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CHAPTER IX
MAGNETIC MEASUREMENTS

MAGNETIC tests can be divided into two general classes: direct
current tests and alternating current tests. Although they may be
subdivided to a considerable extent, these are the two most distinetly
defined classes of tests. The methods of testing magnetic specimens
will therefore be dealt with under these two general headings.

Direct Current Tests. Such tests are most generally made upon
- solid (as distinet from laminated) materials, the alternating current
test methods being used chiefly for laminated materials,

The two most important quantities to be measured in these tests
are the flux density in a specimen and the magnetizing force pro-
ducing this flux density.

Magnetometer Methods. These are fundamentally the simplest of
all methods of magnetic testing, and were largely used in the early
work on magnetism. Magnetometers are used for the measurement
of magnetic field. Often the horizontal component of such a field
is measured by them. They may be applied, also, to the measure-
ment of flux density in bar specimens of magnetic material, their
advantage for this purpose being that they measure the actual (or
static) value of flux density in the specimen as distinet from methods
such as those using a ballistic galvanometer, which measure a
change in flux density. The intensity of magnetization J of a
specimen is measured by the magnetometer, and the corresponding
flux density B is obtained from the formula

B=4nJ + H

where H is the strength of the magnetic field producing this intensity
of magnetization. For full details of such applications the reader
should refer to the works given in Refs. (2) and (3).

Magnetometers consist essentially of a suspended magnetic needle
or system of needles, the suspension itself having good torsional
elastic qualities and exerting, usually, only a small torsional control
upon the needle.

Referring to Fig. 208, let ns represent a magnetic needle, suspended
at O, and of length I cm. Let n and s be its poles, of strength m units,
and suppose that a horizontal control field of strength H exists in
the direction XX’. If another horizontal field, of strength F', having
o direction at right angles to XX, is made to act upon the needle,
a deflection § is produced. The couples acting upon the needle are
Hml sin § clockwise, and Fml cos 0 anti-clockwise. When the needle

is at rest in the deflected position,
Hml sin § = Fml cos §
3562
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from which the strength of the field I is given by
F = H tan 0

If H is the horizontal component of the earth’s magnetic field—as
it often is—its value can be easily found, from physical tables, for
any point on the earth’s surface.

If the deflecting field is due to a bar magnet in the neighbourhood
of the magnetometer needle, the pole strength of this magnet can
be obtained as follows—

Theory. Referring to Fig. 209, let ns be the magnetometer needle

Fig. 208

of length I and pole strength m. Let NS be the bar magnet under
test, of length L (between its poles) and pole strength m’. Suppose
that both ns and NS are in the horizontal plane and are placed as
shown. Then, the force upon pole % of the needle, due to pole N of

the bar magnet, when resolved into the direction X X' is ﬂz—T cos ¢,

where /, and ¢, are as shown. Pole N will exert the same force upon
pole 8 of the needle, but in the opposite direction to the force on
pole n. The pole § will exert forces of 7% cos ¢, in direction XX’
upon the two poles of the needle in the opposite directions to the
forces due to N. Thus, the deflecting moment upon the needle due
to the two poles of the bar magnet will be

'] [cns &y _cos q.':a]

L lg?
r-— % r 4 %
Now, cos ¢, = S and cos ¢, = = 3 The deflecting moment
2
i8, therefore
- =
r-% r4+3
mm'l 2_ 2
Sy P



354 -~  ELECTRICAL MEASUREMENTS

Tf the needle is situated in a horizontal control field H in a direction
perpendicular to XX, and if the deflection of the needle is 6, then
we have

= L
r-i; 1"+'—2‘
Hﬂdainﬂ=mm'l* I = I cos B
Hence, m = — it&n 0 -
r——2 f+—2"
B i T

from which the ferric induction in the magnet or sample may be
determined (see Chapter I).

RS B 4 2
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Fig. 209. MAGNETOMETER Mx:a.sumnﬁ'

It is assumed that the length I of the needle is small compared
with the distance . :

Instead of using the horizontal component of the earth’s field as
the controlling field, a stronger control field may be used, this being
obtained by using a permanent magnet, or otherwise. The strength
of such a field may be measured by comparing it with that of the
earth by the oscillation method, which forms a simple means of
measuring field strength. The magnetic needle is allowed to oscillate
freely whilst situated in the field whose strength is to be measured,
and the time of one complete oscillation is measured. Let this time
be 7', sec. The needle is then placed in a known magnetic field such
as that of the earth, and the time of free oscillation again measured.
Let this time be T',.

Then, from the expression for the time of one complete free oscilla-

tion, namely .
I

(where I is the moment of inertia of the needle about the axis of .
oscillation, M is the magnetic moment of the needle, and F the

strength of the magnetic field in which 1t oscillates), we have

o
T, = 2F¢JMF1

and T,=2ﬂJm ™ st 2 & {202)
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F, and F, being the strengths of the two fields, the latter being
known.

Hence -—=—==J—
» 271'4/&1— 4

or F.=F. =5 (203)

The magnetometer method has the advantage that it is an abso-
lute method, but the disadvantage that it is susceptible to the
influence of external magnetic fields, and also that it requires the
samples under test to be in the form either of long, thin rods, or in
the form of ellipsoids, owing to the demagnetizing effect of the ends
of bar-shaped samples.*

During the second World War several accurate and sensitive
magnetometers were developed in Great Britain. These took
advantage of the high permeability of alloys, such as Mumetal
(see p. 689) to concentrate the magnetic field. Differential arrange-
ments could be made so that a very small movement of a coil
removed it from the field to be measured. Another development in
magnetometer design is based on the fact that, Mumetal becoming
saturated at a relatively low flux density, it is possible to obtain high
sensitivity by using this alloy in the region of saturation; a small
change in the magnetic field causes a large change in permeability.

A mumetal-wire magnetometer is described by 5. Whitehead
(Ref. (49) ). .

The Ballistic Galvanometer. Before- proceeding with the descrip-
tion of methods of testing bar- and ring-shaped samples of magnetio
material, the ballistic galvanometer and fluxmeter—instruments
which are largely used in such tests—will be described.

The ballistic galvanometer is used to measure a quantily of elec-
tricity passed through it. This quantity, in magnetic measurements,
is the result of an e.m.f. instantaneously induced in & *‘search coil”’
connected to the galvanometer terminals, when the magnetic flux
interlinking with the search coil is changed. Such a galvanometer
is usually of the D’Arsonval type, since this type is least affected by
external magnetic fields. It does not show a steady deflection when
in use, owing to the transitory nature of the current passing through,
but gives a *‘throw” which is proportional to the quantity of elec-
tricity . instantaneously passed through it. This quantity—and
hence the change in the flux producing it—is determined from the
calibration of the galvanometer, as will be described later. The

* Saveral forms of magnetometer are described by D. W. Dye in the Dic-
tionary of Applied Physics, p. 455, amongst which is F. E. Smith’s magneto-

meter for the measurement of the intensity of the earth’s magnetic field.



356 ELECTRICAL MEASUREMENTS

proportionality of the throw only holds if the discharge of the elec-
tricity through the galvanometer has been completed before any
appreciable deflection of the moving system has taken place. For
this reason the moving system of such a galvanometer must have a
large moment of inertia—often obtained by the addition of weights
to the moving system—compared with the restoring moment due
to the suspension. This means that the galvanometer has a long
period of vibration—usually from 10 to 15 seconds in practice. The
damping of the galvanometer should also be small in order that the
first deflection (or throw) shall be great. _

For conyenience in working, a galvanometer which is almost
dead-beat is best, but the damping must be electromagnetic, so
that it may be determined from the constants of the instrument.
Appreciable air damping should not be present, as this is indeter-
minate. A key by which the galvanometer may be short-circuited
saves time in bringing the moving system to rest.

Other important points in the construction of such galvanometers
are that the moving coil should be free from magnetic material, and
also that the suspension strip should be carefully chosen and
mounted to avoid ‘‘set.” The terminals, coil, and connections
within the instrument, should be of .copper, throughout, in order to
avoid thermo-electric effects at the junctions. In the best instru-
ments the suspension is non-conducting, the current being led into
the coil by delicate spirals of very thin copper strip.

Theory. As already stated above, the quantity of electricity
must be discharged through the galvanometer in a very short time,
during which, the moment of inertia of the moving system being
large, the movement from the zero position is negligibly small.
The passage of the electricity through the instrument gives to the
moving system energy which is dissipated gradually thereafter in
friction and electromagnetic damping.

During the actual motion the deflecting torque is thus zero, and
the equation of motion is

d*0 ,db

@ being the moment of inertia of the moving system, b the damping
constant, ¢ the control constant, f the deflection in radians, and ¢
the time in seconds.

As shown on page 261 the solution of this equation is
0 = Aegmt | Bemat
where 4 and B are constants and

- b+ V- dac ~b- Vb —dac
m, = % ; My = %a
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The damping, and therefore b, is small so that both m, and m, are imaginary.
Under these conditions, as on page 262 the solution may be written

b G
H=£2“F.ain( m_b.i-{atx)
2a

F being a constant which may be evaluated from a knowledge of the initial
conditions of the motion. Since b is small a justifiable simplification is

st_%.fr'.uin(f‘/g‘+“)

Initial Conditions. When £ = 0 the deflection & = 0.
Again, if ¢ is the current in amperes at any instant during the

discharge of electricity through the instrument, the torque may be
represented by G4 and hence

. dz0
G = a7s

- T d%0
from which f G di = f & 7 - dt where T = total time of
0 o .

the discharge. Since f idt = the quantity of electricity .dis-
0
charged = Q coulombs we may write

T dé
@l idi=GQ=a-=;
1 i

d6 : : :
— is the velocity of the moving system at the end of time 7, i.e.

dt
at the beginning of the first deflection, since 7 is very small.
We -may thus write (as a.close approximation) when =0,
G - -
a"@

Now, differentiating the above expression for 6 we have

S E

and, whent = 0
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Again, since § = 0 when ¢t = 0

0=¢.Fsin(0+ajor,x =10
df c @
=tz =7

@ fa
or, F=E‘-)‘/,G_..Q

Substituting in the expression for § we have

G ——gi a c
— s 2 ey Syl -
ﬂ—ﬂ.Q.E o 8in, /-

-
-----
q-r"'#

Deflection (radians)

Fig. 210

The deflection at any time is thus proportional to @ and the
motion is oscillatory, the frequency of the oscillation being

E_Ji
2~ N &
2m

The periodic time of the motion is thus

—— 1 a
f_?_z-n"/c

The graph of deflection against time is shown in Fig. 210, the
successive diminishing maxima corresponding to times
7" 37" 571" ' ’
Pyl
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Eubﬁtit-u:ting the values of ﬁim:u in the expression for 0 gives
S D
ﬂl=§.Q.£ t Va :—
aa R
&1 = EE Y4 Y * Vas /‘/::

I

i
——fﬁﬂ-—”-—: =
0 =E.Q.s . ""r'fm,.‘/E

n

(&
6 = —. i
¢ < c T b
6, .
i'= — c
o =57 —be
E 4‘&:_"
_m_b
A7 BB
d E!. € ﬂ__ 2 4fac
2 R T
ES t Vae

T b -
— I —_— .
Hence ,/g-‘ =g g and §’ = 0, 'JtﬂT:
2

Logarithmic Decrement. The ‘‘logarithmic decrement” 1 is a
constant of the galvanometer which is proportional to the damping

and depends upon the resistance of the galvanometer circuit.
From above we have

T b
L ol 7
04
0, = b
so that ﬁg“ﬁﬂ 5/
T _b A
Then ﬂ“:ﬂl'ﬁ‘l‘v‘ﬁ:ﬂlﬁi

4l
O _ 0, _ _0s_y _ 2V _ 4
ﬂ,zﬂl_ ...... 0 -ﬂ-"""—E = £
6, 6, AR
Hlxﬂ.x e nﬂﬂ. —{E}

* This follows since

o]
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oo B An
% Y (&) = #n-1)
or A= = 1 1 loge -g—:
From the preceding equation for the ideal undamped deflection
§’, namely, ' — g . Q g
we have = _@ . 6" coulombs

G

showing that the quantity of electricity to be measured is directly
proportional to the undamped deflection 8.

