copper plates were attached horizontally and this was suspended
by means of phosphorbronze wire from the middle of the pipe; the
area of each copper plate being 4°"x 5™ (thickness 1'0 mm.) and the
period of the pendulum 20 sec. To the copper plate on one side an
electromagnet (the size of the pole is a circle with diametre 2 cm.) was



490 T. HacIwara. [Vol. XII,

attached. A lens-mirror was atfached vertically to the middle of the
pipe, the mirror reflecting the rays from a light source and forming its
image on a glass scale 1 metre distant from the mirror. Electric
currents were then sent to the coil of the electromagnet and the
deviations of the equilibrium position of the pendulum noted. The

i 'i 4; i 4 Sl — | /E 45—~Dk e
I — 8 — iy perel i —5 —
o o
I 01 T Tow Va i 3
, 7
/
: |
s % 3 W] O—% T
QB
Fig. 8, b.
020 020 T [——
-y ‘ =
. P o -
) L] Tz
o L o A 1 -
T [ I i 7 //i ' =
' Ny v
[ A
, i
iz | : -
Y5 6 7 EREETS & : € 7 T
—D —D
Fig. 8, c. Fig. 8, d.
moment of inertia of the penduvlum T ] | el
being 7'4x10%c.g.s. (the distance - L —
between the axis of rotation and the r = T T
centre of the plate is 15cm.) and ¢ ol = [ —
the period of the pendulum being T -t , |
20 sec.; calculation showed that a ]
force of 0'05 dynes acting on the : | .
plate causes a deviation in the L R 4‘ A
equilibrium position of 1 mm. on the =D
glass scale. But in this test the Tig. 9.

deflexion of equilibrium positior. was not perceived on the scale, even

b
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when the magnetic field had been made so strong that the pendulum
was in a fair state of over damping.

In conclusion, the present writer wishes to express his thanks to
Professors M. Ishimoto and T. Matuzawa for their kind advices and
criticisms in connection with these studies.
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