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The meeting was called to order at 8.15 P. M. by Vice.
President Thomas D. Lockwood.
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East 43d St., New York.
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MCCARTHY, LAWRENCE A. Western Union Telegraph Co., * Alfred S. Brown.
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Ave., Brooklyn, N. Y. Wm. Maver, Jr.
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WEBSTER, DR. ARTHUR G. Docent in Physics, Clark Univ- M. I. Pupin.
ersity, Worcester, Mass. F. B. Crocker.
Louis Bell.
WiLLiAMSs, WILLIAM PLuMB Electrical Engineer, Nicholson T. C. Martin.
Electric Hoisting Company, G. M. Phelps.
) Box 147, Cleveland, Ohio. ~ Franklin L, Pope.
WiLsoN, HARrrY C. Supt. of P. O. Telegraph, with the T. C. Martin.
Government, Kingston, Jamai- Nikola Tesla.
ca, West Indies. Thos. D. Lockwood.

Total, 12.

Tae CaaemMaN :—[Vice-President Lockwood.] The Institute
has every reason to congratulate itself on the accessions to its
membership which it is now receiving. It is a matter to be
lamented that the weather, which may be properly characterized
by the same description that Shakespeare gave to the late
lamented Cleopatra, namely that ¢ Age cannot wither, nor cus-
tom stale, its infinite variety,” has prevented a large audience at
the beginning of our proceedings. But what we lack in quantity
we must make up in intensity of hearing—if you will pardon the
use of the old terms. The subject that we have to-night before
us, and which you will find so ably dealt with by Mr. Steinmetz,
relates to that phenomenon of ‘molecular friction, which Mr.
Ewing has denominated * hysteresis.” Mr. Ewing,as we all
know, has made the subject so peculiarly his own, that one
might at first suppose there was nothing new to be known about
it; but I am confident that after this paper is read, those of us
who read it with Mr. Steinmetz will find that there is something
new under the sun. We will now hear Mr. Steinmetz’s paper.
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ON THE LAW OF HYSTERESIS.

BY CHAS. PROTEUS STEINMETZ.

In the number 137, of December 17th, 1890, of the Electrical
Engineer I published a short article under the title ¢ Note on the
Law of Hysteresis,” where I showed that in aset of determinations
" of the loss of energy due to hysteresis by reversals of magnetism,

for different magnetizations, made by Ewing, this loss of energy

due to hysteresxs can fairly well be expressed by the equation:
H =9B,

where H is the energy-consumed by hysteresis during one mag-

netic cycle, in ergs per cubic centimetre, B the magnetization in

lines of magnetlc force per square centlmetre, and 7 (') a numer-

ical coefficient, in this case ='.002. - --

Considering that even the simple law of magnetism—that is,
the dependence of the magnetization B upon the magneto-motive
force F (for instance, in ampere turns per centimetre length of
the magnetic circuit) has until now defied all attempts of mathe-
matical formulation, it appeared a strange feature that the appar-

- ently tmuch more intricate phenomenon of hysteresis, or rather of
the consumption of energy by hysteresis, should yield to analyti-

Y

1. If any quantity has a right to be called magnetxc resistance,” it is this
coefficient 7, for 7 is the coeﬁcunt quoomon of magnetic energy into heat,
while as * electric resistance” we defihe the coeﬁcmt of conversion of electric
energy into heal.

The term generally denoted ‘‘magnetic resistance ".that is, the inverse
value of magnetic conductivity, does not deserve this name at all, but is more
properly called ‘‘ reluctance.”
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cal formulation in such a simple way, to be directly proportional
to the 1.6th power of the magnetization. At the same time the
coincidence of Ewing’s tests with the curve of the 1.6th power
was near enough to be considered assomething more than a mere
incident, but at least as a clue to a law of hysteresis, the more as
this law held not only for low and medium magnetization, but
even for very high saturation, without showing any kink at that
point where the magnetic characteristic goes over the bend or
“knee” and thereby entirely changes its shape, nor any marked
tendency of deviation of the extremest observed values from the
calculated curve.

o0 /
wwoon ! //
7
- X /
a0 ,/ 4 /'/

- L~ /
e

2000 4000 0000 8000 10,CO0 12,000 14,000 16.000 16,000

Fig, 1,

In Fig. 1 and Table I, I give from the article referred to, the
calculated curve of hysteretic loss, as a drawn line, with Ewing’s
tests marked as crosses, and in dotted line the curve of magneto-
motive force F, corresponding to the different magnetizations, as
abscissee. ‘

In the table, I:

F = the . M. F., in absolute units,
B = the magnetization, in lines of magnetic force per square
centimetre,

H = theobserved values, and
obs
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H = the calculated values of hysteretic loss, in ergs per cubic
cale
centimetre,

H — H = the difference between both, in ergs and in percent-
calc obs

ages.
TABLE I,

. . H: H: |H—H:= .
F: B: obs calc calc obs L2

1. 1,974 410 £ ] 8.
:.g‘s' 3.850 1x60 33‘3 i ;8 5.:5:
2.56 5.9 2190 2190 | ..eee. il
3.01 z.x 2940 eggg — 16 — .5
3.76 o1 gggz 4510 T 5’: I 2.3
3§ n:4 2160 §;¢9§: —100 - xg
7.4 11,900 S90 ~—I100 — 15
26.5 13,700 8690 8310 +380 + 44
752 15,560 10,040 £0,19¢ -—150 - 1.5
Av: + 98 = + 2.6

To study more completely this phenomenon of hysteresis and
of the energy consumption caused thereby, I endeavored to make
a number of determinations with different magnetic circuits and
at different magnetizations.

To be enabled to carry out these experiments, I am highly
obliged to Mr. Rudolph Eickemeyer, of Yonkers, N. Y., who,
being greatly interested in the laws of the magnetie circuit and
having done considerable work himself in this branch of electri-
cal science, not only put the large facilities of his well-known
factory at my disposal, but also gnided the experiments with his
valuable advice. A part of the instruments used in the tests are
of Mr. Eickemeyer’s invention and covered by his patents.

To be able to deal not only with the small amounts of energy
which the reversal of magnetism in a tiny bit of iron wire sends
through the ballistic galvanometer, but to reduce the determina-
tions to readings of considerable power-values, and where a much
greater exactness can be reached, and at’ the same time to deter-
mine the dependence of the hysteretic loss of energy upon the
velocity of the magnetic cycles, I decided to use alternating cur-
rents, at least as far as this could be done, whereby the determin-
ation of the energy consumed by hysteresis is reduced to a simul-
taneous wattmeter, voltmeter, ammeter and speed reading.

At the same time this electro-dynamometer method has the ad-
vantage that the magnetic cycle is completed in a steady, contin-
uous motion, while in the ballistic method the magnetic eycle is
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completed by sudden cha.nges in the magnetlzatlon which jumps
from point to point, to enable the production of the induced cur-"
rent. This feature introduces an error into the ballistic method, -
for if a magnetic cycle is, gone through by sudden ehanges; a
larger amount of energy may be consumed than if the magnetiza-
tion varies steadily in harmonic vibration.

Suppose, around a magnetic circuit, an alternating current of
N complete periods per second is sent in 7 convolutions.
Let C = the effective strength of the current,

E = the effective 5. M. F. induced in the circuit by self-in-
duction, after subtracting the E. m. ¥.’s induced by the
self-induction of the instruments,

W = the energy consumed in the circuit, after subtracting
the energy consumed by the electric resistance,

Then, I being the length and s the cross-section of the magnetic
circuit, allin centimetres, amperes, volts, watts, etc.,
Let B = the maximum magnetization in hnes of magnetlc force
per square centimetre,

H = the loss.of energy by hysteresm, in ergs per cycle and

cubic centimetre ; it is

W:lsNHxlo—?
hence '

' = Z_;EJ—V X 10+
the hysteretic loss of energy, and
E= y27z8B Nn X108
hence
Ex 10t (9
- V2rsNn

the maximum magnetism.

For higher frequencies, 80 to 200 perlods per second, the alter-
nating current was derived from a 1 n. p. 50 volt Westmghouse
dynamo. This was. driven by a 3 . p. Eickemeyer continuous
current motor. By varying the excitation of the motor field and

1. This formula holds rigidly only for the sine-wave, but as shown in tie
following, the currents used in the tests were at least very mnear sine-
waves, Besides, a deviation from the sine shape would not alter the results at
all, but only slightly change the coefficient 7. ’
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varying the E. M. F. supplied to the motor, the s'péed and there-
fore the frequency of the alternating current could be varied in
wide limits. At the same time, supplied with constant k. M. F.
and like all the Eickemeyer motors of unusually small armature
reaction, this electromotor. kept almost absolutely constant speed
under varying load, the more as it never ran with full load.