Since the periodic time 7" = 27 J 2 we have, by substitution,
c

_Vac o _¢ fag _c T

To eliminate the quantities ¢ and @, suppose that a direct current

of I, amperes passed through the galvanometer produces a steady
deflection 6, then

G.I;=¢.0
L
TE=0
Hence, finally
/ L
C=5"79" 0
/SN £ A
or Q=%-§(1+§)e. o (204)
This equation may be written shortly as
Q=K.ﬁl
/A A
where K=Er ﬁ(l_+§)

and must be found by calibration.

Since the value of X depends upon the damping and shunting
of the galvanometer it is essential that the resistance of the galvano-
meter circuit during calibration shall be the same as when the
galvanometer is being used for testing purposes.

Calibration of the Galvanometer. This may be carried out in a number of
ways. Some of the methods used are—

(a) By MEANS OF THE HIBBERT MAGNETIC STANDARD. The principle of this
standard is illustrated diagrammatically in Fig. 211 (a), and its construction in
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Fig. 211 (b). It is manufactured by W. G. Pye & Co. The circular bar magnet
A and iron yoke B have a narrow annular air gap between them (about 2 mm.
width) as shown. Down through this air gap a brass tube, carrying a single
layer coil (of about 1 cm. axial length) in a shallow channel, can slide freely
over a support—attached to 4—which acts as a guide. The brass tube is
released from a fixed position by a trigger and falls under gravity, thus en-
suring that the coil always cuts through the magnetic field in the air gap at
the same rate. The induced e.m.f. per turn on the coil is therefore constant,
By the use of this standard the number of *'line-turns’’—i.e. the product of

_turns on the coil and lines of force through which these turns cut—which

produce an observed throw on the ballistic galvanometer, can be determined
in terms of the magnetic flux in the air gap of the standard and the number of
turns on the coil. By means of tappings on the coil, the number of turns can

et e R

r”

e e
IHIBBER TS STAMD

(a) (5  (W.d. Pye & Co., Lid.)

Fig. 211. HisserT MAGNETIO STANDARD

be altered to give different numbers of line-turns. The number of turns
obtainable is usually from 3 to 100, and the flux in the gap of the order of
20,000 lines, giving a maximum of 2,000,000 line-turns.

Such standards are reliable, and are easy to use, but have the disadvantage
that only fixed numbers of line-turns—in multipleg of (say) 20,000—can be
obtained.

(b) By Meaxs oF A CaraciTor. A capacitor which has been charged to a
known voltage, by means of a standard cell, is discharged through the gal-
vanometer. The quantity of electricity discharged can be caleulated from the
known voltage, and the capacitance of the capacitor. This method is not in
general use owing to the difficulty of determining exactly the capacitance of the
capacitor under all conditions, and also because of the fact that the damping
of the galvanometer during calibration is different from that during testing.

() By MEANS oF A STANDARD SorENorp. This method is most commonly
used for calibration purposes. A standard solenoid consists of a long coil of
wire wound on a cylinder of insulating and non-magnetic material. There
.may be one or more layers of wire, but the design is such that the axial length
of the solenoid is large compared with its mean diameter. Usually, the axial
length is at least 1 metre, while the mean diameter is of the order of 10 cm.
The winding must be uniform and the number of turns per centimetre axial
length should be such that & strength of field H of 100 or more is obtained
at the centre of the coil when carrying its maximum allowable current. If
the axial length is great compared with the mean diameter, the field strength
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in the neighbourhood of the centre of the core of the solenoid is uniform and
is given by
4 NI

~10L
where N = No. of turns on the golenoid,

H

I = the current in amperes flowing in the winding,
L = the axial length in centimetres.

If this condition as regards axial length and mean diameter is not fulfilled,
the field strength at the centre is given by

4 NI
H=k. 351 - . (208)
| d aN:  IL? |
i (’+§)+4/(f+ E) 7
wh&r& k=E — —

log, —
d d\? L3
(f—§)+4/("‘§ +T

where d — the radial depth of the winding on the solenoid in centimetres,
r = mean radius of the solenoid in centimetres.

If the radial depth, d, is small then, as seen in Chapter 1, the field strength
at the centre of the solenoid is given by

it NI
H=ETEDBE

where 0 is the angle subtended at the centre of the coil by the mean radius r

at one end of the coil, i.e. § = tan™!

vaf = wal Bl 4

NI

Thus, H = I mj,

T ke
lﬂ/‘/rl+(%)a

At the centre of the solenoid is wound a small secondary coil, usually of
several hundred turns of thin wire. The axial length of the secondary coil
should be small, and it may either be wound over the solenoid, or placed
within, and coaxial with it. In either case its dimensions must be accurately
known.

This secondary coil is connected to the ballistic galvanometer, and a meas-
ured current is passed through the solenoid from a battery, through a reversing
switch (Fig. 212). An emm.f., producing a throw of the galvanometer, is
induced in the secondary coil when the solenoid current is reversed. The
number of line-turns producing this throw is obtained from the known value
of H at the centre of the solenoid, and from the number of turns and dimen-
gions of the secondary coil. For example, suppose that H at the centre of the
solenoid is 60 when a certain current 18 flowing in ib. Suppose, also, that the
secondary coil has 400 turns, and that its mean area 18 15 sq. om.

al%

T TR e 0 Gy

or
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Then, Flux threading through the secondary coil = 60 x 16 = 900 lines
No. of line-turns 800 x 400 = 360,000

Change in the number of line-turns during
reversal of the solenoid current = 720,000
!

_ Other methods of calibration of ballistic galvanometers, using a Duddell
inductor or standard cell and a known current, are given by T. F. Wall (Ref.
(2) ) and by D. W. Dye (Rei. (3) ).

Ust OF THE BALLISTIC GALVANOMETER FOR THE MEASUREMENT
oF MacoruTioc FLux. Referring to Fig. 213, in order to measure

af istic
: Galvanometer

u-—“\—:

Solenoid (N turns)

N
Fig. 212. BALLISTIC GALVANOMETER CALIBRATION BY STANDARD
SOLENOID

the flux in the ring specimen of magnetic material corresponding
to & given current / in the magnetizing winding which is uniformly
wound on the specimen, a search coil of a convenient number of
turns is wound on the specimen and connected, through a resistance
and calibrating coil, to a ballistic galvanometer BG' as shown.
The magnetizing current I is reversed, and the galvanometer throw
6 observed, the change in the flux produced by the current reversal
being given by kKO' where 6’ is the undamped deflection (i.e.

Bl(l -+ g and K is the ballistic galvanometer constant, obtained

by the use of the calibrating coil, which forms the gecondary coil
of a standard solenoid as previously described. k iz a constant
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depending upon the resistance of the galvanometer circuit and
number of search coil turns.
Theory.
Let N = No. of turns on search coil.
,» ¢ = flux embraced by the seagch coil.
,, R = resistance of the ballistic galvanometer circuit.
{ — the time (in seconds) taken to reverse the magnetizing
current (and hence the flux ¢).
I

Search
Coil

1

Ring
Specimen

Magnet zing
Winding ]
Calibrating
Coil
i P .
—— Reversing
Switch
IA 22
d.c.
Supply ©

Fig. 213. Frox MEASUREMENT BY BALLISTIC GALVANOMETER

Then, e.m.f. induced in search coil upon reversal of the flux

=N d?tf X% 10-8 volts

Average e.n.f. induced = N X 2—:6 X 1078 volts

Average current in the ballistic galvanometer circuit

2¢ . 108
=N><E>< 108 amp

Quantity of electricity discharged through the galvanometer
during ¢ sec.
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Y fi ?fé % & % 108 coulombs

tR
No . 10
= 2 & X 10
But this equals K§'.
Hence, the flux in the specimen is given by
REKO' x 108
P = I (207)
B x 108
so that k= i

The Grassot Fluxmeter. This instrument is really a special type

‘of ballistic galvanometer in which the controlling torque is very

small and the electro-magnetic damping is heavy. The construction
is illustrated by Fig. 214. :

A coil of small cross-section is suspended from a spring support
by means of a single thread of silk, and hangs with its parallel sides
in the narrow air gaps of a permanent-magnet system, as shown.
Current is led into the coil by spirals of very thin, annealed silver
strips. By this construction the controlling torque is reduced to
a minimum. The instrument is usu- )
ally fitted with a pointer (attached T <—Cpring
to the moving system) and a secale, S Gilk Fibre
although it may also be used as a Suspension
reflecting instrument. The scale is
graduated in terms of line-turns.

The instrument is very portable
and, although not so sensitive as a
ballistic galvanometer, it has the
great advantage that the length of N
time taken for the change in the flux
producing the deflection need not be
small. The deflection obtained, for

a given change of flux interlinking ¢ 3
with the search coil connected to the Frg. 214. Grassor
instrument, will, in a good instru- FLUXMETER

ment, be the same whether the time
taken for the change be a fraction of a second or as much a8 one
or two minutes.

If no controlling torque were present the instrument would
remain in its deflected position indefinitely. Actually the pointer
returns very slowly to zero, but readings may be taken by observing
the difference in deflection at the beginning and end of the change
in flux to be measured without waiting for the pointer to return to
zero, the scale being uniform. The resistance of the search coil
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circuit connected to the fluxmeter should be fairly small, although
its actual value is not important, a variation in this resistance of
several ohms usually having a negligible effect upon the deflection.
The inductance of the search coil circuit. is also unimportant, and
may be quite large, with negligible effect upon the deflection.

Theory of the Fluxmeter. Assume that the controlling mrqué- is negligibly
small, and also that air damping and friction are negligible.

Let N. = No. of turns on the search coil which is connected to the
fluxmeter terminals. 3 '

r, and [, = the resistance and inductance of the search coil circuit.
R and L = the resistance and inductance of the Auxmeter.

e, = the e.m.f, induced in the search coil at any instant.

e, = the e.m.f. being induced at any instant in the fluxmeter
coil due to its movement in the permanent-magnet field.

+ = the current in the circuit at any instant.

d
T]:um:l:i e, =N, 'd_f
where -d'—f is the rate of change of flux linking with the search coil.
db
AJED, EI = K E

where K is a constant depending upon the dimensions of the fluxmeter coil,
its number of turns, and upon the strength of the permanent magnet field;

j—f is the angular velocity of the fluxmeter coil.

The equation connecting the electrical quantities is, therefors,

di :
ey=e,+ L+l ++RE. . . . (208
The term (r, + R)i may be neglected if r, is small, since i is also very small.
dd df di
Hence, N i K. T + (L + 1,) T . - . - (209)

Integrating with respect to £ we have

i T T 4
dg o\ df ds

T being the total time taken for the change in the flux.

és 0, ia
Thus Nd¢ = f Kdf +[ (L + 1)di .
¢1 6, f

¢; and 4, are the interlinking fluxes, 6, and 0, the deflections, and i, and i,
the currents in the search-coil circuit, at the end and beginning of the change

in the flux. Since 4, and ¢, are both zero the value of (L + 1,)di is also

y : J
zero (which means that the inductance does not affect the deflection).

Hence, N(p,—- ) = K(0,-6,)
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or, if ¢ is the change in the flux and 6 the change in the fluxmeter
deflection

¢=%qﬁ . ne e -(210)

If the fluxmeter permanent-magnet field is uniform for all posi-
tions of the moving coil, K is constant, and the change in the flux

is directly proportional to the change in the defiection.

Theory when Shunted. If a very large flux is to be measured (e.g. that in
one of the poles of a large machine), the number of line-turns may be too

2

= L
Sachen | Im .
v : R

e S
'S '\' l Fluxmeter i

FTT TN, -

T

Fig. 215. FroxmeETER CIROUIT WHEN SHUNTED

great to be measured on the fluxmeter, even though a gearch coil of only
one turn is employed. The range of the fluxmeter can be extended for such
measurements by the use of shunts. _ . _

Fig. 215 gives a diagram of the circuit when a shunt is used, the induced
e.an.f’s being shown as batteries, and the fluxmeter being represented by
the resistance B. Let the resistance of the shunt be §, 1 being the current in
the search coil, i,, that in the fluxmeter, and %, that in the ghunt.

Then, if v is the p.d., at any instant, across all three branches we have

v=4i,R+e . . . . < (1)

v=1,8=(i-1,)8 . . . . (ii)

v = g, ~ir, . . . . . (i)

T M L
Thus, e, = ir, = €s + il
or 8y =€y = inl +

I

imR + (".'m 15 is] Ts

3 s
'I:m[R + f;] + Ts (1"!71 _.S'+ Er}

(from (i) and (ii) ). < n

- ﬂ,“ﬁr-r—-ﬂz -ﬂ!= im{R + TI} + -gg' ..'lllm
£ =0
since the currents and resistances are small.
» g = EI LS‘%ES—] ™ " . i 1211}
de
From the previous theory e, = N % and e, = K 73
' d¢ . dO (S +r)
Thu.ﬂ, N -d_# = IL Et" “T—
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Integrating with respect to £, we have

T T
dé . (S + r,) df
ﬁ.:ﬁﬂ_l:K—FLEJﬂ

ar N95=K[S+r').ﬂ
. S
where @ is the change in deflection caused by a change of ¢ in the flux inter-
linking the search coil. Hence, -
_K(S+ry
-5 8 . . . . (212
Unshunted, the expression is
K
p=x-6
Thus, the deflection for a given change in the flux, when shunted,
< : S
is to the deflection for the same change when unshunted, as T
3

It should be noted that it is the resistance, r,, of the search coil
which is important when shunting is used, and not the resistance of
the fluxmeter itself.

MEASUREMENT OF LEARAGE Factor By MEANS OF THE FLUX-
METER. In dynamo-electric machinery the magnetic flux per pole
which crosses the air gap—the “‘useful flux”—is less than the flux
in the body of the pole. This is due to the fact that some lines of
force—referred to as ‘“‘leakage flux”—pass from the pole to the
adjacent poles without crossing the air gap to the armature. The
flux at the root of the pole is called the “‘total” flux, and the ratio
Total flux -

Teotal A is the ‘‘leakage factor” of the pole.

This factor can be measured by means of a fluxmeter, a ballistic

galvanometer being unsuitable on account of the high inductance
of the field winding, which results in a slow rate of increase of the
flux when the voltage is switched on to the field winding.

The total flux may be measured by winding two search coils on
the yoke of the machine—in the case of a direct current machine
with a stationary field—one on either side of the pole (see Fig. 216).
As the yoke carries half of the total flux, these search coils must be
connected in series so that the luxmeter measures the flux embraced
by both of them. The flux so measured will be the total flux.,
Another search coil, placed on the (stationary) armature in such a
position that it embraces the useful flux from the pole, is then
connected to the fluxmeter and the useful flux measured, the leakage
factor being obtained from the two measurements.

It will usually be found that search coils of one turn only will
be most suitable, in which case the luxmeter reading gives the flux
directly. In the case of a large machine it may be necessary to use
shunts across the search coils, as described previously.
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The Chattock Magnetic Potentiometer. Before proceeding with
the methods of testing magnetic specimens, this device for the
measurement of the magnetic potential between any two points
in a magnetic field will be described. The device consists of a
uniform helix of thin wire, wound on a thin strip, or rod, of some
flexible insulating and non-magnetic material. This can be used,

in conjunction with a ballistic galvanometer, to measure magnetic

potential differences.
Let the cross-sectional area—assumed uniform—of the strip upon
which the helix is wound be 4 sq. cm., and the number of turns per

Yoke Search Coils

Armature
Search Coil

Fig, 216. MEASUREMENT OF LEAEAGE FaoTor

centimetre length be n. Suppose that, when the helix is situated
in-a. magnetic field, p,, is the average magnetic potential difference

between the two ends. Then p,, = f Hdl, where H is the field

strength, at any point within the helix, in the direction of the
element of length of path dl, the integral being taken between a
certain “average” point on one end of the strip and a corresponding
point on the other end.

The quantity Apg, = / p.d4d

where dV is an element of volume within the helix.
Now, if the strip upon which the helix is wound is of non-magnetic
maderial, the permeabilify is unity and the flux crossing any given

cross-section of the helix is given by f H .dA where H is the field

strength at the point at which the cross-section is taken. Since the
flux embraced at any cross-section of the helix is not constant, the
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e.m.f. induced in the helix when the strength of the magnetic field
in which it is situated is altered must be expressed by

d
e=d—iffHdA.ndE

the integral term giving the effective ““flux-turns” of the helix.

d
Thus, e = EtﬂfHdF
or e=£{n.fl.5p ]=ﬂﬁ.% . (213)
dt nﬂ tﬂ L -

i.e., the induced e.m.f. is proportional to the rate of change of
magnetic potential between the two ends of the helix. From the
theory of the use of the ballistic galvanometer, given on page 356,
it can be seen that the galvanometer deflection, when the magnetic
potential is changed, will be proportional to this change, i.e. if
Ap be the change in potential

Ap = KY’

where 0’ is the corrected throw of the galvanometer and K is the
galvanometer constant.

The change in potential Ap may be produced by a change in the
magnetizing current producing the magnetic field in which the helix
is situated, or it may be produced by the rapid movement of one
end of the helix from one point in the field to another, the other end
being kept in the same position. _

Applications of this device are the measurement of the magnetic
potential drop across a given part of a magnetic circuit, such as a
joint, and the measurement of magnetic leakage. Measurements
may be made upon alternating magnetic fields by using a vibration
galvanometer instead of a ballistic galvanometer.

From the theory of the potentiometer it can be seen that the
results are the same whether the strip upon which the helix is wound
is straight or otherwise. This is a great advantage, as the use of a
strip of flexible material is very convenient in investigations of this
nature.

Other Methods of Measuring Magnetic Field Intensity. Several
other methods of exploring magnetic fields, although not in very
general use, deserve mention.

(@) STANDARD SEARCH CoIL. A search coil, consisting of a single
layer of (say) 50 to 100 turns of fine silk-covered wire, wound upon
a short cylinder of non-magnetic material—usually marble—may
be used to investigate the variation in strength, from point to

point, of a magnetic field in air. The marble cylinder must be care- .

fully turned so that its cross-sectional area may be uniform through-
out its axial length (about 2 or 3 cm.).
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The product of cross-sectional area and number of turns for the
search coil may be determined to within a few parts in 10,000 by
the use of a standard solenoid.

(b) Bismurs SPIRAL. This method depends upon the fact that
the resistance of a bismuth wire is increased when it is placed in a
strong magnetic field. A curve, showing the order of this increase,
is given in Fig. 217, the curve relating to a temperature of 20° C.
A flat spiral of pure bismuth wire—about 1 mm. diameter—is used
for the exploration of magnetic fields. The resistance of the spiral,
when situated ab a point in the magnetic field, is measured, and this
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resistance is compared with the resistance when the spiral is removed
from the field, the temperature being the same in both cases. The
field-strength is obtained from a curve such as that of Fig. 217, when
Resistance of spiral whilst in the magnetic field
Resistance of spiral when removed from the field
determined. o

The disadvantages of this method are that it is rather insensitive
—the change in resistance per kilogauss change in field strength
being comparatively small—and also that this change in resistance
depends very largely upon the temperature. )

Its advantages are that it is very simple to use, the resistance
being conveniently measured by the Wheatstone bridge method,
and that, since the spiral covers a small area—of the order of 1 sq.
cm.—the exploration of the magnetic field can be carried out in
greater detail than is possible with most other methods.

(¢) MacNETIC BALANCE AND DEFLECTING-COIL METHODS, Such
methods depend upon the fact that a force is exerted upon a current-
carrying conductor when it is placed in a magnetic field, the force

13—(T.5700)

has been

the ratio



372 ELECTRICAL MEASUREMENTS

depending upon the magnitude of the current in the conduector and
upon the strength of the magnetic field.

In the magnetic balance the force upon the conductor is balanced
by weights on a pivoted beam, to one end of which the conductor
is attached, the weight required for balance being used to determine
the strength of the magnetic field in which the current-carrying
conductor is situated.

~ In deflecting-coil methods a narrow coil, some 2 or 3 mm. wide
and 1 or 2 cm. long, is used. This coil is suspended by a fine strip
suspension from a tforsion head, a mirror being attached to the
suspension for use in conjunction with a lamp and scale to indicate
deflection. A current is passed through the coil, which is placed in
the magnetic field to be measured with its plane parallel to the field.
If this current is known, the field strength corresponding to a certain
deflection may be determined by calibration, using a magnet of
known gap-flux density.

The reader is referred to the works given in Refs. (1), (3), and (7)
for fuller information regarding such methods.

The Testing of Ring Specimens. Ring specimens are used, in
preference to rods or strips, when accurate measurements of permea-
bility, and hysteresis loss, up to a maximum value of field strength
(H) of 200 or 250, are required. The use of such specimens has the
disadvantage that they are more difficult to prepare than bar
specimens, and also are more difficult to wind with the magnetizing
winding which, when bar specimens are used, may be a permanently
wound solenoid inside which the bar is slipped. The more reliable
results obtainable with ring specimens on account of their freedom
from self-demagnetizing effects may, in some cases, justify their use.

Such specimens are cut from a representative piece of the iron,
the rings being machined so that their dimensions may be accurately
determined. The radial thickness of such rings should be fairly
small compared with their mean diameter.* If this condition is
not fulfilled, most of the flux in the iron passes through the portion
of the ring nearest to the inner circumference, thus causing a dis-
tribution of flux density across the cross-section of the ring which is
fa.rT irm;uﬂmliform. The mean value of the flux density (as given by

otal flux

Cross-section
mean value of H for the eross-section of the ring, and the B-H curve
obtained will be erroneous. For accurate results the ratio of outside
diameter of the ring to the radial thickness should be at least 15,
If sheet material is to be tested, the ring specimen should be built
up of ring punchings taken, if possible, from a number of different
sheets. The punchings should be built up -with the direction of
rolling used in the manufacture of the sheet distributed radially
to obtain a uniform distribution of reluctance round the ring. The
* This question i8 fully considered in a paper by E, Hughes (Ref. (8) ).

under these conditions) will not correspond to the
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permeability in a direction perpendicular to that of rolling is only
some 75 per cent of the permeability, at the same flux density, in a
direction parallel to the direction of rolling. During the shearing
of the rings from the sheet, the material near the sheared edges (and
for some distance inwards from the edge) is strained, the effect being
to reduce its permeability. Unless the rings are to be annealed,
after punching, to remove these strains, their radial width should
be fairly large—say 2 or 3 em.—in order that the strained portion
shall not form an appreciable percentage of the whole cross-section.

Determination of the Magnetization, or B-H, Curve. (2) METHOD
oF REvERrsars. For this test a ballistic galvanometer is used as
previously described. Before winding, the dimensions of the ring
must be determined. When sheet material is being tested it may be
necessary to determine the effective cross-section from the weight
of the ring, taking the specific gravity as 7-8 (for soft sheet iron).
This is necessary for accurate measurements on account of the air
spaces between individual punchings, which cause measurements
of thickness to be erroneous.

A layer of thin tape is then wound on the ring, and a search coil
consisting of a few turns of thin wire, insulated by paraffined silk, -
is wound over the tape. The number of search-coil turns depends
upon the sensitivity of the ballistic galvanometer. This number of
turns must, of course, be noted. The search coil is protected by
another layer of tape, over which the magnetizing winding is
uniformly wound.