For low frequencies, this bipolar continuous current motor
was used as a bipolar alternating dynamo, as shown in a patent
of Mr. Stephen D. Field. On the continuous current commu-
tator two sliding rings were mounted and connected with op-
posite commutator bars. In the ordinary continuous current
brushes a continuous current was sent in, which set the ma-
chine in motion as an electromotor, while from the sliding
rings by two separate brushes, alternating currents were taken
off. By varying the . M. F. supplied to the motor, the E. M.
F. of the alternating current was varied, while a variation of
the motor field gave the variations of the frequency. The
curve of E. M. F. was very nearly a sine-wave, the ratio of
maximum E. M. F. to effective k. M. ¥. found = 1.415, while
the sine-wave requires 1.414—that is, essentially the same.

To determine whether the change of the shape of the alter-
nating current by varying load and varying excitation had any
influence upon the readings, the variations of the alternating
E. M. F. were produced : .

1. By varying the excitation of the field of the Westinghouse
dynameo.

2. By running the Westinghouse dynamo fully excited, feed-
ing the secondaries of a bank of converters, feeding from
the fine wire coils of these converters the fine wire coils
of another bank of converters, and taking current off from
the secondaries of these converters, connected from one to
six in series.

By changing the E. M. F. by means of a Westinghouse con-
verter of variable ratio of transformation.

. By loading the dynamo when small currents were used for the

tests. .

But after having found that all these different ways of varying
the alternating E. M. F. gave no perceptible difference whatever
in the readings, I afterwards used the most convenient way to
vary the excitation of the dynamo field and, where higher . m.

&

'S
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¥s were needed, to increase the E. M. F. by an interchangeable
converter, which gave the ratios: 1: 1, 2, 3, 4, 5.

For the determination of the frequency, a direct-reading speed
indicator (horizontal ball governor, acting upon a spring) was
used, which was carefully calibrated. _

For the electric readings, instruments of the electro-dynamom-
eter type were used, zero-reading—that is, the movable coil was
carried back by the torsion of a steel spring to zero position.

These instruments were specially built for alternating currents,
with very low self-induction and low internal resistance, using
bifilar german silver wire as additional resistance.

In the ammeter the range of readings was from 3 to 40 am-
peres, the internal resistance = .011 w.

The normal inductance (that is, . M. F. of self-induction in-
duced by one ampere alternating current, flowing through the in-
strument with a frequeney of 100 complete periods per second):
= .045 w.

In the voltmeter the range of readings was from .5 volts up-
wards, but to avoid the necessity of corrections for self-induction
sufficient additional resistance was used to decrease the correction
under 1 per cent., and then the lowest readings were from 3 to 6
volts.

The internal resistance of the voltmeter is = 2.5 w, its normal
inductanee = 4.12 w.

In the wattmeter the resistance of the coarse wire coil (fixed
coil) was = .026 w, its normal inductance = .073 w.

The internal resistance of the fine wire coil was = .25 o, its
normal inductance = .33 w.

In most of the readings sufficient additional resistance was used
to make the correction for self-induction of the fine wire coil neg-
ligible. Only in a few readings where it exceeded 1 per cent.it
was taken in account. '

For small currents an Eickemeyer ammeter was used, which,
while reading from .7 to 3 amperes, though built originally for
continuous currents, had already been used by me for alternating
currents and had been checked for its constancy of readings sev-
eral times, and always found to give no perceptible difference in
its readings for continuous currents and for alternating currents
up to over 200 complete periods per second, the highest frequen-
¢y I could reach
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Its internal resistance is = 1.1 w, its normal inductance
= 2.03 w.

Several sets of readings for different frequencies were taken
on an old Westinghouse voltmeter.converter. The fine wire coil
and one of the 50 volt coils were left open. Into the other coarse
wire coil an alternating current was sent, in series to ammeterand
coarse wire coil of wattmeter, while the voltmeter and the fine
wire coil of the wattmeter were connected in shunt around the
whole circuit.

Hence a correction had to be applied for the self-induction of
ammeter and coarse wire coil of the wuttmeter and for the resist-
ance of the circuit. Only in very few readings this correction
amounted to somewhat more than 10 per cent. Generally it was
much smaller. ,

The instruments were calibrated several times and their con-
stants found to remain constant.

The speed indicator was calibrated carefully and its correc-
tions added. _

Each reading consisted of an ammeter reading, & voltmeter
reading, a wattmeter reading and a speed reading.

Before and after each set of readings the zero positions of the
instruments were determined, and only those sets of readings used
where the zero position had remained constant.

Before and after each set of alternating current readings a con-
tinuous current was sent into the circuit and a few readings for
different currentstaksn. Voltmeter and ammeter readings com-
bined gave the resistance of the circuit, and both combined with
the wattmeter reading gave a check for the instruments, here be-
ing watts = volts X amperes. Only those sets were used
again where an entire agreement was found, and with the alter-
nating current first readings with small currents, then with large
currents, and then again with small currents taken,so that I be-
lieve every possible care was exercised to avoid any errors in the
tests.

As before said, the first sets of tests were made on the mag-
netic circuit of a small Westinghouse converter.

The constants of this converter, so far as they are of interest
here, are : )

Mean length of magnetic circuit, 21 cm.

Mean cross-section of magnetic circuit, = 43.67 c¢m.?
Hence volume of iron, = 917. em®.

Resistance of secondary coil, = .2 w.
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Further sets of readings were taken on a mé.gneﬁc circﬁit,

built up of very thin sheets of iron, alternately 8 in. X 1in. and .

8 in. X 1 in, in rectangular shape, very carefully insulated
against eddy currents with layers of thin paper between the
sheets. On the two long sides two_coils of each 50 turns,. very.
coarse wire (3 No. 10 in parallel), were wound and connected in

series, thereby giving n = 100 turns of an internal resistance of . ‘

.048 w.
Here the mean length of the magnetic ¢ircuit was / = 41 cm.
The cross-section, ¢ = 3.784 cm.?

The circuit consisted of 58 layers of sheet-iron of the’ thlckness
& = .02577 (") and the widthw = 2.579.-

The whole volume of iron was = 155 cm.? '

The sheet-iron piéces were'first freed from scales by dipping
into dilute sulphuric acid.

In one set of tests an open magnetic circuit was used by leav-
ing the short end pieces (3 in. X 1in.) off, and using two piles
each of 66 pieces (8 in. X 1 in.) of the same iron, the same
pieces as used in the former closed circuit tests.

In these readings, for the determination of the hysteretic loss,
only voltmeter and wattmeter, but no ammeter, were used, and
the conductivity curve determined sepa.rately by voltmeter and
ammeter.

The calculation of the readmgs was done in the followmg way :

After applying the corrections for self-induction of instru-
ments, resistance and speed, the readmgs were reduced to lines
of magnetic force per square centimetre B and consumption of
energy by hysteresis per magnetic cycle #, in ergs.

Then the results were plotted on cross-section paper and if any
value was found to be very much out of the curve connecting the
other values, it was stricken out as evidently erroneous, not con-
sidering it worth while to determine whether it was a wrong
reading of any one of the instruments or a mistake in the calcu-
lation.

Then from the other values of B and X, under the supposition
that /7 were proportional to any power z of B:

H=7nB*

this exponent # was determined.

1. Calculated from the weight.
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This value 2 will be seen always to be so near to'1.6 that 1.6
can be considered at least as first approximation to . '
Then, under the assumption

e = 1.6
hence
H = 5 B
the coefficient 7 was calculated, and now the equation
H = n B'*

plotted in a curve, as given in the figures, and the observed val-
ues of A drawn in and marked.
From the carve were taken the calculated values of H, corre-

sponding to the observed values of B, the difference cli — B
. .obs

determined, and expressed in per cents. of /.

v cale
These values are given in the tables and shown in the
curves.

I. Maexneric Circurr oF THE WESTINGHOUSE CONVERTER.
Fie. 2; TaBLE 1.
MAGNETIC CHARACTERISTIC.

F. = m. m. F.,in ampere turns per centimetre length of magnetic
circuit.

B. = Magnetization, in lines of magnetic force per square
centimetre.

TABLE II. (1)

. F. B. F. B. F, B.
2 1500 12 14,750 45 18,150
3 400 1 15,080 50 18,500
4 3800 1 15,370 °s5 18,820
s 18 xs,ogg 60 19,140
6 11,750 20 15, 65 19,440
7 13,850 as 16,450 70 19,740
8 13,600 30 16,950 g 20,020
9 14,300 35 17,370 20,300

10 14,350 4 17,780 8s m.gﬁ:
90 20,
HYSTERESIS.

B = Magnetlzatlon, in lines of magnetic force per square
centimetre.

H. = Loss of energy by hysteresis, in ergs per cycle, and cubic
centimetre, = 10 ~7 watt-second.



12 STEINMETZ ON THE LAW OF HYSTERESIS.

TABLE II. (2)
Frequency: N. = 28 complete periods per second.

[Jan. 19,

B. H. H:!) H—H = £.

obs, calc. calc. obs.