The connections for the test are shown in Fig. 213. Before com-
mencing the test, it is essential that any residual magnetism which
may be present in the specimen shall be removed by demagnetiza-
tion. The short-circuiting key X of the galvanometer is left closed,
and the current in the magnetizing winding is given such a value
that the magnetizing force H acting upon the specimen is greater
than the maximum value to be used in the test. This current is
then very gradually reduced—the reversing switch 8 being con-
tinually thrown backwards and forwards meanwhile—in order to
pass the iron specimen through as many cycles of magnetization as
possible during the process. The minimum value of the current
finally reached should give a magnetizing force in the specimen
which is well below the smallest test value.

After demagnetization, the test is started by setting the mag-
netizing current at the lowest test value (such that H = 1 (say) ).
The galvanometer key K being closed, the iron specimen is then
brought into a ‘‘reproducible cyclic magnetic state” by throwing
the reversing switch S backwards and forwards some twenty or
more times. The key K is next opened, and the flux in the specimen,
corresponding to this value of H, is measured on the ballistic gal-
vanometer as previously described. The change in flux, measured
by the galvanometer, when the reversing switch S is quickly reversed,
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will be twice the flux in the specimen corresponding to the value of
H which has been applied.
47 NI,

This value of H is given by T where N = number of turns

on the magnetizing winding, I; = the magnetizing current, I = the
length (in centimetres) of the mean circumference of the ring
specimen.

The flux density B; corresponding to this value of H is obtained by
dividing the value of the flux in the specimen (as measured by the
ballistic galvanometer) by the cross-sectional area of the specimen.

In order to check whether the demagnetization of the specimens has been
complete and also to determine whether a reproducible cyclic state has been
attained, a second measurement of flux density—for the same value of H—
may be made after subjecting the specimen to a further number of reversals
of magnetization. The second value of B should agree with the first. As
further checks upon the measurements, a reversing switch in the ballistic
galvanometer eircuit (not shown in Fig. 213) may be used as follows : Measure-
ment of flux density for a given value of H may be made, with this reversing
switch in one position, first by throwing the reversing switch S over from
terminals 11/ to 22° and the test repeated by throwing over from 22’ to 11’,
having carried out a number of reversals of § in between the two measurements.
This procedure may be repeated with the ballistic galvanometer reversing
switch in its other position, four measurements of B being thus obtained.
These should be very nearly equal to one another, the mean giving the value
of the flux density.

The whole of this procedure is repeated for various increased
values of H up to the maximum festing point, the 20 or more
reversals of the magnetizing current at each value of H, before the
measurement is made, being important. It should be noted also
that if the resistance of the ballistic galvanometer circuit is changed
during the test, the logarithmic decrement A must be determined
for each resistance value, in order that the observed galvanometer
throws may be properly corrected, the deflection used in determining

the flux being given by
6" = 91(1 -+ %)

where 0, is the observed throw.

The B-H curve may be plotted from the measured values of B
corresponding to the various values of H.

(b)) Tee “Step-By-step” METHOD is sometimes used. In this
method there is no reversal of the magnetizing current, the procedure
being as follows. The circuit shown in Fig. 213 is set up in the same
way as for the test by the method of reversals, but the direct current
supply to the magnetizing circuit is through a potential divider
having a number of tappings, as shown in Fig. 218. The tappings
are arranged so that the magnetizing force H may be increased, in
a number of suitable steps, up to the desired maximum value. The
specimen, after the application of the search coil and magnetizing
winding, is first demagnetized. The tapping switch S; is then set
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on tapping 1 and the switch §; closed, the galvanometer throw
corresponding to this increase in the flux density in the specimen,
from zero to some value B;, being observed, and B, calculated as
previously described. H,, corresponding to this position of switch
S,, can be determined from the magnetizing current which then
flows. The magnetizing force is then increased to H, by switching
S, suddenly on to tapping 2, and the corresponding increase in flux
density AB determined from the galvanometer throw observed.
Then B,—corresponding to H,—is given by B; + AB. This process
is repeated for other values of H up to the maximum point, and the
complete B-H curve is thus obtained without any reversal of the
flux in the specimen.

Determination of the Hysteresis Loop. (a) STEp-BY-STEP METHOD.
The determination of the hysteresis loop by this method is carried
out simply by continuing the procedure just described for the
determination of the B-H curve. Having reached the point of

maximum H—when S, (Fig. 218) o
is on tapping 10—the magnetizing Magnetizing
current is next reduced, in steps, Circuit

to zero by moving switch S, down
through the tapping points, 9, 8,
7, ete. After the reduction of the
magnetizing force to zero, nega-
tive values of H are obtained by
reversing the reversing switch S
(Fig. 213) and then moving the
switch S, (Fig. 218), in steps as
before. . o

(b) By HE MuTHOD 0¥ REVER- Potential Divider
saLs. This test again is carried out y°
by means of a number of steps, but \Sf
thechangeinfluxdensity measured |«——d.c. Supp/y————>
at each step is the change from F1a. 218 PoTENTIAL DIVIDER FOR
the maximum value -} B,,,, down STEP-BY-STEF METHOD
to some lower value, the iron speci-
men being passed through the remainder of the cycle of magnetiza-
tion back to the flux density + B, ., before commencing the next
step in the test, thus preserving the cyclic state.

The connections for the test are shown in Fig. 219. R, R,, and R,
are resistances for the adjustment of the resistances of the magnet-
izing and ballistic galvanometer circuits. R; is a variable shunting
resistance which is connected across the magnetizing winding by
moving over the switch .S,, thus reducing the current in this winding
from its maximum wvalue down to any desired value—depending
upon the value of R;.

The procedure is as follows— it

The value of H,,,. required to produce the value of B, to be
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used during the test, is obtained from the previously determined
B-H curve of the specimen. The resistances R, and R, are then
adjusted so that the magnetizing current is such that this value of
H is obtained when switch S, is in the “off”” position. (H is, of course,

4 . v
given by H = l—g ’ ﬂ—? , where [ is the magnetizing current, N the
number of turns on the magnetizing winding, and I the length of
magnetic path, or mean circumference, of the specimen.) The
resistance B, is adjusted so that a convenient deflection of the
galvanometer is obtained when the maximum value of the mag-

netizing current is reversed. .R; is adjusted to such a value that a

Tic. 219. CoxwecrionNs FOR MeETHOD OF REVERSALS

suitable reduction of the current in the magnetizing winding is
obtained when this resistance is switched in circuit.

Switch RS, is then placed on contacts 11" and the short-circuiting
key K opened. The magnetization of the specimen—since the
maximum magnetizing current is now flowing—corresponds to
point A4 on the loop (Fig. 220).

The next step is to throw switch S; quickly over from the *“‘off”
position to contact b, thus shunting the magnetizing winding by R,
and reducing the magnetizing force to H, (say). The corresponding
reduction in flux density, — AB, is obtained from the galvanometer
throw, and hence the point C on the loop is obtained.

The key K is now closed, and switch RS, reversed on to contacts
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22'. Switch S, is then opened and RS, moved back again to con-
tacts 11’. This procedure passes the specimen through the cycle
of magnetization and back to point 4 again, ready for the next step
in the test. The section 4D of the loop is obtained by continuation
of this procedure.

To obtain the section DEF of the loop, with K closed and §, in
the ‘““off” position, place RS, on contacts 11°. Then place S, on con-
tact a, open the key K, and rapidly reverse RS, on to contacts 22/,
observing the corresponding galvanometer throw. From this throw
the change in flux AB’'(Fig. 220) may be obtained, since the switching

- A
J JAB
C
D
-AB' +Bnax,
—H, I
-H e +H
G
£ -8

Fia. 220, HysTteErES1E Loor

operations described cause H to be changed from - H,,,, to — Hg
(say). To bring the magnetization of the specimen back to point
A, close key K, open S, and reverse RS, on to contacts 11",

By continuing this process, other points on the section DEF of
the loop are obtained. The section F'GLA of the loop may be
obtained by drawing in the reverse of ADEF, since the two halves
are identical.

By measuring the area of the hysteresis loop so obtained—by
means of a planimeter—and expressing this area in B-H units of
area, the hysteresis loss for the material may be obtained, since

Hysteresis loss per cycle per cubic centimetre, in ergs
Area of loop in B-H units
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The Testing of Specimens in the Form of Rods or Strips. It is
obviously much easier to prepare a specimen in the form of a
machined rod than to prepare a ring specimen as previously des-
cribed. Such specimens suffer, however, from the disadvantage of
“ gelf-demagnetization.” When a rod is magnetized electromagnetic-
ally, poles are produced at its ends, and these poles produce, inside
the rod, a magnetizing force from the north pole to the south which
is in opposition to the applied magnetizing force, thus rendering
the true value of H acting on the rod a somewhat uncertain quantity.
For accurate results, therefore, if the methods of measurement
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using a ballistic galvanometer as described above, are used, this
demagnetizing effect must be corrected for, or, since the effect i8
least when the ratio of diameter to length of the rod is small, the
dimensions of the specimen should be chosen so that the effect is
negligible.
The demagnetizing force due to this ““end effect” is given by the
expression
Hd=f_.3, : : . . (214)
4ar
where B, is the ferric induction, i.e. the flux density due to the
magnetization of the iron itself, and F is a constant which depends
upon the relative dimensions of the rod. The expression might also
be written H; = F .J, where J is the intensity of magnetization.
The value of F for various ratios of length to diameter for cylin-
drical rods may be determined from a curve such as that given in
Fig. 221, which has. been plotted from values given by Du Bois
(Ref. (5) ) and by Thompson and Moss (Ref. (9) ).
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Fot an ellipsoid or very long rod, the value of the coefficient F'
may be calculated from the expression

o[ 14k 1

7
2
wherek:J( -%)

a = the minor axis of the ellipsoid,
b = the major axis of the ellipsoid.

To obtain the true value of the magnetizing force H acting on a
bar specimen H ; must be subtracted from the value of H calculated
from the ampere-turns per centimetre length of the magnetizing

Search Ca;'/ - _Yoke
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ﬂ""'. *
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Fig. 222. Bar avDp Yoxr METHOD

winding. From the curves given it can be seen that the ratio

Length
Diameter
the effect to have a negligible influence upon the value of H.

On account of this demagnetizing effect the value of H is often
measured by means of search coils wound on thin strips of glass and
placed with the glass lying flat on the bar specimen (Refs. (2), (3) ).
The flux density in the air at the surface of the specimen (which is
the same as H in the specimen) is measured by this means instead
of relying upon calculated values and corrections.

Bar and Yoke Methods. Such methods are commonly used for
the testing of bar specimens, They combine the advantages of both
ring and bar specimens, the demagnetizing effect being largely
eliminated by the use of heavy-section yokes, while the advantages
of the bar specimen, as regards preparation and ease of application
of the magnetizing force, are retained.

There are a number of such methods which are all essentially
modifications of the original yoke method due to Hopkinson. c

A search coil is wound upon the bar specimen at its centre, an
the bar is then clamped between the two halves of a massive iron
yoke, whose reluctance is small compared with that of the specimen,
as shown in Fig. 222. The magnetizing winding is fixed inside the
yoke, as shown, the specimen fitting inside it.

of the specimen must be of the order of 25 or more for
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Let N = No. of turns on the magnetizing winding.
,» 1 = current in the magnetizing winding.
» 1= length of specimen between the two halves of the yoke.
,, A = cross-section of the specimen.

,» by = permeability of the specimen when the magnetizing
current is 1.