352: g g a&: +—18 Ix.ﬁ
10,5 10 49
13,800 10,286 10,180 —ﬁz —1.0
37,940 15,357 15,600 +a43 +1.6

av: +173 - %a.3

Exponent of power, derived from tests:
z=1.6111~1.6
Coefficient of hysteresis :
7 = .002410
hence, theoretical curve :
H=.00241 B¢
TABLE II. (3)
Frequency: &V = 38 complete periods per second.

B. H. H, H—H. = %.
obs. calc. calc. obs.

.8
2B | o | fg |
3410 . 96?4 I 4-_*;7 i:
15:340 -3:::: 1;:3: +1489 +8.4

av: %464 = *4.4

Exponent of power, derived from tests:
z=1.6476 ~ 1.6
Coefficient of hysteresis:
7 = .002315
hence, theoretical curve: ‘
H =.002315 B'*
TABLE II. (4)
Frequency : V= 137 complete periods per second :

B. H. H. H —H = %
obs. calc. calc.  obs.

4000 1490 1410 — 8o —5.7
4670 1818 3 — 18 —1.0
ssg 33 agso - g — 3
57 24 2520 3 —T1.5
840 2540 2580 I 40 +.6
2690 3385 3180 — 10§ -—3.3
6800 3358 3290 — 68 —2.1
6860 337 370 - 4 — .t
12,430 33 h10 i 274 3.6
13,750 10,000 10,100 100 1.0
av: +73.5 - 3.0
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Exponent of power, derived from tests :

o =1.5887~1.6
Coefficient of hysteresis:
7=.002438
hence, theoretical curve.
H=.002438 B¢
TABLE IL. (5)
Frequency. AN'=205 complete periods per second.
B. H. H. H—H. 14
obs. calc. ] calc—obs.

A REREREE
:g 585 10 +35 +s.7

35 720 —15 —2.1

3060 ‘93 920 r7 9
o3 | B | % |
3710 T 1250 —38 —3.0
4620 1823 1800 —23 —1.8
5070 2034 2070 +46 2.2
o - - =
100 Y 7ge 3 —3.5

6550 3239 3640 42 it.3
= O N S = T
8340 ppr3s w ki *
av: + 47 —=zta.7

Exponent of power, derived from tests :
@ = 1.6012 ~ 1.6
Coefficient of hysteresis :
7 = .002434
hence, theoretical curve.
H — 002434 B¢
From these 4 sets of readings, we get the results:
1. N—28 4 readings: @ — 1.6111 7—.002410

2. 36 b «“ 1.6476 .002315
3. 137 10 “ 1.5887 002438
4. 205 18 « 1.6012 .002434

Therefrom we derive the average, by giving to each value as
weight the number of readings, where it is based upon:
¢ — 1.60513 ~ 1.6
7 — .0024164
Hence:
H = .0024164 B'*
This curve is used for calculating the values given as ﬁ’, and is

plotted in Fig. 2 in drawn line.
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The observed values of H are drawn in Fig. 2:

1. For N = 28 with the mark ©
2. “" 36 “ “ *
. 3. “" m a“” “” v
4. “" ms [ . o« +
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The magnetic characteristic is drawn in dotted lines.
From this curve of hysteretic loss
| H=.0024164 B

we derive the values:

Bredicy ¢ Foates Engrs N.T.
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TABLE II. (6.)

B. . - B. H
1000 152 13,000 9230
2000 462 14,000 10,400
3000 884 15,000 11,610
4000 1400 16,000 12,830
5000 2000 lg,ooo . 14,180
[ 2680 18,000 15,550
m 3430 19,000 16,970
4240 20,000 18,400
9000 s130 25,000 26,290
10,000 6070 30,000 : 35,210
11,000 3070 35,000 45,060
12,000 130 I 40,000 55,800

II.—Maeneric Circurr Buint vp oF WEeLL INsuLATED LAYERs
of VErY THix Sueer-IroN. Fie. 3; Tasres II1.

MAGNETIC CHARACTERISTIC.

F = M. M. F. in ampere turns per centimetre length of mag-
netic circuit. o -

B = magnetization in lines of magnetic force per square cen-
timetre.

TABLE III. (1.)

F. B.. F. B. . F... .B.
2 1700 12 1 3’;& 45 17,500
3 42c0 1 144 50 17,900
4 7400 1 14,600 ss 18,300
3 g200 . 18 14,900 60 18,650
6 10,400 20 15,200 6s 19,030
g 11,160 25 15,700 70 19,380
11,850 30 16,200 75 19.3:

9 12,470 35 16.680 8o 20,
10 13070 40 17,050 85 20,400
. 90 20,750
HYSTERESIS.

B = magnetization in lines of magnetic force per square cen-
timetre.

IT = loss of energy by hysteresis, in ergs per cycle and cubic
centimetre, = 10~ watt-seconds.

CLOSED MAGNETIC COIRCUIT.

Frequency: N = 85 complete periods per second.
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TABLE III. (2)

]
; v oo b H—u = o
! L. ' obs. cale. calc.  obs *
<910 l 3320 3140 — 18 | — 5.7
6200 | 3690 3420 — 270 — 79
7690 4220 47% + 480 ; :t!m
20,470 ! 1f0 ! 7700 + s40 7.0
11,110 ! 370 8464 + 96 + 1z
14,030 \ 12,600 12,280 — 320 — 2.6
) 14, | 13,730 ‘3'540 — 1go - 1.4
17,190 i 17,040 .O‘O ..... e
| 17,940 17,570 :40 + 670 “+ 3.7
' l l av: £ 315 = | % 44

Exponent of power, derived from tests :
= 16041 ~ 1.6
Coeflicient of hysteresis :
= .00285

hence, theoretical curve :
1T = 90385 e

TABLE IIL. 3.)

Frequency, .V = 138 complete periods per second.

! |
B. 11. . I =H = %
obs. ca'c. calc.  obs.

5220 3030 3015 - 15 - .5
5750 3620 3550 — 70 —-19
6540 4320 4355 35 :t -8
7070 4830 4840 60 1.2
8210 5910 o160 210 13.4
8520 6090 6530 440 5.7
9570 783«; o 7840 — 10 — .1
10,450 87 go40 :l: 260 2.9
11,990 11,060 11,230 170 1.5
14,570 15,840 15,340 = 500 3.3
14,660 16,160 15,580 — 580 —3.7
16,770 20,350 19,260 —1090 —s.6
17,670 20,620 21,440 820 3.2

19,320 23,180 ) 24,120 940 3.
} av: + 371 = +2.8

|

Exponent of power, derived from tests:
= 1.6044 = 1.6
Coefficient of hysteresis:
7 = 00335
hence theoretical curve : '
H = .00335 B¢

17
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TABLE III. (4.)
Frequency, N = 205 complete periods per second :
[ 5 H. H. H—tl.=
B oba. calc. calc —obs %
6350 4440 4660 2720 +48
7340 5380 5780 400 +6.9
10,030 Q510 9sto | ..... L
10,860 9980 10,670 +690 +6.5
12,230 13,700 12,040 —760 =59
14,600 !7.290 17.160 —3a30 —1.
14,700 17,830 17,340 —490 —.
15,750 19,700 19,360 —uo ~17
16,700 ! 21,990 21,300 — 690 —3.2
i i av: + 425 +3.7
Exponent of power, derived from tests :
z = 1.697 = 1.6
Coefficient of hysteresis :
7 = .00373
hence theoretical curve:
Il = 00878 B'*
OPEN MAGNETIC CIRCUIT.
Two gaps of ~ 4 cm. length.
TABLE 1II. (5.)
Frequency, & = 138 complete periods per second.
B. H. H. H — ] = 4
obs. calc. calc. obs.
3150 1570 1560 — 10 — .6
3640 2110 2020 — go —4.4
4690 2930 2950 $ 20 -7
5490 3510 3780 270 7.2
6270 4380 4690 310 .6
10,250 10,450 10,290 — 160 —1.6
11,000 11,810 11,520 — 290 —2.5
12,280 14,250 13,740 — 510 —3.7
av: ' + 208 +3.4

Exponent of power derived from tests :
e = 1.6040 ~ 1.6
Coefficient of hysteresis:
7 = .00394
hence theoretical curve:
H = .00394 B¢

[Jan. 19,
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From these four sets of readings we get the results:

CLOSED MAGNETIC CIRCUIT.

N = 85 9readings: « = 1.6041 7 =.U0285
138 14« 1.6044 00335
205 9« 1 6970 .00373

OPEN MAGNETIC CIRCUIT.
N =138 S8readings: « = 1.6040 7 = .00393

Herefrom it seems that the consumption of energy by hyster-
esis per magnetic cycle increases with increasing frequency—
that is, with increasing velocity of the magnetic change.

The three values of three coefficients of hysteresis for closed
circuit in their dependence upon the frequency V,can be ex-
preseed by the empirical formule :

7 = (0017 + .000016 N — .00000003 V'?)