,» 1, = the reluctance of the yoke.
,», S, = the reluctance of the two joints between specimen and

yoke.
» ¢ = the total flux in the magnetic circuit.
NI
Then ¢ = 7
St St

Now, if H is the actual magnetizing force acting on the specimen,
and B is the flux density in it,

. b
B-Fsr =E
%’.M %".M
Hence, H =

l = S A l
(S”+S”+H)A#. Puf s T Rl fheE

This may be written

dm NI
H=20  _ wherem =4 (s, 1 8,) (215)
T+ my’ e R

The quantity m is made small by carefully fitting the specimen into
the yoke, and by making the yokes of very heavy section, thus
reducing both S, and S8, to small quantities. In preparing the
specimen its dimensions must be very carefully adjusted so that
it exactly fits the holes in the yoke to be used. The length of the
specimen usually used is about 20 or 25 cm., and the diameter (if of
rod form) about 1 em.
If m is small,
d7x NI

16+ 7 (1—m)approx. . .. (216)

which means that the actual value of H in the specimen differs from
the value calculated from the magnetizing ampere-turns and length
of specimen by the amount

4m NI
007

H =
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The flux density may be measured by ballistic galvanometer in the
usual way.

Permeameters. Permeameters, of which there is a large number
of different types, are essentially pieces of apparatus constructed
for determination of the B-H curve of magnetic specimens, of bar
form, by means of a test which is conveniently simple, and for the
performance of which the time required is short. Only a small
number of such permeameters can be described in the space available
here. In the works given in Refs. (1), (3), (10), (11), (12), and (14),
many other forms are described.

EwiNe DouBLE-BAR METHOD. In this permeameter two exactly
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Fig. 223. Bwmwe DouBLE-BAR METHOD

similar bar specimens of the material under test are used, with two
pairs of magnetizing coils, one pair of the latter being exactly half
the length of the other pair. The number of turns, per centimetre
axial length, is the same for both pairs of coil. Two yokes of annealed
soft iron, with holes to receive the ends of the bar specimens—the
fit being tight—are used. The arrangement of bars and yokes is
shown in Fig. 223,

The object of this arrangement is the elimination of the reluctance
of the yokes and air gaps—assumed to be the same, for a given flux
density, in all positions of the yokes—by making two tests, one with
a length of specimen ! and the other with a length % . The difference
in m.m.f. required to produce the same flux density in the two
cases being that required for a length of I in each specimen. Thus,

Let n = No. of turns per centimetre length for both pairs of
magnetizing coils.
,» I, = the current in the coils when the specimen length is .

,, I, = the current in the coils for length %

,, H; = the apparent magnetizing force for length I.

l
1) Hﬂ = 12 n ” 1 §+



382 ELECTRICAL MEASUREMENTS
Let @ = the m.m.f. required for the yokes and air gaps in each
case.
,, B = the flux density in the specimen (the same in each case),
4w nll 4w '
Then Hl—m.—z—‘ﬁ.ﬂfl
l
4?7 . ﬂrIE § 4??
Hy= ————=— .2l
l 10
10 5

Then, if H be the true magnetizing force in the iron for a flux
density B, ‘

dor
Hl = 10 nlil-a=H]l-a
A [ [
and H§=E.HIE.§—G=H2§—G
Hence, a=I[(H,—H,) : : ; > ; (217)
and H= Bl =0h) 2H, - H, ; ; (218)

l

The flux density corresponding to this actual value of H is meas-
ured by means of search coils and ballistic galvanometer in the
ordinary way. The complete test is carried out by first obtaining
and plotting a B-H curve for the specimens with a length of /—the
apparent values of H being plotted. The specimens are then de-
magnetized, and a second B-H curve is obtained, and plotted, with
a specimen length of I/2, the two curves being plotted on the same
axes. The true B-H curve is obtained from these two, obtaining the
true value of H corresponding to any value of B, from the expression
above.

The disadvantages of the method are that the joint- and yoke-
reluctances are not quite the same for two different positions of the
yokes. The test requires, also, two carefully prepared specimens,
and is somewhat lengthy in operation.

Ewimng PerMEABILITY BRIDGE. In this apparatus a standard
bar, whose B-H curve is known, is used, the value of H required
to produce a certain flux density in the bar specimen under test
being compared with that required by the standard bar for the same
flux density. The two bars—each of which is placed inside a mag-
netizing coil—are joined together at the ends by yokes. The number
of turns on the coil which magnetizes the standard bar is fixed,
and the magnetizing force H which acts upon this bar, for a given
current in this coil, is known. The same current flows through both
coils, but the number of turns on the coil which magnetizes the
test bar can be altered by dial switches, an arrangement for keeping
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the circuit resistance constant being provided. The adjustment of

" the number of turns on this winding is continued until there is no

difference of magnetic potential between the two yokes, when the
flux density is the same in the two bars. The equality of potential
of the two yokes is detected by means of a length of iron in the shape
of an inverted U, having an air gap containing a pivoted magnetic
needle at its centre. The two lower ends of this U are in contact
with the two yokes, and if these are at different potentials flux will
pass through the U piece and cause the needle to deflect, from its

o
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Fig. 224. Irrioviol PERMEAMETER

zero position. When the magnetizing turns on the test bar coil have
been adjusted until this needle ceases to deflect, the flux density in
the test bar is the same as that in the standard bar. The value of
H for the test bar is obtained from the number of turns on its
magnetizing winding compared with the number on the magnetizing
winding of the standard bar, and the B-H curve of this bar is then
constructed from that of the standard. This apparatus is not very
widely used owing to its somewhat limited scope, and to inaccuracies
which are chiefly due to variations of the reluctance of the joinis
in the magnetic circuit.

Trriovior PeErMEaMETER. The arrangement is shown in Fig. 224.
There are two magnetizing windings connected in parallel, one
uniformly distributed on the specimen, and the other—which acts
as a compensating winding—on the yoke. Each has a variable
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resistance in series with it, the winding on the specimen having, also,
an ammeter in series with it. The operation of the permeameter
depends upon the fact that when the magnetomotive forces of the
two magnetizing windings—on the yoke and specimen—have been
adjusted until they are just sufficient to drive the existing flux
through the reluctance of that part of the circuit upon which they
are wound, there will be no magnetic potential difference across
either of these parts. The magnetic potentiometer is used to indicate
when this condition has been attained. Thus, when the magnetic
potential drop across the specimen is zero, the m.m.f. in its mag-
netizing winding is just sufficient to drive the existing flux through
its own reluctance. The true value of H in the specimen is then
given by the m.m.f. then existing in this winding divided by the
length of the specimen between the two arms of the yoke. The
effect of yoke reluctance is thus eliminated. The flux density in
the specimen is measured by a search coil and ballistic galvanometer
in the usual way.

In carrying out a test the bar specimen is placed on the yoke
with the search coil and magnetizing winding over it, the magnetic
potentiometer beihg then clamped in position and the specimen
demagnetized.

The current in the magnetizing winding of the test bar is then
adjusted to give the value of H required, and the throw-over switch
8 is placed on contacts aa’. Resistance R, is then adjusted until no
galvanometer throw is observed, when the reversing switch RS is
reversed. The value of H in the specimen is then given by

4w NI
= 10" ¢
where N is the number of turns on the magnetizing coil on the
specimen, [ the length (in centimetres) of the specimen between 1he
arms of the yoke, and I is the current indicated by the ammeter.
The switch S is now thrown on to contacts bb’ and the flux density
in the specimen corresponding to this value of H is measured by
observing the galvanometer throw when RS is reversed.

Tests up to H = 400 can be made with this apparatus, its prin- -

cipal advantages being its simplicity and its independence of the
reluctance of the yoke.

Korpser PerMEAMETER. This piece of apparatus will be de-
seribed because its principle is different from that of most other
permeameters of the bar and yoke type. Fig. 225(a¢) shows the
construction, from which it can be seen that the apparatus resembles
a D’Arsonval instrument, the permanent magnet being replaced by
the bar specimen and the heavy section yokes Y Y’ in which the
specimen is clamped. The moving coil C' swings in a narrow air
gap and is supplied with a known current from a battery, through
a milliammeter. This coil carries a pointer moving over a scale,
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and the deflection, for a given current, is obviously proportional to
the flux density in the air gap, which, again, is propor_tmnal to the
flux density in the specimen. The m.m.f. absorbed in the yokes
is compensated for by the two coils A4’. M is the magnetizing coil
surrounding the specimen, the proportions and number of turns on
this coil being such that H in the specimen is 100 times the current
in the coil (in amperes). The moving coil is s0 designed that the
scale gives the flux density B in the specimen, directly, if the current

in the moving coil in milliamperes is 5—; , where S is the area of cross-
section of the specimen in square centimetres. The compensating

¥
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F1g. 225. KopprsgL PERMEAMETER

coils A4’ are connected in series with coil M, and are shunted by a
variable resistance. Before starting a test this resistance is adjusted
until the moving coil shows no deflection with a heavy current n
M, and with no specimen between the yokes.

A number of different bushings for use in the holes in the yokes
allow different sizes of specimens to be used. '

In carrying out a test the apparatus is set up so that the axis of
the specimen is perpendicular to the magnetic meridian. The speci-
men is then clamped in position and demagnetized, the resistance
shunting coils 44* having been previously adjusted for compensa-
tion. The current in M is then adjusted to give the required value
of H, and the deflections with this current—both direct and reversed
— are observed, the moving-coil current being adjusted in accordance
with the cross-section of the specimen. The mean of the two deflec-
tions—which may be appreciably different—gives the flux density
in the specimen.

The apparatus may be used for the determination of both B-H
curves and hysteresis loops. The values of H for given values of
flux density were found by C. W. Burrows, when investigating the
characteristics of this type of permeameter, fo be erroneous by an
amount which depended upon the quality and size of the magnetic
specimen. Hysteresis loops obtained by its use gave too low a value
of residusl flux density and too high a value of coercive force.
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These errors may be corrected for by checks with standard bars
whose magnetization curves are known.

Tracrion PERMEAMETERS. This type of permeametfer makes
use of the fact that the pull between two magnetized surfaces is

given by
B4
~ 11,200,000

where B is the flux density in lines per square centimetre and 4 is
the cross-section in square centimetres. .

In the Thompson form of permeameter the pull required to
separate a bar specimen from a yoke is measured by a spring balance

W
o esie
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Fia. 226. Du Bois MAGNETIO BALANCE

and the flux density obtained from the above expression. H is
obtained from the constants of the magnetizing coil—which sur-
rounds the bar—and from the current in this coil.

Another form of traction permeameter—the Du Bois magnetic
balance—consists of a semicircular yoke which is divided into three
parts by two air gaps near the lower ends (see Fig. 226). The sur-
faces at the air gaps are carefully faced to form plane surfaces. The
bar specimen is placed inside a magnetizing coil and fits into the
two lower fixed parts of the yoke. The weight W is slid along the

scale carried by the pivoted upper part of the yoke, until the right- -

hand side of the yoke is pulled over by the pull across the air gap.
The position of the weight, when this occurs, gives a measure of the
flux density in the specimen. The apparent value of the magnetizing
force acting on the specimen must be corrected by calibration of
the apparatus, using a standard bar or otherwise. The correction
required depends upon material which is being tested.

The inaccuracy of such permeameters causes them to be little
used except for rough tests upon bar specimens.

BURROWS DOUBLE-BAR AND YOKE PERMEAMETER. This permea-
meter, which was first developed by Dr. C. W. Burrows (Ref. (12) ),
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has been adopted as the standard apparatus for the testing of bar
specimens in America, and is used by the Bureau of Standards.
The effect of magnetic leakage at the joints between yoke and
specimen are eliminated in this permeameter by the use of a number
of compensating coils which apply compensating m.m.f’s at different
parts of the magnetic circuit, these m.m.f’s being just sufficient to
drive the flux through the reluctance of the part upon which the
coils are placed.

Fig. 227 shows the arrangement of the magnetic circuit and coils,
8, is the bar specimen to be tested, S; being a bar of similar dimen-
sions to §;. These bars are surrounded by magnetizing windings
M, and M,, which are uniformly wound along the lengths of the

Magnetizing Winding
A 42

T A P e e )

_ & Magnetizin o
r'na’mg g
Fic. 227. MaoneETic CirRouiT oF Burrows DOUBLE-BAR AND YOKR
' PERMEAMETER

bars. 4,, 4,, B;, and B, are compensating coils for the elimination
of leakage effects at the joints between the two bars and the massive
yokes ¥ ¥’ into which the bars fit; ¢ and ¢’ are two exactly similar
search coils wound at the centres of the two bars, while dy and d,
are two similar search coils wound in the positions shown, on the test
bar, and each having exactly half the number of turns of search coil c.
Coils d, and d, are connected permanently in series, as are also the
four coils 4,, 4,, B;, B,. The dimensions of the coils M,, M, are
such that H in the specimen is approximately 100 times the current
in the windings, the maximum value of H for which the apparatus
is used being from 300 to 400. The dimensions of the bar specimens
are approximately 30 cm. long and 1 cm, in diameter.

The coils 4,, 4, B,, B,, are supplied from a separate battery
supply, coil M, from another separate supply, and M, from another. .
In carrying out the test it is necessary, first of all, to ensure that,
for a given value of the current in M;—i.e. of H in the test bar—
the flux threading through all four search coils ¢, ¢/, d,, and d,, i8
the same, the ourrent in the compensating. coils, and in M,, being
adjusted until this condition is fulfilled. If the flux threading coils
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d, and d, is the same as that threading ¢ and ¢’, there can be no appre-
ciable leakage of flux through the air in the neighbourhood of the
joints. This means that the m.m.f. for the joints is being supplied

by the compensating coils, and that the m.m.f. in coil M, is used up i ~_J gj BG.

merely in driving the flux through the bar specimen S, inside 1.

Thus H in the specimen is given by % < E\;—I where I
N = No. of turns on coil M, _ ( % —1 J 1
I = current (in amperes) in M, ' — | -
| = length of specimen in centimetres c c’ | injZJ %gﬁ:ﬁf
It may, in some cases, be necessary to make corrections for the o b S o v
fact that the magnetizing solenoids are not infinitely long, but such 2 e e

corrections are usually negligible.

The procedure for obtaining equal flux threading all four search
coils is as follows. _

First, the specimen having been demagnetized, the current in
the magnetizing coil 3, is set at the required testing value. Search
coils ¢ and ¢’ are then connected in series, but in opposition, to a
ballistic galvanometer. The currents in coil M, and M, are then
simultaneously reversed. A throw will be observed on the galvano-
meter. The current in M, is adjusted until no throw is obtained
when the two currents are reversed. Since search coils ¢ and ¢’ have
equal numbers of turns, this means that equal fluxes are now

threading through them. Next, search coil ¢ is connected in series i+ e [ — =
with, but in opposition to, coils d; and d,, and then to the ballistic i B i e s 5 v
galvanometer. The current in the compensating coils 4,, 4,, B;, By, R s il OB

is then adjusted until no galvanometer throw is obtained upon
simultaneous reversal of the currents in these coils and in M, and

M,. Then, since d, and d, together have the same number of turns Magnetizing
ar coil ¢, the flux threading all three coils is the same. | Windirng

The flux density corresponding to the value of H in coil M, ! ]

(obtained as described above) can be measured by connecting coil ¢ T § _
alone to the ballistic galvanometer, and noting the throw when the : jg‘r:‘;f‘}j;g
currents in the two magnetizing coils and the compensating coils i

are simultaneously reversed.

Fig. 228 gives a diagram of connections showing how the switching .
may be arranged for convenience in carrying out the test as described ﬁ' Gpecimen
above.* .

Tany SmpLEX PERMEAMETER. This permeameter, which has ﬁ:gafﬁmy a Sﬂqﬁm
been used by the Bureau of Standards, and is being used quite com- T BE.
monly in this country for the routine testing of bar specimens, has Fio. 999, Famy Soprax PURMEAMBYRR

the advantage of simplicity both in construction and operation,
while its accuracy is of the same order as that of the Burrows
apparatus.

An outline of its construction is given in Fig. 229. Two iron

* Fuller descriptions of the apparatus, testing methods, and the application
of corrections, will be found in the works given in Refs. (1), (2), (3), (12).
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clamping posts clamp the specimen (of cross-section #in. by 13 1in.)
against a laminated steel yoke. The latter carries the magnetizing
winding, and the specimen is surrounded by a search coil for the
measurement of the flux density in it. The magnetizing force H
acting on the specimen is measured, like the flux density, by a
ballistic galvanometer, utilizing an air-cored search coil of several
thousand turns located between the two clamping posts as shown.
The values of H so measured are corrected by calibration of the H
search coil, utilizing a specimen of known magnetic characteristics
in place of the test specimen. _ |
Dryspare Prue PermeamuTER. This permeameter, devised by

_

(@)

Fic. 230. Dryspare Pruc PERMEAMETER

Dr. C. V. Drysdale, is for the testing of a large mass of magnetic
material. A special drill is nsed to cut a cylindrical hole in the mass
of iron to be tested, the drill being so formed that it leaves a thin
rod or pin of the metal (about 0-1 in. diameter) standing in the centre
of the hole. A rose cutter at the upper end of the drill cuts a conical
hole at the surface of the iron, so that after drilling, a section through
the hole is as shown in Fig. 230 (a). A split conical plug, having 8
small magnetizing coil and search coil fixed to its lower end, is then
pressed into the hole so that it grips the centre pin tightly and also
makes good contact with the side of the conical hole in the iron mass
(Fig. 230(b) ). The whole then forms a bar and yoke permeameter
on a small scale, the centre pin of material being the bar specimen
and the mass of the material, together with the conical plug, -fnnfm_ng
the yoke. Two holes in the plug allow leads from the magnetizing
coil and search coil to be brought out. - .

A measured current is passed through the magnetizing coil from
s battery through a reversing switch, H being obtained from the
characteristics of the magnetizing coil. The (fur;eapondlng flux
density is measured by the search coil and ballistic galvanometer,
or fluxmeter, in the usual way. '

Magnetic Testing with Intense Fields. The methods of testing 8o

far described have been suitable for testing with values of the
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magnetizing force H up to 400 or 500 in most cases. For tests at
greater field strengths than these special methods have to be used.

Various ‘‘isthmus” methods, most of which are modifications of
the original isthmus method due to Ewing, are used for this purpose,
the title being derived from the fact that the specimen, in such
methods, forms a narrow “‘isthmus’ between the two specially-
shaped poles of an electromagnet.

Ewing’s Istamus MeTHOD. Ewing carried out tests up to H
= 24,500, and B about 45,000, by the use of the apparatus illus-
trated in Fig. 231.

The electromagnet carries magnetizing windings as shown. The
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Fia. 231. Ewinag’s Istamus MeTHOD

pole pieces are conical and have a cylindrical seating, so that the
specimen may be rotated through 180° during the test. The specimen
itself is turned down to a bobbin shape, having a cylindrical
portion in the middle and conical ends which abut against faces on
the pole pieces, the latter forming & continuation of the conical ends
of the specimen. The whole of the flux in the pole pieces is thus
forced to pass through the specimen of very much smaller section,
thus giving a very high flux density in the specimen. The flux
density obtainable depends upon the area of cross-section of the
isthmus, or cylindrical part, of the specimen.

Two search coils, having equal known numbers of turns, and of °
known cross-sections, are fitted on the cylindrical portion of the
specimen, as shown in Fig. 231. The inner coil—for the measure-
ment of B—fits the specimen closely, while the outer coil—for the
measurement of H—is separated from the inner coil by a small
annular space.

In carrying out a test a magnetizing current is passed through
the winding on the electromagnet, the inner search coil being con-
nected to a ballistic galvanometer. The specimen—with its search
coils—is then quickly rotated through 180° this being equivalent,
as regards interlinking flux, to a reversal of the magnetizing current.
The galvanometer throw is observed and the flux density obtained

" therefrom. The outer search coil encloses some air flux as well as
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the flux in the specimen, and the difference between the flux which
it encloses, and that enclosed by the inner search coil, is measured.
This difference in flux, when divided by the difference in cross-section
of the two search coils, gives the flux density in the air surrounding
the specimen, and this air flux density is equal to the magnetizing
force H in the specimen. The difference in the flux enclosed by the
two search coils may be measured by connecting the two coils in
series—opposing one another—and to the ballistic galvanometer,
when the throw produced by a rotation of the specimen through
180° gives a measure of the flux between the coils. Otherwise, the
total flux enclosed by the outer coil may be measured and the
difference in enclosed flux obtained by subtraction. The inner
search coil must of necessity enclose some air flux as well as the flux
in the specimen. This air flux is taken into account, using the
measured value of H as the air flux density. The small cross-section

of the specimens used in such

King Yoke tests renders this correction
4 Search necessary in most cases.
Coils The slope of the conical pole

Specimen and specimen end pieces for
= maximum concentration of flux
= - is about 60° (between the cone

side and axis), whilst the angle

ri
"

Pole Magnetizing for the most uniform field with-
Fieces Winding in the specimen is about 39°.
A compromise is usually made

Fia. 232. GumuicE’s METHOD in practice.

Gumrice’s MerHOD. This
method is the same in principle as the method described above, but
employs an improved method of determining H in the specimen.
The arrangement is shown in Fig. 232.

A laminated ring yoke is used with two diametrically opposite
pole pieces PP’. These are 25 mm. in diameter, and have a central
air gap of 12 mm. The pole pieces are bored centrally to take a
specimen of diameter 6 mm. A magnetizing coil M surrounds the
pole pieces and specimen, and upon the latter are wound four search
coils in four layers. The radial spaces between the layers—and
hence between the search coils—are known, and the coils have equal
numbers of turns.

The flux density in the specimen is measured by connecting the
inner coil—of known cross-section—to a ballistic galvanometer, and
reversing the magnetizing current. Then, by connecting the search
coils in pairs, opposing one another, to the ballistic galvanometer,
and reversing the magnetizing current in each case, the air flux
density in inter-coil spaces can be measured. These are plotted
vertically on a graph, taking radial distances from the surface of the
specimen as abscissae. By extrapolation the flux density at the
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surface of the specimen—and hence H in the specimen—can be
obtained. A correction can be made also, from this graph, for the
air flux enclosed by the inner search coil.

This apparatus can be used up to H = 6,000, and can be adapted
to tests upon sheet material by using pole pieces with rectangular
holes. Other methods of carrying out tests at high inductions are

_ described in the publications given in Refs. (1), (2), (3), (13).

The Testing of Feebly Magnetic Materials. For measurements
upon material which is distinctly magnetic, but whose permeability
is low (of the order of unity), the circuit shown in Fig. 233 may be
Search Coil Magnetizing

T Pt e Corl

|_'d' €.
Supply

Fig. 233, ArPArRATUS FOR TESTING FEEBLY MAGNETIC MATERIALS

000209

used. The magnetizing winding has a search coil at its centre, this
search coil being fixed so that the specimen can be slipped inside it
or withdrawn without disturbing the search coil itself. This search
coil is connected, through a ballistic galvanometer, to the secondary
of a mutual inductance, the primary of which is connected in the
magnetizing circuit. .

Since the material under test is only feebly magnetic, it is assumed
that there is no demagnetization due to end effect. The procedure
in testing is as follows.

Current is passed through the magnetizing coil to give the required

4w NI A

10T (NI being
the number of ampere-turns on the magnetizing coil and [ its axial
length), since the demagnetizing effect of the ends of the specimen
is negligible. Before placing the specimen inside the search coil
the mutual inductance is adjusted to give no galvanometer throw
when the magnetizing current is reversed. The specimen is then
inserted, and the galvanometer throw upon reversal of the current

field strength H, which is given simply by H =
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observed. The flux density obtained from this throw will be that
due to the ferric induction in the specimen. Calling this flux density
By, we have for the total flux density, when the field strength is H,

B = B, + H, and for the permeability u = -Bl{.;—ﬂ

The Curie balance, and various modifications of it (Refs. (3), (15) ),
may be used for the measurement of the susceptibility of materials
such as ores and rock specimens. A simplified drawing of the
arrangement is shown in Fig. 234.