To compare the values of hysteretic loss for different frequen-
cies, in Fig. 3 the curve of hysteretic loss for V = 100 complete
periods per second is'plotted, giving :

7o = 003
hence
H =.003 B¢

and the observed values of /7 are not directly drawn in, but tle
observed values of 7/ multiplied with the factor:
T
7obs.
to compare the different frequencies with each other.
These values are plotted for:
N = 85 with the mark v
138 “ R Closed magnetic cirenit.
205 [0 i *
N = 138 with the mark o; Open magnetic circuit.
From this curve of hysteretic loss,
T = .003 /¢

we derive the values, for the frequency of & = 100 comylete
periods per second.
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TABLE IIIL (6.)
on 1. B. o
' 1000 190 13,000 11,460
2000 570 14,000 13,00
3000 1100 15,000 14.430
4000 1740 16,000 15.990
5000 2490 17,000 17,610
6000 3330 18,000 19,290
7000 4260 19,000 21,
| 8000 5280 20,000 22,830
gooo 6360 25,000 32,640
10,000 530 30,000 43,680
11,000 790 35,000 55,950
12,000 10,080 40,000 69,270
|

Especially notewcrthy is the last set of readings, on open mag-
netic circuit, in so far as it proves the fallacy of the general opin-
ion that the hysteretic loss of energy in the iron is smallerin the
open magnetic circunit than in the closed circuit.

For the coefficient of hysteresis observed on open magnetic cir-
cuit :
7 = .00393
is even greater than that for closed magnetic cireuit,

7 = . 0333

But this discrepancy is easily explained by the fact that in the
closed magnetic circuit the magnetization is nearly uniform
throughout the whole iron. But in the open magnetic circuit the
magnetic field intensity differs considerably from point to point,
being a maximwm in the middle of the magnetizing coils, a min-
imum at the ends of the iron sheets. Now, the values of /2 given
in the table, are the average values of the magnetization, and the
values /7, the average values of hysteretic loss. But the average
value of the 1.6th powers of different quantities /3 is larger than
the 1.6:h power of the average value of /3.

For instance, in a cubic em. of iron magnetized to 5 = 12,000
is /7 = 10,0805 in a cubic em. of iron magnetized to B = 6000
is 1 = 3330; hence of these 2 cubic centimetres the average
magnetization is

/3 = 9001, and the average // = 6,705 ergs
but to 2 = 9000 corresponds // = 6360 ergs ; that is, about 3
per cent. less,and the difference becomes still greater, if the
values /3 differ still more.

Taking this into account, it seems that the loss of energy due to
hysteresis depends only upon the intensity of magnetization, and
perhaps upon the frequency, but is independent of open or
closed magnetic circuit,as is to be expected.
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IIT.—-Fic. 4. TasLes IV.

A third set of determinations of the hysteretic loss of energy is
given in the following :
Again a magnetic circuit was built up of 17 layers of a soft

AR
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b
4),
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2000 4000 €000 8000 10 000 12,000 141000 16,000 1¥.000 20000
Fig. 4.
kind of sheet-iron, each layer consisting of two pieces of 20 cm.
length, 2.54 ¢m. width, and two pieces of 7.6 cm. length and 2.54
cm. width, of the thickness & = .0686 cm., that is, of considerably
greater thickness than in the former set of tests.
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Here evident proof of the induction of eddy-currents in the
iron was found. Especially perceptible was a decrease in the
watts consumed by theiron, when a larger M. M. ¥. of high fre-
quency was left acting upon the iron. This decrease must be
attributed to the increase of the electric resistance of the iron,
caused by its increasing temperature.

To eliminate this source of error as faras possible, before each
set of tests an alternating current of high frequency (¥ = 200)
and considerable strength wassent through the magnetizing coils
and left on for ten to fifteen minutes, and then first readings with
low maguetization, then with high, and then again with low muag-
netization were taken. But, nevertheless, as was to be expected,
in these tests the observed values agreed less with each other
than in the former readings. !

The method of determination, the apparatus, etc., were the
same as in the second set of tests, only that ammeter, voltmeter,
and wattmeter were used at the same time. In calculating these
tests, the law of the 1.6th power was assumed as true, and the
loss of energy in the iron expressed by the equation,

H=9B%*+¢N B

where

H =y B
is the true hysteretic loss per cycle and em®, which is independ-
ent of the frequency, and

Hy=1¢V 1
is the loss of energy by eddy-currents per cycle which is propor-
tional to the frequency V.

From this expression

H =1+ H,
the coefficients 7 and ¢ were calculated and the agreement or dis-
agreement of these coefficients 7 and ¢ allow now to check the

correctness or incorrectness of the law of the 1.6th power.
These tests gave the following results:

MAGNETIC CHARACTERISTICS.

F = m. M. F., in ampere turns per centimetre length of mag-
netic circuit. :

B = magnetization, in lines of magnetic force per square cen-
timetre.
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TABLE IV. (1)

STEINMETZ ON THE LAW OF HYSTERESIS.

F. B. F. B. F. B.
1.§ 2,700 7 11,700 18 15.450
2 4350 8 12,200 20 H z,ﬂoo
3 z.ioo 9 12,700 25 16,400
4 1850 10 13,100 30 16,800
g 10,000 12 13,900 35 17,200
10,800 :g 14,500 40 17,500
1 15,000
HYSTERESIS.

B = magnetization, in lines of magnetic force per square

centimetre.

H = loss of energy by hysteresis, in ergs per cycle

and em®. (= 107" joules) = H, + H,

H, = 7 B'® = loss of energy by hysteresis proper, in ergs per

cycle and cm®. (= 1077 joules).

H,e N B* = loss of energy by eddy-currents, in ergs per cycle

and cm®. (= 1077 joules).

TABLE IV. (2)
Frequency, ¥ = 78.
7= .00331 e =.751 X 10~
B. H H, | HY| H A | =8
| calc. obs.
— |
i 9 o 13! 1y .6
S | See | mm | B e | TR 17
9520 72740 5,600 13.240 13440 | — 100 —
13,160 :3,& 10,710 | 23,670 :3540 — 870 — 37
14,320 | 14, 13,720 | 27,600 460 | +r1r40 + 40
16,050 17,280 15,900 33.180 | 3318 | ......
| av ‘~: 't gg} + 1.9(4+ .4)
TABLE IV. (8.)
Frequency, &N = 140.

7 = .00331 e = .730 x 10-¢
B. H, H, H.(Y) ] H. A = %

calc. obs,

880 | 1650 ) 136 ,280 8 .
R e I e T | ¥3i3
7720 £,530 6,830 12,360 12, — 240 — 1.9

10,200 8.640 11,040 20,580 20,400 + 130 + 9

12,080 n,ggz 16 7 28,000 29,100 —1100 — 4.0

17,200 | 19y 33840 | 53700 | 53,000 | + 700 + 13
av: {i g;} + 2.2 (4.2)
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TABLE IV. @4.)
Frequency, ¥ = 207

7 = .00336 e =.757 x 10—
B | B | B, | BEM| B. | o |= 4
calc. obs.
e | me | e | G| | Zwl| T3
B G| gz gk e e
Taaco | 13m0 | 3000 | 33ac0 | smde | 8o + 1.8
wv: T8 216-9

Therefrom we get the results:

N = 18, 6readings, 7 =.00331 e=.751 x 10~*
140, 6 « .00331 130 X 10~*
207, &5 ¢« .00336 57 X 10°°

The values found for 7 are so nearly alike that we can consider

them as constant, and take their mean value
7 = .00333
as the coeflicient of hysteresis.

Even the values found for ¢ are not much different fromn each
other, not more than was to be expected from the unavoidable
differences in the temperature of the iron, which because of the
high electric temperature coefficient of iron makes ¢ rather vari-

able.
Taking the average of ¢, we derive

e =.746 X 10~°
and as formula of iron loss,
H = .00333 B 4 746 X 10°* N B*

In Fig. 4 are drawn the four curves,

1. True hysteretic loss, H = .00333 B¢

2. Iron loss for &V =78 .00333 B'¢ 4 .00005856 B*
3. “ “ 140 .0001022 B*
4 s “ 209 0001567 B2

The observed values are plotted by crosses,

1. His calculated by using for 7] the mean value = .00838, but for ¢ the
cale.

individual values, corresponding to the particular set of observations.
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1V.—Fies. 5 aNDp 6; TasLes V anxp VI

Two other sets of determinations of the hysteretic loss of en-
ergy, for the frequency 170 complete periods per second, were
made on two laminated horse shoe magnets, with laminated
keeper or armature.

The method of observation and of calculation was the same as
inIII.,and the same precautions were taken.

The dimensions of the horse shoe magnets were:

Mean length of magnetic circuit: 38 em.

“  cross-section: 70 cm.?

“  volume of iron: 2660 cm.?

“ distance of keeper from magnet, in the first case:

.15 cem.
“ distance of keeper from magnet, in the second case:
.08 em.
each magnet consisting of 300 sheets well insulated iron, of the
thickness .0405 cm.

In the first set of readings, considerable eddy-currents were
found ; in the second set, only a small amount of eddies.

The magnetic conductivity of the iron was not determined,
because the reluctance of the magnetic circuit mainly consisted of
that of the air gap between magnet and keeper.

The results were,

B = magnetization, in lines per cm.?
H = observed loss of energy in the iron, in ergs per cycle and

obs.
em.3, for NV = 170.

H, = true hysteretic loss of energy.
H, = loss of energy by eddy-currents.

H = whole calculated loss of energy, = H, + 7,
cale.
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TABLE V.
Frequency, VY = 170.
7 = .0045 e=1.16 X 10-*
B. | I H, | H. H | H—H|=g%
calc. obs. | calc. obs.

342 51 23 74 70 + 4 + 53

410 68 34 102 102 | .eeen | . e

54 108 59 166 | 166 + 1 + 6
! 132 78 210 219 — — 43

670 150 Qo l 240 234 + g + 25

746 178 m zag . 300 — - 3.7
| 030 210 138 | 34 333 + 15 + 43
| 1020 293 208 sot 524 — 23 — 45

1100 345 234 579 549 + 30 + 53
| 1200 392 390 2 695 -1 — 2.0

1310 436 342 779 5 -1 — 2.
| ugg 39 445 1224 s -I 1 :_ .1
: 3 20 2 2 15, 1 1.0
i zgoo 1310 1Z | 2590 26;Z - 83 -- 3.1
! ! | {+ 71 +19.0
| I i — 153 —19.8

\ U

! | | av + 16 + 2.8

Therefore we get the formula for the loss in the iron,
H= .0045 B'* + 116 N X 10~ B?
In Fig. 5 are shown

L
,.“._1__’__“ 1 v

S I T I I »
_ _..J._L_I / v

|| ] _l_i;_),/l »
SR A

ol
BN

80C— 1 n

. L P A

200 40G €00 800 1000 1200 3400 1000 1800 2000 mmlm
. Fig. 5.
1. The curve of true hysteretic loss,
11, = .0045 B¢
2. The curve of the whole loss in the iron,
H=H+1,
with the observed values marked by crosses -+
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TABLE VI.
h) o —_ lod
Frequency, .V = 170
7 = 00421 e = .2083 X 108
B. I/ / A in oL H—H |=¢%
calc. obs. calc. obs.
|

| 85 5.2 3 5.6 - x — 1.8
, 182 17.3 1.3 xig 16.9 :t 17 :txo.o
211 232.0 1.7 33.7 23.5 2 9
6o 105 | 1r 116 122 — 6 — 5.0
140 ' 1 15% 146 :t 9 j: 6.1
685 ug b2 161 157 4 2.6
775 17 2t 197 202 — 5 — 2.4
800 186 22 agB 200 + 8 + 4.0
1000 265 35 300 300 [ ......
| 1070 296 41 337 352 — 16 . — 40
1130 322 47 3 38! -17 § = 43
12 379 56 435 430 + z + 1.2
13 445 69 S14 514 — 2l — 47
2200 940 170 1110 1130 — 20 — 1.8
2420 1090 208 1298 1268 -+ 30 + 2.4
+ 38 7.2
: - 9o —24.6
'Y av* + 10 + .

Therefore we get the formula for the loss in the iron,
= .0u421 B'* 4 2083 X 10~ N 1*
In ¥ig. 6 are shown,

p— F_ = -
B I H '
4300 \
1300 —_ ! — —
I 3
1200 — L

N
N

200 400 €00 800 1000 1200 1400 1600 1800 2300 220 N

Fig. 6,
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1. The curve of true hysteretic loss,

I, = .00421 B'*
2. The curve of the whole loss in the iron,
=1+ 1,
with the observed values marked by crosses 4

Especially interesting are these two sets of readings in so far
as they cover quite a different range of magnetization as the tests
in I. to IIL

In I to III. the tests cover therange from 179t to 19,340 lines
of magnetic force per ecm.? that is, for medium magnetization up
to high saturation, while the tests in IV. cover the range from 85
to 2600 lines per cm.? that is, from medium down to very low
magnetization.

The law is found exactly the same,

H=7B%+¢N B

-and herewith proved for the full range from 85 lines per cm.?
up to 19,340 lines, a ratio from 1 + 230.
" This seems not to agree with Ewing’s theory of the molecular
magnets. According to this theory, for very small magnetiza-
tion the hysteresis should be expected to disappear, or almost
disappear, and the cycle be reversible. Then for medium
magnetization, where the chains of molecular magnets break up
and°rearrange, hysteresis should increase very rapidly, and slowly
again for saturation. Nothing of this is the case, but hysteresis
seems to follow the same law over the whole range of magnetiza-
tion, and is certainly not zero for even such a low magnetization
as 85 lines per cm.?

MasNETOMETER TESTS.

The method used in the foregoing has the great advantage

that

1. It allows the taking of a greater number of readings, over a
wide range of magnetization, in a short time, by mere sim-
ultaneous instrument readings, and thereby reduces the
probable error by increasing the number of observetions.

2. It allows the use of electro-dynamometers, as the most reliable
electric measuring instruments.
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8. It deals with larger amounts of energy, counting by watts or
even hundreds of watts, whereby a much greater accuracy

can be reached than by the ballistic galvanometer.

L o1g

4. It measures the hysteresis under the influence of an harmoni-
cally, and not suddenly varying u. M. F., that is under the
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same conditions, where it becomes of iniportance for practi-
cal engineering.

But it has the great disadvantage that it can be used only for
testing sheet-iron or other thoroughly laminated iron, where «d-
dies are either inappreciable or can be calculated also. For tert-
ing solid iron and steel pieces, this method cannot be used, Le-
causge of the tremendous amount of eddies which would flow ina
solid piece of iron.

To determine the hysteretic loss of energy in steel and cast-iron
the Eickemeyer differential magnetometer was used. Complete
description of this instrument and its use is to be found in the
FElectrical FEngineer, March 25th, 1891, wherefrom is taken a
part of the following description. In Fig. 7 is shown this instru-
ment; which I shall be glad to show in our factory to anybocy
who is interested in it. In Figs. 8 and 9 are diagrams of its
action.

The principle of this instrument resembles somewhat the prin-
ciple of the well-known differential galvanometer, applied to the
magnetic circuit. In Fig. 8, suppose F, and F, were tWo E. M. F.'s
connected in series; for instance, two cells of a battery, # and y
the two resistances which we want to compare. Either resistance
« and y is shunted respectively by a conductor @ and & of equal
resistance, which influences a galvanometer needle ¢ in opposite
directions but with equal strength.

Then the zero position of the needle ¢ shows that the electric
current ¢, flowing in g, is equal to the current ¢, in 4. But let
the current in  be ¢,, and in y, ¢; ; then we must have

ato=ata
because the currents ¢, and ¢, are the two branches of the same
integral current as ¢, and ¢

Therefore, if ¢, = ¢, then

= ¢

But if ¢, = ¢,, and a = b, the difference of potential at the
ends of « (or, what is the same thing, y) is equal to the differ
ence of potential at the ends of 4 or « and, therefore, the current
in # and y, and the potential differences being the same, it fol
lows that r = 4.

That is, this method of connection allows us to compare an un-
known resistance « with a standard resistance .

Now, instead of *‘ electric current,” say “ magnetic current ™
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or *“‘number of lines of magnetic force;” instead of *electro.
motive force ” or “ potential difference,” say ‘ magneto-motive
foree;” and instead of *“electric resistance,” suy * reluctance,”
and we have the principle of this instrument.

Yoo QQReEeeQo ¢

EJ
Fi16.8

Its magnetic circuit consists of two pieces of best Norway iron,
L)1 shaped, shown in the illustration of the complete instru-
ment, Fig. 7, and in the diagram Fig. 9, at r, and r,. The mid-
dle portion is surrounded by a magnetizing coil c. Therefore if
coil cistraversed by an electric current, the front part #, of the
left iron piece becomes south, and the back part » north polarity.

F1a.9

The front part of the right iron piece 7 becomes north, and the
back part south; and the lines of magnetic force travel in the
front from the right to the left, from n, to &, ; in theback the op
posite way, from the left to the right, or from #, to &, either
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through the air or, when =, and s,, or n, and 8,, are connected by
a piece of magnetizable metal, through this and through the air.

Inthe middle of the coil ¢ stands a small soft iron needle with
an aluminium indicator, which plays over a scale k, and is held in
a vertical position by the lines of magnetic force of the coil c it-
self, deflected to the left by the lines of magnetic force traversing
the front part of the instrument from n, to s, deflected to the
right by the lines traversing the back from #, to s,, This needle
shows by its zero position that the magnetic flow through the air
in front from n, to 8 hasthe samestrength as the magnetic flow in
the back from 7, to ¢, through the air.