The specimen is placed in a glass tube which is suspended from a
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light arm which also carries a balance weight and a copper vane, the
latter moving in the gap of a permanent magnet for damping pur-
poses. The moving system also carries a mirror and another balance
weight, as shown. A permanent magnet of ring shape is mounted on
an arm which may be rotated so that the air gap of the magnet may
be moved towards or away from the tube containing the specimen.

In carrying out the test a measurement is first made upon the
glass tube alone. The magnet M is rotated until maximum deflection
of the moving system is obtained, this deflection ¢’ being observed.
The specimen is then placed in the tube and the maximum deflection
6, of the moving system with different positions of M again observed.
A third measurement is then made with the specimen replaced by
some material whose susceptibility is known (distilled water, whose
susceptibility is 0°79 X 10-¢ is often used for this purpose).

Let the deflection now be 6,. Then

ke _mBi=0)

Ky m::(ﬂ'l . Br) :
where . and «, are the susceptibilities, and m, and m, the masses,
of the unknown and standard materials respectively.

It should be noted that if 0’ is in the opposite direction to 6, and
0, it must be treated as negative.

(219)
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W. Sucksmith and R. R. Pearce (Ref. (43) ) have described a
method, using a balance, for the measurement of magnetic sus-
ceptibilities in a controlled atmosphere, or in vacuo at temperatures
up to 1,600° C.

The Testing of Permanent Magnets. The details of the method
of testing permanent magnets, when manufactured, depend upon
the shape of the magnet, this varying greatly according to the
purpose for which the magnet is to be used. Owing to the self-
demagnetizing force, it is necessary, in testing such magnets, to
measure A by means of search coils, of small cross-section, laid flat
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: Magnetizing I de
" Winding OA > Supply

Revolving Disc

Pole Pieces

Fia. 235. BETTERIDGE AFPPARATUS

against the surface of the magnet as previously described. These
search coils give the value of the air flux density at the surface of
the magnet at different points, and thus measure H for these points.
The flux density B is measured by search coils in the ordinary way.*

BETTERIDGE APPARATUS FOR MAGNET TrsTiNG (Ref. (17) ). The
principle of this apparatus for the commercial testing of permanent
magnets may be understood from Fig. 235. The magnet to be tested
is placed with its straight ends inside two magnetizing coils and so
that its ends press against two pole pieces, in the air gap between
which a thin iron disc, plated with copper, is mounted. This dise
is mounted in ball bearings and the clearances between it and the
pole pieces are small. It is driven round at constant speed by a
small motor, and has two small brushes making contact with its
spindle and its rim. When a current flows in the magnetizing
windings flux crosses the gap between the pole pieces, and the flux
density in the gap will be proportional to that in the magnet. An
e.m.f. will be induced in the revolving disc, this e.m.f. being pro-
portional to the gap flux density and being measured by the milli-
voltmeter V.

* Details of tests upon different shapes of magnets, upon magnet steels,

and of tests for the determination of temperature effects upon magnets, will
be found in the works given in Refs. (3), (13), (14), and (16).
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Thus, the voltmetfer reading gives a measure of the flux density
in the specimen, while H is obtained by the usual formula from the
constants of the magnetizing coils and from the current in these
coils.

Some leakage exists between the two arms of the magnet, but
with proper design of the apparatus its effect upon the results is small.

British Standard Specification No. 406—1931 gives a complete
specification for this apparatus, and also for another apparatus of
the moving-coil pattern which uses a fluxmeter of special design.

Magnetic Testing with Alternating Current. When iron is subjected
to an alternating magnetic field a loss of power occurs due to
hysteresis effects in the iron. Power is absorbed, also, due to eddy
currents, which are set up in the iron due to the fact that it is elec-
trically conducting material, and that the flux threading through
it is changing. Such eddy currents will be discussed more fully in
Chapter XIV.

Although the hysteresis loss per cycle in iron may be determined
from the hysteresis loop obtained in a d.c. test, this loss may be
somewhat different under the actual alternating magnetization
conditions with which it will be used in practice. Also, eddy current
losses can only be measured by the use of alternating current. For
these reasons, inspection tests upon sheet steel which is to be used
in the manufacture of transformers and other a.c. apparatus are
very commonly a.c. tests.

Separation of Iron Losses. It is often sufficient, in acceptance
tests of sheet material, to measure the total loss in the steel at the
standard frequency (50 cycles) and with a maximum flux density
of about 10,000 lines per square centimetre. The separation of the
losses into their two components—i.e. hysteresis loss and eddy cur-
rent loss—involves a rather more lengthy test.

Hysteresis loss, as already seen, is given by the expression

Wy =& i Brait®

where W, is the loss in watts per cubic centimetre of material, f
being the number of cycles of magnetization per second (i.e. the
frequency), B,,;: the maximum flux density, and k a constant for
any given material. This law holds approximately for values of
B,, .. between 1,000 and 12,000 lines per sq. cm.

Eddy current loss, provided the sheets are sufficiently thin for
““skin effect’’ (see Chapter X1IV) to be negligible, is given by the
expression .

Wo= KK PPB s

where W, is the loss in watts per cubic centimetre, f the frequency,
t the thickness of the sheet, and B,,,, the maximum flux density.
K, is the “form factor” of the alternating wave of flux and depends
upon the shape of this wave,
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Thus, if the form factor remains constant throughout a test, and
the maximum flux density B,,,. is kept constant, the total power
loss being measured at different frequencies, then this total loss
may be written

where M = kB, .}®
and N =FE2 BB
both M and N being constant for this test.
W,
%

Fic. 236. SEpanaTioN oF Iron Losses

These constants may be determined—and the total loss thus
gplit up into its two components, for any given frequency—by

plotiting -FTF-’ against f as shown in Fig. 236.

Then, % = M - Nf, so that the intercept on the vertical axis
gives M ; and N can be obtained from the slope of the graph. M
is the hysteresis loss per cycle. The eddy-current loss for any
frequency f; is given by the intercept PQ, as shown in Fig. 236. In
this way the two components of the total loss for any given form
factor and maximum flux density, can be separated.

Again, if the frequency and B,,,, are kept constant and the form
factor varied, the total loss being measured for various values of
form factor, then we have

W,=C+DK32 . ; . ' . (220)

If W, is now plotted vertically against values of K, horizontally
the constants C and D may be obtained. The intercept upon the
vertical axis (Fig. 237) gives C, and the slope of the line gives D,

Thompson and Walmsley (Ref. (20) ) have described a method of
measuring and of separating the iron logses of a transformer, using
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thermionic valve rectification to obfain the form factor of the

voltage wave.

The effects of variation of both form factor of the applied voltage
and of temperature are considered in this paper.

Methods of Measurement. WarTmMeTER METHOD. This is perhaps
the commonest method of measuring the total loss in sheet steel
with alternating current. The sheet material to be tested is arranged
in the form of a ““magnetic square,” of which there are several forms,
Epstein being the originator of the arrangement. In this square
there are four bundles of strips of the sheet material. These are
bound with tape to form four cores to fit inside four magnetizing
coils, the individual strips being insulated from one another by thin
tissue paper. The ends of the cores,
projecting beyond the magnetizing
A windings, are, in the Epstein appar-
atus, interleaved and clamped at
the corners. .

Lroyp-FiseER MAGNETIC SQUARE.
Fig. 238 shows a magnetic square as
used by Lloyd and Fisher and now
C in use at the National Physical
l Laboratory and Bureau of Stan-

—— dards. The strips of material—cut
K2  half in the direction of rolling of the
sheet during manufacture and half
perpendicular to this direction—
are about 25 cm. long and 5 or 6
cm. wide. They are built up into four bundles and assembled to
form a complete magnetic circuit with the aid of bent corner pieces
and clamps, as shown in the figure. These corner pieces should be
of the same material as the strips, or at least of material having
similar magnetic properties. The overlap at the corners should be
only a few millimetres and a correction may be applied, if necessary,
to account for the fact that the cross-section of the magnetic circuit
is doubled at the overlapping points.

e e

F1a. 237. SEPARATION OF
Inon Losses

A very small number of strips is shown in the figure for the sake °

of clearness. The bundles of strips are placed inside four similar
magnetizing coils of heavy wire, connected in series to form the
primary winding. KEach of these coils has, underneath it, two
single-layer coils of thin wire and having equal numbers of turns.
These secondary coils are connected in series in groups of four
—one on each core—to form two separate and similar secondary
windings. .

The primary winding is connected either directly, or through a
transformer having a variable secondary, to an alternator having a
waveform which is as nearly as possible sinusoidal. By this means
regulation of the magnetizing current by means of resistance, with
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consequent alteration of waveform, is avoided. If the total loss
in the sample is to be measured, the connections are as shown in
Fig. 239, the wattmeter pressure coil being supplied from one
secondary winding and an electrostatic voltmeter from the
other.

The iron specimen must be weighed and its cross-section deter-
mined before assembly. The magnetizing current is adjusted to
give the value of B,,,, required, the frequency of the supply being
previously adjusted to the correct value. The wattmeter and volt-
meter readings are observed.

Theory of the Method. Then, the voltage induced in secondary

b

w

ST

N

—)
Zh

l

Fia. 238. Lroyp-FisEER MAGNETICO SQUARE

winding S,, whose r.m.s. value is measured by the voltmeter, is
given by the expression
7 4K,;.B A.f. N,
108

where K, is the form factor, 4 the cross-section of the specimen,
in which the maximum flux density is B, f the frequency, and

N, the number of turns on secondary winding S,.
Hence the value of B, may be obtained,

R B x 108
maE— 4 K,.A.f. Ny

It may be necessary to correct this expression, especially at high

volts . v . (221)

(222)
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values of B,,,., for the fact that the coil S, encloses some air flux as
well as the flux in the sample, since the cross-sectional area of the
coil must be greater than that of the sample itself.

Let A, = the cross-sectional area of the coil.
»» Az = the cross-sectional area of the sample.
y» Hpmar = the maximum magnetizing force (equal to the flux
density in the air space within the coil).
» Bmaz = the actual maximum flux density in the sample.

Sample
~ P
— e — B 5
1 Second- 5,33 (\D
@ Primary I3 a"}"ﬁ =
T
Sy
(’éE ) _.-“"
S
Wattmeter
F1a. 239. ConxNECTIONS FOR WATTMETER METHOD oF IRON-LOSS
MEASUREMENT

Then the total flux within the coil is
Bmam As + Hmaz (An_As} = Brmnz Al

where B’ ., is the apparent maximum flux density in the sample.
Thus,

E=4K;.fNy[Bps A; 4+ Hpge (A,— 4,)] X 108

— 4_3} .f- Nﬂ = A'B’m“ b4 ].'D'l vﬂltﬁ
where  B'mes = Bugs + Honas (u)
: A,

H 4. may be determined from the permea.blhty curve of the sample.
As regards the power loss in the iron—
Let W, = total iron loss.

» W = wattmeter reading.

» V = voltage applied to wattmeter pressure coil.
s B = voltmeter reading
= voltage induced in coil §,, since S; and S, have equal
numbers of turns.
,» T, = resistance of wattmeter pressure uu:l
» T. = resistance of coil §,.
PO N — eurrent in the pressure coil mmmt

Then =1, (ry + 7¢)
V = i,r,,
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Hence, power loss in the iron, together with the copper loss in the
winding S, and in the W&ttmatar pressure coil

pia(rstrd gy (o410

=W, Tf = 2575 5
N %o
= (1 2D TP)
Again, the copper losses in r, and r, are
F i B2
1,2 (1p 1) = (r,, i—?'c) (rp + ?‘n]=m
fSampfe
SEE s (oo
o G
I
gfncﬁma}wsfg
slip rings
e

@) A

Wattmeter
F1g. 240. MEASUREMENT oF Power Loss AT DIFFERENT ForM
Facrors
y Bt
Therefore, We=W 1+ 2)-—= : (223)
: Ty P To.