Now we put a piece of soft iron . on the front of the instru-
ment. A large number of lines go through u«, less through the
air from u, to s, but all these lines go from », to &, thronghthe air
at the back part of the magnetometer, the front part and back
part of the instrument being connected in series in the magnetic
circuit. Therefore the needle is deflected to the right by the
magnetic flow in the back of the instrument

Now we put another piece of iron. y, on the back part of the
instrument. Then equilibrium would be restored as soon as the
same number of lines of magnetic force go through «, as through
¥, because then also the same number of line: go through air in
the front as in the back. Aswill be noted, the air here takes the
place of the resistances a and 4, influencing the galvanometer
needle «, as in the diagram, Fig. 8.

The operation of the instrument is exceedingly simple and is as
follows: Into the coil ¢ an electric current is sent which is
measured by the ammeter a, and regulated by the resistance-
switch . Then the needle which before had no fixed position,
points to zero.

Now the magnetic standard, consisting of a cylindrical piece of
Norway iron of 4 cm.? cross-section and 20 cm. length is laid
against the back of the instrument,with both ends fitted into holes
in large blocks of Norway iron, A, 4,, which are laid againstthe
poles S, .V of the magnetometer. so that the transient resistance
from pole-face to iron is eliminated.

The sample of iron that we wish to examine is turned off to ex-
actly the same size, 4 cm.?cross-section and 20 em. length, and
fitted into blocks 4, A, in front of the magnetometer. Then
so many fractional standard-pieces of Norway iron are added in
front, that the needle of the instrument points to zero. This
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means that the 4 cm.? Norway iron in the back, carry under the
same difference of magnetic potential, the same magnetism as the
4 cm.?of the examined sample plus the  cm.? of fractional stand-
ard,added in the front. Hence, 4 cm.? of the examined sample
are equal in magnetic conductivity to (4 — ) cm.? of Norway
—

4

100 per cent of that of Norway iron, for that difference of mag-
netic potential, viz., magnetization, that corresponds to the
magnetometer current.

To get absolute values, the instrument has been calibrated in
the following way: In the front and in the back the magnetic
circuit of the instrument has been closed by 4 cm.? Norway iron.
Then another piece of iron, and of any desired size, has been
added in the front. This piece, y, carrying some magnetism
also, equilibrium was disturbed. Then through a coil of exactly
110 turns, surrounding this piece y, an electric current ¢ was sent
and regulated so that equilibrium was restored. In this case no
magnetism passed through v, or in other words, the m. M. r. of
the current ¢ 110 ¢ ampere turns, is equal to the differences of
magnetic potential between the pole-faces of the instrument. In
this way, for any strength of current in the main coil C of the
magnetometer, the difference of magnetic potential produced
thereby between the pole.faces of the instrument, was deter-
mined and plotted in a curve, for convenience in ampere turns per
em. length. '

Now, the Norway iron standard was compared on the magnet-
owmeter with sheet-iron, of which, from tests with low frequency
alternating currents, the magnetization corresponding to any M. M.
F. was known, and therefrom derived the magnetic characteristic
of the Norway iron standard, and plotted in a curve also.

In the way explained before, the iron sample that was to be
determined, was balanced by the magnetometer by Norway iron,
thereby giving its magnetic conductivity in per-cent. of that of
the Norway iron standard, the magnetometer current read, from
the curves taking the M. M. F. corresponding thereto—denoted
with #— and the magnetization of the Norway iron, correspond-
ing to this M. M. F, F, and from the determined per centage of
conductivity of the examined sample, the magnetization B orf
this sample corresponding to the M. M. v. 7.

iron, and the magnetic conductivity of this sample is X
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‘With this instrument a number of magnetic cycles of different
samples of steel and cast-iron were determined.

First, a powerful alternating current was sent through the
magnetometer and around all the iron pieces used, to destroy any
trace of permanent or remanent magnetism.

Then the examined sample was laid against the frout, the
standard against the back of the magnetometer, balanced, and a
larger number of magnetic cycles completed between given
limits, for instance, 4 95 and — 95 ampere turns M. M. F. per cm.
length. Then readings were taken from maximum M. M. F.
-+ 95 down to zero, and again up to the maximum — 95, down
over zero and up to | 95, thereby completing a whole magnetic
cycle, and then of a second magnetic cycle, a few readings were
taken as check for the first one.

In this way for different M. M. F.’s the curve of hysteresis was
found, and by measuring its area the loss by hysteresis deter-
mined.

The further calculation was done in & somewhat different way.
Generally the number of cycles was not large enough to deter-
mine conveniently the exponent by analytical methods.

Therefore the law of the 1.6 m. power:

][ — 7/\ B 1.6
was assumed as true, and for each cycle from the known values of
H and B determined the co-efficient 7.

If for different cycles the values of 7 agreed, this would prove
the assumption, the correctness of the law of 1.6th power, while
a disagreement would disprove it. .

In the following for a number of samples the magnetic cycles
are given:

F = M. M. F., in ampere turns per cm. length.

B,and By = the intensity of magnetization, in kilolines, corres-
ponding to M. M. F. &, for the risingand the decreasing branch of
the magnetic curve.

The area of the looped curve, representing the loss of energy
by hysteresis is derived by adding the values of B, and subtract-
ing therefrom the sum of the values B,, B, and B,, being given
from 5 to 5 ampere turns, or .5 absolute units, the difference of
the sums of By — B, just gives the loss by hysteresis, in ergs
per cycle.
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Cast-STEEL, ANNEALED AND HARDENED. Fie. 10; Tasre VII.

Of one kind of steel, two test pieces were cast, at the same
casting, turned off to standard size and, by comparing them in the
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maghetometer, found to be exactly alike.
Then the one piece was hardened, the other left annealed.
Magnetometer tests gave the following magnetic cycles :
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TABLE VIIL
Hardened. Annealed.
F. .Br Bd Br Bd Br Bd B, Bd B, Bd
) + 5.0 + 7.0 + 7.8 + 6.6 + 8.6
5| —44+56 | =644 7.5 | — 7.3 + 8.2 | — 1.4410.7 | — 2.6 411.3
wo| —37 6x | —56 79| —6. 8.6 1| + 8.4 g | + 8.7 12.3
15( —2.7 65 | —44 82|—56 B89 .4 12, .4 12.7
20 o 69 | —19 86| —23 92 10.9 12, 108 13.0
as | +39 73 [+ 19 90,4+ .4 9.3 122 131! 120 133
. 30 5.5 7.6 g.a 9.3 2.5 98 130 13.4 12.7 13.6
35 6.7 8o 2 9.6 42 101 13.5 137 13.2 13.9
40 7.7 8.3 7.6 9.9 5.8 10.4 13.9 14.0 13. 14.2
45 8.5 8.7 102 g.a 10.7 14.1 13. 14.5
50 (44.5.) 9.6 10.5 .4 II.0 (44-5.) 14.T  14.7
55 10.4 10.8 9.6 112 14.4 15.0
60 10.9 11X 10.4 1L§ 147 152
6s 11.4 10.9 11.8 15.0 15.4
70 (64.5.) |14 120 15.3 15.6
5 11.9 12.3 15. 15.8
go 12.2 12.§ 15.8 16.0
8s 12, 12.7 16.0 16.1
g0 12. 12.9 16.2 16.3
95 13.0 13.1 16.4 16.5
100 13.2  13.3 16.6
105 12.4  I13.4 (ror.0.)
110 13.5
( xog.o.)
H= 48,300 77,800 101,100 34,800 | 45,000
obs. |

Herefrom as coefficient of hysteresis, was found
7= .02494 | .02512 | .02490 | .007997 | .007962
[N —_ \

~— —~ —
Average, 7 = .024987 7 = .007980
~ .025 . ~ .0080
Hence, when annealed, the hysteretic loss is
H = .008 B¢

when Aardened
H =.025 B¢
and calculated by means of these formulas, we derive

= 48400 77,500 101,500 34,730 45,100
cale.

and
H—H= 4100 —300 + 400 — 70 - 100

cale. obs.
= per cent. of
H +.8 —4 +4 —2 4.2
calc.
In Fig. 10 are drawn some of the magnetic curves for both

samples.
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It is especially interesting to note that though the chemical
constitution of both samples is exactly the same, their magnetic
behavior is entirely different, so that the magnetic properties of
iron seem to be determined much more by its physical than its
chemical constitution.