As mentioned previously, the hysteresis and eddy current com-
ponents of the loss can be graphically determined from the results of
power measurements such as the above, at different frequencies.

Fig. 240 gives the connections for the measurement of power loss
at different form factors, the form factor being obtained from
measurements of r.m.s. and mean voltages induced in the two
windings S; and S,, which have equal numbers of turns. Variation

of form factor is obtained by adjustment of B and L—rvariable

resistance and inductance—and of the number of turns on the
secondary of the supply transformer. The voltmeter V,, measures
the r.m.s. voltage, and voltmeter V,,, in conjunction with a syn-
chronously-driven two-part commutator and slip rings, measures
the mean, or average, voltage.

Ricarer ArparaTus. This apparatus, designed for the testing
of complete sheets of steel instead of small strips cut from them,
does not involve a different method of measurement but only a
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difference in the arrangement and assembly of the sample. The
wattmeter method of measurement of losses is used. The sample
consists of four sheets of steel having dimensions 100 cm. wide and
200 em. long approximately. These sheets are placed inside a
hollow wooden drum having a lattice arrangement inside to hold
the sheets, and wooden clamps to clamp the ends of each sheet
together. The drum is wound with about 100 turns of thick copper
wire to carry a heavy magnetizing current.

The disadvantages of the apparatus are that corrections for the
air space flux must be made for all values of B,,,,, the copper losses

Winding (N turns)

mple
{Haan Circum-=
ference [
Cross Sectiona)

(A O\
A—O
Supply

Fia. 241a. MaxwELL BrRiDGE FOoR IRON-L0SS MEASUREMENTS

are large, and the sheets are in a strained condition during the test,
which means that the losses measured do not give the true losses
under unstrained conditions.

A.C. Bringe MeTHODS. The a.c. bridge network can be adapted
to the measurement of iron loss and effective permeability of mag-
netic samples. Such methods are very useful when the available
samples are small, and when the test is to be carried out at commer-
cial- or audio-frequencies, and with fairly low values of flux density.
Fig. 2414 shows the connections of the Maxwell bridge as applied
to iron loss and permeability measurements.

R,, R,, and R, are resistances, the latter being variable. In series
with R,, in the same arm, is a variable inductance L and resistance r.
It may be necessary to connect R, in series with the winding on the
sample if the resistance of the latter is small. The specimen, in ring
form, is wound with a winding whose inductance is L, and effective
resistance R,, this effective resistance containing an iron-loss com-
ponent. R, is the actual resistance of the winding on the ring. G is
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a vibration galvanometer or telephone, and 4 an ammeter. The
supply is from an alternator having a pure sine waveform.,
Balance of the bridge is obtained by adjustment of L and R,.

Theory, At balance

'II.RI = I!RI
and I, (R, + jwL,) = I, [{r + B,) + jwL]
using the symbolic notation. w = 2x X frequency.
I, R,
Then TR
IiR, = I3 (r 4 I,).
and LL,=ILL
. R: e Ra
from which R: H,
or R, = (r + R,) —1
I
R,
and L,=1L R,

The iron loss in the sample is given by R I,? - R I,
Now, the current I = I, 4 I, (I, and I, being in phase)

R, + R,
Thus 1=11+%:11=11( ‘;" )
or . Il = % wid
Hence, the iron loss W, is given by
B 2
W,= 12 _ R,-R, ; i 224
¢ (RI + Rg) { ) ( )

If N = No. of turns on the specimen,
! = length of mean circumference of specimen (in centimetres),
a = cross-section of specimen in square centimetres,
u = effective permea.bLhty of specimen,
then, the inductance is
4 . NI, N 4nNa hensies
et ChC AT
au
from which u may be calculated when L, has been measured.
CampBELL BripgE METHOD. Fig, 241B shows the connections of
a bridge method due to Campbell (Ref. (19)), this method being one
of the best known for the purpose of iron-loss measurement by a

bridge network.

The ring specimen carries two windings, a primary and a secon-
dary, having N; and N, turns respectively, and having the same
cross-sectional area. M is a variable mutual inductance connected
a8 shown. R, and R, are variable resistances, and 4 is an ammeter.

14—(T.5700)

T
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G is a vibration galvanometer or telephone according to the supply
frequency. The waveform of the supply voltage should be sinu-
soidal, and K, should be made sufficiently large to ensure that the
current waveform is also sinusoidal. M and R, are adjusted until
the galvanometer ¢ shows no deflection or until the telephone gives
minimum sound. Under balance conditions the vector diagram is
as shown in the figure: ¢ is the flux in the sample and I the current
in the primary winding, leading the flux by a small angle on account
of iron loss; e, e;, and e,, are the induced voltages in the primary
winding, the secondary winding, and in the secondary of the mutual

€ N,
m 'lfr :..’. Ez

! Hz
]
|
|\ 1
@ E‘gfﬁﬁ 2 — ¢
\
'.Il
E; *Ii
I 4

Fig. 2418, CamrBELL BRIDGE METHOD

inductance M respectively. Balance is obtained when the vector
sum of e, and e, is equal, and opposite, to the vector IR, repre-
genting the voltage drop in resistance R,.

From this vector diagram (since e,, = wMI and e = wml, m
being the mutual inductance between the primary and secondary
windings on the specimen), we have,

en = € (very nearly)
or m= M
and also, the iron loss

1B, _ ppa

€y €g

W, =-¢elcosl =el.
Now ¢, = % e;, therefore the iron loss in the specimen is given by

m=%mﬁ L e e el (DS

Let a be the cross-section of the specimen and [ its mean circum-
ference, a’ being the cross-section of the windings on the specimen.
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Then, flux per ampere flowing in the primary winding, linking the
two windings
4N, I

= ' I
T —_—

47N, (ay + @ - a)
= e ﬁioz

where u is the permeability of the specimen. Hence, the mutual
inductance
. 47N, Ny(ap + o' —a)
- 10%

If the current I is measured as an r.m.s. value, and is of sinusoidal
waveform,

—M . . (226)

drr . Nyodpgq
101

- 47N, IV?2

101

H 4> in the specimen —

f,.also, B4, is the maximum flux density in the specimen, the flux
E;;Tdmb t

ing the secondary, per ampere in the primary, is
ﬂBmum + {a*f g H)H-maa:

VeI
— N?. [a’Bmum + {'ﬂ" = G}Hm“t] I 22?'
o S V3T % 10° B

For the description of other bridge methods of iron-loss measure-
ment, see Ref. (3).

Measurements on Iron Powders. T. H. Oddie (Ref. (44) ) has
described researches on the permeability and magnetic loss coeffic-
ients of carbonyl- and hydrogen-reduced iron powders, at frequencies
from 200 ¢/s to 40 Mc/s. The method used, over the range 200 to
100,000 ¢/s, employs the resonance bridge circuit shown in Fig. 242,
The powders under test were moulded in the form of (@) cylindrical

" cores with an axial hole or (b) toroidal cores of rectangular cross

section.

The resonance bridge network is used in combination with a beat-
frequency type oscillator-analyser. The apparent resistance and
inductance of the coil containing the test core are obtained from
the settings of the standard capacitor, of the variable resistances
and the potential drop across Ry for balance. These apparent
values for the coil have to be corrected for losses in the mica standard
capacitor, the self capacitance of the coil (found from the apparent
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increase of inductance with frequency) and the small inductance
due to the air path in the magnetic circuit in parallel with the core.
The corrected value of inductance
by

L,, = 461 X 10~°. g, . N2 .k log, T
2

where N = number of turns on the coil, d, and d, are external and
internal diameters of the core, % is the length of the core.

Oscillator

Fiag. 242 :
¢, = alr capacitor, C; = mica capacitor, C; = trimmer cnpncim];'hlr = test coll,

R, = ratio arms, R, = fine adjustment slide wire, R, = resistance box,
T = Input transformer, ¥ = valve voltmeter.

The permeability of the core u,, can be found from this expression.
The maximum flux density

B 283 x10.1.L,
s Nh(dy — dy)

where I is the r.m.s. current (in amperes) in the windings.

The magnetic losses in the core are found from analysis of the
measured resistance R into component losses by methods given in
Refs. (44), (45), and (46). _

Measurement of Iron Loss by A.C. Potentiometer. The a.c.
potentiometer, which has already been described, may be used for
the measurement of the power loss in samples of iron at low flux
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densities and forms a very satisfactory method. The connections
are given in Fig. 243, in which the potentiometer is assumed to be
of the Tinsley-Gall pattern. This potentiometer is very suitable
for such measurements, gince it measures the magnetizing- and iron-
loss components of the exciting current separately.

The sample—of ring form—carries two windings. The primary
winding has N, turns and the secondary N, turns, the supply to the
former being through a regulating transformer, from an alternator

Opecimen Regulatin
e K jmnsmiEP
Suppl
ndard
. Resistance Alternator
T 7 f 2
© N
! Dot ——L— .\"‘\,.\
“In-Phase" "Quadrature” N
(@) PFotentiometer Fotentiometer
Suppl Suppl,
Pﬁa.sgf P/gsfz

Fig. 243. IroN-L03Ss MEASUREMENT BY A.C. POTENTIOMETER

which also supplies current to the two potentiometer slide-wire
circuits. The alternator should have a sinusoidal voltage waveform
in which case the current waveform will be approximately sinu-
goidal, if the flux density in the sample is low. A variable resistor
R and a standard resistor are connected in series with the primary
winding, the latter being for the purpose of measuring the current
in the primary winding by measuring the magnitude and phase of
the voltage drop across it. G is a vibration galvanometer.

The flux density B,,,, in the sample is obtained from the
expression

B X 10°

Bmex = 1g, 4.J. 7,
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where E is the e.m.f. (r.m.s. value) induced in the secondary wind-
ing, A is the cross-section of the sample and f the supply frequency.
If the form factor K, is 1-11—.e. if the supply voltage wave is
: ‘dal—B. . is piven b E x 108

sInusoldal—D . 18 ZIVEN DY m

The voltage F is measured by moving the switch S on to contact
1, setting the “quadrature” potentiometer at zero, and adjusting
the ‘“‘in-phase” potentiometer until the vibration galvanometer
shows no deflection, it being assumed that the necessary standard-
izing adjustments of the potentiometer have first of all been made
as described in Chapter VIII. The setting of the “in-phase”
potentiometer for balance then gives the value of the voltage ¥
directly.

The switch S is then thrown over to contact 2, and both the ““in-
phase” and “quadrature” potentiometers adjusted to give zero
galvanometer deflection. The reading of the “in-phase” potentio-
meter then gives the value of I R, where I, is the loss component
of the current in the primary winding and R, is the value of the
standard resistance. The reading of the ““quadrature” potentio-
meter gives the value I, R,, where I, is the magnetizing component
of the priprary current.

asis Loss in Small Specimens. In development work on
electrical sheet steels,'it may be necessary to determine both the
rotational and alternating hysteresis loss in the sheet when the
available samples are quite small. Owing to the considerable
variation in magnetic properties in different directions relative to
the direction of rolling, it is also convenient to be able to carry out
tests upon the same sample with different directions of magnetiza-
tion. F. Brailsford (Refs. (39) and (40) ) has described methods of
measurement of such rotational and alternating hysteresis losses,
utilizing for the purpose a modified torque magnetometer. The
samples used are in the form of discs of 1} in. diameter, three such
discs being used as one sample. These are mounted on a brass rod
which is suspended, by a phosphor-bronze suspension, in the air
gap of an electromagnet with which field strengths up to H = 450
can be obtained. Since the method of testing does not involve
continuous rotation, eddy-current losses are absent.

The reader is referred to Brailsford’s papers for a full description
of the apparatus and for the theory of the method.
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