| g

==

1
| |
|- . 20004 -
—90- 80 — 70 — 60— GL —40 —~30 —20 - 420 +30 +40 4850 +60 +70 +80 490

->
z
L~
/ L
==
4/
=140,000-
Fig. 11,
Anoraer SaMpLE oF CasT-StEEL OF Low MaeneTic CoNproTivITY-
Fre. 11.
TABLE VIII,
F.| B Ba  Br Ba , B- 1ba By Ba
|
o + 2.9 + 2.8 + 3.1 + 3.4
3 —x.g “+3.4 —1.9 +3.6 —2.1  +3.9 —2.7 +4.2
10 + . 4.1 — .4 43 — .6 4.6 —13 4.8
15 2.7 4.6 “+a.7 49 ~+2.2 5.2 +|.g 5.4
20 3.9 5.1 4.0 5.5 42 5.8 3. 5.9
25 4.7 %.6 49 6.0 5.1 6.2 4.8 64
30 5.5 .0 5.6 6.4 5.7 6.6 5.5 6.7
35 6.2 6.3 6.2 6.7 6.1 6.9 6.0 7.1
40 6. 6.6 7.0 6.6 7.2 6.5 7-4
45 (37.0) 70 73 7.0 7.5 7.0 7.7
50 74 _ 75 74 ‘-8 7-4 I
| 55 7.64 7. .x g.a .2
- 6o (s2.0.) 8.1 8.4 X B.g
6y 8.4 8.6 8.4 8.
70 8.7 8.8 8.7 9.0
75 8.95 9.0 9.3
8 (75-0.) 9-3 9-2
8s 9.5 q.
90 9.8 9.8
95 10.0
(95.0.)
‘ H= 14,600 19,900 25.000 29,600
obs. |
)7 — o119 0122 o119 o118
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Average, 7 =.001195
~ .012
Herefrom,
‘ H =012 B'*
H= 14620 19520 25140 30,020

H—1 +2 —380 4140 4 420
cale.  obe.
= per cent. of

H +.1  —19 +.6  +14

calc,

4\00‘)I
1200 I> —
—80 ~70 ~60 —50 —40 —30 ~20 420 480 440 +B50 460 470 480

\
\)

Bradiey § Foates Engre N.F.
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With regard to hysteresis, this kind of cast-steel is 50 per cent. ,
worse than the annealed cast-steel No. 1, but still twice as good
as the hardened sample. But, magnetically, it is poor—that is,
of low conductivity, giving for 40 ampere turns M. M. F. per
centimetre length only ~ 6600lines of magnetic force per square
centimetre, while the annealed steel gives ~ 14,000—that is,
more than twice as many, and even the hardened steel gives more,
~ 8000.

Sorr MacHINE STEEL. FI1a. 12.

TABLE IX.
I 11 , III
F B, Bz B, Bq F Br Bz
o + 83 + 9.6 so 15.9 16.8
s — 5.7 103 — 7.5 112 g 16.4 17.0
10 + 12 1z — a0 12.4 16.9 17.4
15 7.4 12.6 + 7.2 13.5 65 17.3 17.7
20 11.0 13.4 10.9 14.2 70 17.7 18.0
25 12.6 13.8 12.4 14.8 7% 18.0 18.2
30 13.5 14.2 13.3 15.3 80 18. 18.4
35 14.2 14.5 14.0 18.7 8s 18. 18.7
40 14.8 14.7 16.0 ) 18.8
45 (39.0.) 15.3 16.4 l (90.0.)
I g.= 44,400 64,000
. /R 100944 00928
)
Average, 7 = .00936
hence

H = 44,000 64,600

cale.

A= — 400 © 4600

= =+ 1.0 per cent.
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. Cast-IroN. Fre. 18.
4+ 10.000— /’
{a00b ]
600 '/4 |
L1
5 /7

—80 —80 —70 —-80 —6

O.—‘D —80 -2

o
+ N
®

O 440 450 4+ 60 470 + 8Q 4 90

VARV

e
e //// =lace
— A
/% T
T =l8000
=
=110,000—
Fig. 13.
TABLE X.
1. 11. 11 I
F B, Bz B, Ba ¥ Br Bz ‘
— |
N 5 6.8 X
: —1.7t ? 5-|-3.2 —z.7i 3 5+4.! ,rs,g 7. gg |
10 — .6 3.9 —1.7 47 60 ; 8.6
15 + 2 44 — .2 5.2 65 2 8.9
20 2. 49 +1.6 5.7 70 8.6 9.3
25 3.8 5.3 3.0 6.1 75 9.0 9.4 |
3 4.6 5. 4.0 6.5 8o 9-4 9.7
3 6y | 42 7a | o | 23 2%
45 6:3 63 gl 7:6 95 ’ 10.3 ) !
50 6.8 (95.0.) !
i (s0.0.) |
ohs.= 22,300 eIgs 42,000 €rgs Y
= .o1647 01589
Average, 7 = .01616
H= 22,000 42,800
calc.
H—H= —300 + 800
calc, obs.
= percent., — 1.5 + 1.9

———
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Maoxerio Iron Ore. Fie. 14; Tasik XI.

In the following are given the magnetic curves of a piece of
magnetic iron ore, apparently pure Fe 0, of the dimensions,
1in. X 1in. X 28in.
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TABLE XI.
MAGNETIC CHARACTERISTIO.
F = M. M. F., in ampere turns per centimetre length of mag-
netic circuit.
B = magnetization, in lines of magnetic force per square
centimetre.

7 B | F B F B
| S . _
| 10 750 1
20 1510 ;g 3’332 xg ;;;
| 30 2000 90 3220 180 4070
' 40 2320 100 3350 200 4300
‘ 50 2560 110 34 220 4310
60 2760 120 3532 240 4400
1

;! L
= RON ORE
N

we!

440 460 +80 4100 4 120

n ‘ - I/
7
v dInAnN
_A - I !
AN 1T
AV 000

\

Fig. 135,
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TABLE XII.

CYCLIC MAGNETIZATION.

L 11 ! 11,

——h—— —t— ——
F B, By B, Ba r B, Ba
+ + 1020 T 3640 3740
12 o ?:x,szo — 200 l+16¢$o 1342 3730 3;30
20 1300 1920 1000 2020 150 3820 3900
30 1800 2230 1750 2280 1 910 3980
40 2160 2500 3150 2520 T 3990 4050
gg so 2 ! 2 :g: bi 4050 4110
:370 2850 | 2610 190 4120 4170
z: 2850 3000 1 2800 3020 200 4190 42
3020 3120 2980 3150 aro0 4250 42!
90 3190 3250 3140 220 4320 4340
! 100 3340 33 3280 3410 a30 4360“004370
110 jo . 3410 3530 240
120 (33) 3530 3640 | (240)
H = 9,340 ergs 13,780 ergs o
obs.
7 = .02049 02041

Average, 7 = .02045
Curve of hysteresis,
I = .02045 B'¢

Il = 9,320 ergs 13,810 ergs
calc.
11— H = — 20 ergs ~+ 30 ergs
calc. obs.

= —.2 per cent. —+ .2 per cent.

As seen, the coefficient of hysteresis of magnetic iron ore,
7 = .020, ranges between that of cast-iron, = .016, and of
hardened steel, 77 = .025.

The magnetic conductivity is approximately 20 per cent. of
that of wrought-iron.

In Fig. 15is given a comparison of the hysteretic curves of

Hardened steel,

Annealed steel,

Cast-iron,

Magnetic iron ore,
in the same size.

This figure shows well the three characteristic forms of hyster-
etic curves :
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1. The hardened steel curve, of high coercitive force, has the
bend or “knee ” on the negative side, so that for zero m. M.
F. the “remanent” magnetism is still in the saturation
part of the curve—that is, in stable equilibrium; there-
fore permanently magnetizable.

2. The soft iron curve, with the bend on the positive side, so that
for zero M. M. ¥. the “remanent” magnetism, though still
very high, is already below the range of saturation, on the
branch of unstable equilibre Therefore the remanent
magnetism is very unstable and easily destroyed, the more
as the coercitive force is very small.

3. The cast-iron curve, which has no marked knee at all, but a
steady curvature of low remanent magnetization, but
with regard to coercitive force ranging between 1 and 2.

The curve of the magnetic iron ore shows all the character-
istics of a cast-iron curve.

Having derived, now, a larger number of values of the hyster-
etic coeflicient 7, for different kinds of iron and other material, we
shall put them together for comparison in Table XI.

It is remarkable, in these results, that for several samples of

each set the quotient 7 gives almost exactly the same value
q gl y s

c

while other values disagree therefrom. From this average value
of _Té,_ are calculated the values of the coercitive force C of sheet-

iron, given in the brackets.

For convenience, in the following table are given the values W
of consumption of energy in watts per cubie inch, for 100 com-
plete periods (magnetic cycles) per second, and for the magnetiz-
ation of /7 lines of force per square inch, giving as coefficient of
hysteresis the value y = 8.3 X 10~%y

In Table XII., I have given a number of experimental val-
ues of the consumption of energy by hysteresis and believe
to have shown that this consumption of energy can fairly well be
expressed by the empirical formula,

=y B*
where the exponent x is equal, or at least very nearly, to 1.6,

and the coefficient 7 a constant of the material, which ranges
from .002 up to .025 and more, and may possibly have a slight
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dependence upon the wvelocity wherewith the magnetic cycle is
performed, as the second set of alternate-current readings seems
to indicate.

In the following table, I give the values of the hysteretic re-
sistance 7 for some iron samples, subjected to a magnetic cycle
between ' = + 190 and — 190 ampere turns per centimetre,
calculated from Hopkinson’s tests' by the assumption of the law
of hysteresis.

7 = the coeflicient of hysteresis.

B = the maximum magnetization in lines of magnetic force per
square centimetre.

R = the remanent magnetization in lines of magnetic force per

square centimetre.
TABLE XIII.
1 = I - 7
Material. | Condition. 7 . B R
Wrought-iron ....... Annealed ........... .00202 18,250 7y250 '
Soft mer steel,.| .o45 per cent. C nnnealed 00262 18,200 7.860
Soft Wittworth steel.| .09 00257 13.840 7,080
32 00508 | 18,740 | 9,840
.gq " oo .00786 16,120 | 10,740
32 . ‘¢ oil-hard.| .cogsq 18,800 | 11,040
_ 39 " o - o1844 16,120 8,740
Silicon steel ......... 3.44 **  Si.,wrought| .oog37 15,150 | 11,070
3.44 i ** annealed| .oo784 14,700 | B.150
3.44 “ ‘s oil-hard.| .o1282 14,700 8,
Manganese steel ..... 3.73 :: I\rf‘n. .wnnlght 05963 4,620 220
o P! oot B+ I
4.73 . ‘* annealed .23146 10,580 5.850
8.74 " . . " R ;33 1,985 540
3.73 ': :: oxl-!nrd. .06 4770 | 32,260
74 . A T 733 e
Chrome-steel........ .62 *  Cr.,wrought! or179 15,780 9,320
1.2 oo o 01851 14,680 | 7,570
.62 ‘¢ % annealed| .oo8g7 14,850 | 7.570
1.2 . 01638 13.230 | 6,490
.62 :: :‘ ml-hm‘d. .03958 13.820 8,600
1.2 N | 04442 12,870 7
Tungsten steel ... . | 4.65 e Wo.,m-ou(zhzI .ox;:G 15:720 10:23:
4.65 o * annealed| .o1435 16,500 | 11,010
344 ‘0 ' oil-hard.| 04776 | 14,480 | 8,640
2.35 *¢  *“very hard| .o5778 12,130 | 6,820
Grey cast-iron....... 3.45p.¢c.C.; .17p.C. Mn 01826 0s150 | 3,160
Wlnte ma-uon ...... 2.04 * C.; .34 01616 9,340 | 3,850
...... 45 * C.;80 * ¢ ceeee ;gs 77

These values of the hysteretic resistance vary from .002 up to
-082, 41 times the first value.

But especially marked is, that 7 depends much less upon the
chemical constitution of the iron rample, than upon its physical

1. From ‘‘Kalender fur Electrotechniker,” by Uppenborn, Berlin, Ger-
many.
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condition, annealing decreasing, and hardening increasing the
hysteresis very considerably. ’

So far as the chemical constitution is concerned. the purer the
iron the lower is its hysteresis, while any kind of foreign matter
increases the hysteresis. Especially manganese increases the
hysteretic loss enormously, much less wolfram and chromium,
least silicon and carbon. Connected with the increase of hyster-
esis is always a decrease in magnetic conductivity.

I wish to add a few remarks on two alleged phenomena
connected with hysteresis, which have been talked about con-
siderably, without yet being made clear; the decrease of hyster-
esis for open magnetic circuit, and the decrease of hysteresis of
a transformer with increasing load.

With regard to the first, as shown, actual tests do not show a
smaller value of hysteresis for open than for closed magnetic
circuit.

And it can not be understood how that could be.

For consider an iron molecule of the magnetic circuit exposed
to the harmonically varying M. M. . and performing a magnetic
cycle. Evidently it can make no difference for this iron mole-
cule, whether some trillion of molecules distant the magnetic
circuit ends in air, or is closed entirely in iron, supposing that the
M. M. F. and the magnetism, and thereforc also the magnetic
reluctivity, are the same in both cases.

Neither can it make any difference whether the M. M. F. is
caused only by one sine-wave of electric current, or is the result-
ant of several M M. F.’s, as in the loaded transformer. It is the
same as with the electric current, where the energy converted
into heat in each molecule of the conductor does not depend
either, whether the material of the conductor on some other
point changes, or whether one or more k. M. F.’s are acting upon
the circuit.

Hence, until absolutely exact and undoubtable determinations
of the hysteretic loss for fully loaded transformers are at hand.
the assumption of a decrease of hysteresis with increasing load
must be rejected.

That an apparent decrease with increasing load has been ob-
served several times may be conceded, for besides the exceed-
ingly great liability to errors in these tests, where the hysteretic
loss comes out as the small difference of two large values, prim-
ary energy and secondary energy, and therefore is very much
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affected by the slightest error in any one of the components, it
must be understood that the main possible errors in the deter-
minations on fully loaded transformers all point this way.
Neglect of .secondary self-induction, decrease of magnetization
with increasing load, slowing down of the dynamo-alternator,
etc., all cause an apparent decrease in the hysteretic loss for
increasing load. At least in one set of tests, those made by Prof.
Ryan, at Cornell University, on a small Westinghouse converter,
1 was able to show in my “Elementary Geometrical Theory of
the Alternate Current Transformer” 'that the observed decrease
of the hysteretic loss disappears by reducing the different readings
to the same magnetization and the same frequency.?

If, indeed, the shape of the wave of M. M. F. varies, then a
certain difference in the value of the hysteretic loss can be
imagined. Compare it with a mechanical or elastic cycle. A
moving pendulum, or an oscillating spring, for instance, contin-
uously converts potential energy into kinetic energy and back ;
in each oscillation consuming, that is, converting into heat, a part
of the energy by internal and external friction. Now, if this
motion of spring or pendulum is truly harmonic, less energy is
converted into heat than if the motion varies abruptly, is jerking,
etc. So, in a magnetic cycle, between the same limits of
magnetization the hysteretic loss might be smallest, when the
cycle is entirely harmonical, but might be larger if the m. m. r.
varies abruptly; for instance, when caused by an intermittent
current. )

Now, in a transformer with open secondary the M. M. F. acting
upon the iron is that of the primary current, and this carrent is
rigidly determined in its shape by the . M. r. of the dynamo
and the e. M. . of self-induction. But in a fully loaded
transformer the secondary current is proportional to the changes
of the magnetism, therefore increases very considerably in the
moment of a sudden change of magnetism. Hence, if a sudden
and abrupt change in the primary current occurs, just as suddenly
the secondary current increases in the opposite direction, and
thereby makes a sudden change of resulting m. M. r. and magnet-
ism impossible, so that the fully loaded transformer compares
with the elastic spring which oscillates freely, while the open-

1. Dec. 1891, Electrical Enginser, New York.
2. The latest tests of Ewing mve that, in a fully-loaded transformer the:
loes by hysteresis is ns¢ smaller than for open secondary circuit.
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circuited transformer compares with a spring, where the motion
is determined by a rigidly-acting outside force.

Hence, if the shape of the alternating primary current
diffars considerably from the sinelaw, a certain decrease
of the hysteretic loss for increasing load can be expected, though
certainly not such an enormous decrease as some former tests
seemed to point out. These tests must undoubtedly have given
erroneous results, perhaps caused by the neglect of the
secondary self-induction, which, even if very small and causing
only & slight error in the secondary energy, must cause an
enormous error in the hysteretic loss, the small difference between
the two large values—primary and secondary energy

That an electro-magnet without keeper loses its magnetism
quicker than a magnet with keeper, or a closed magnetized iron
ring, is a phenomenon. which has nothing whatever to do with
this loss of energy by hysteresis, but is merely due to the
demagnetizing force of the remanent magnetism. For the .
remanent magnetism in an open magnetic circuit causes between
its poles a certain difference of magnetic potential, which in the
moment of breaking the electric circnit acts as demagnetizing
M. M. F., and, if the coercitive force is small, as in wrought-iron
or annealed steel, almost entirely destroys the remanent magnet-
ism, while in an iron of large coercitive force it affects the
permanent magnetism very little. . In the closed magnetic
circuit the remanent magnetism causes no or very .little differ-
ence of magnetic potential, and therefore no destruction of the
remanent magnetism by its own demagnetizing M. M. ¥. takes
place. But with the hysteretic loss of energy this phenomenon
has nothing to do.

To combine the results, what I believe to have proved is that
loss of energy in iron caused by reversals of magnetism can be
expressed by the analytical formula:

H=7nB%+¢N B

where

7 = the co-efficient of hysteresis,

¢ = the co-efficient of eddy currents,

AV = the frequency of the alternations of magnetism, °

7 B'$ = the loss of energy by hysteresis proper, or by molecular
Jriction, and

¢ N, B* — the loss of energy by eddy currents, per magnetic
cycle and per cm.?, proportional to the frequency &.
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