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PREFACE.

This book was written because the authors have felt the need
of a treatise of this nature, and because others have expressed
a similar feeling.

The treatise will be in two volumes and is intended for use

asa college text-book and also as a work of reference for engi-

neers. The procedure followed is that which has been used
for some veéars in the dynamo laboratories at the University
of Wisconsin, but the treatment is of a character which makes

it suitable for general use in other institutions. The field cov-

ered by the present volume is that of direct-current electro-
magnetic machinery and apparatus, and is almost exclusively
confined to dynamo-electric machinery. It is assumed that
due instruction in precise electrical measurements has been
previously received in a course which is adapted to suit the
requirements of the electrical engineer. The text refers in nu-
merous places to various books and puBlications so as to make
it serviceable in connection with any first-class college course in
direct-current dynamo machinery. This also adds to the value
of the treatise as a reference book. The second volume (which
is in course of preparation) will deal with alternating current
machinery and apparatus.

The treatment of each experiment is self-contained. Stress is
laid on this feature, as it is believed to be of marked value in a
work of reference; and, in a text-book, it allows the instructor
great latitude in arranging a course to suit the individual needs of
his students. The order of experiments adopted is a convenient
one to follow in the college laboratory, but it may be judiciously
changed as dictated by convenience, without injuring the proper

sequence of the work.
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A dynamo laboratory course should be designed to fix the
theories learned in the class room or lecture room, at the same
time giving as much of the commercial side of testing as is
possible without sacrifice to the teaching of fundamental prin-
ciples; and it should also be designed to develop self-reliance,
resourcefulness and ingenuity in the student. Success in the
latter function depends largely upon the personality of the in-
structor. He must hold himself in reserve rather than give a
student a fact that can reasonably be obtained by working for
it; he must encourage every spark of originality that can be
found; and he must instill into his students his own enthusiasm
and love for science. At the same time the spectacular worker
must be curbed by an inflexible insistence that all regular labora-
tory work be performed in a thorough manner. The authors be-
lieve that the method of this book is truly in harmony with the
above proposals.

Many young men enter the laboratory with no previous ex-
perience in the practical operation of dynamo machinery and
-apparatus. They may be able to transform equations, prove
theorems, and talk intelligently about characteristic curves, but
are often entirely at sea in applying their knowledge to a con-
crete case in the laboratory. For this reason, the major portion
of the treatment of each experiment is devoted: (1) To
a review of the theory; (2) to the particular experimental
method involved; and (3) to practical applications of the
particular subject.  The ‘ experimental observations required
for. the test are enumerated under the heading “ Data.” This
has been found of great assistance in making the laboratory
work thorough. Questions which bear directly upon the sub-
ject are asked at the end of many of the experiments. These
are introduced with the object of stimulating independent thought
and observation, and they therefore bear upon important though
less evident relations of the phenomena involved. The authors
believe that real value arises from formal questions only where
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they relate to matters which require more than perfunctory
thought in composing the answers. The questions, as laid down,
have been proved by use to be a valuable and stimulating feature,
which results in gain to even the best of students.

It has been the aim to impart a thoroughly practical knowledge
of dynamo machinery and apparatus; a knowledge that can be
relied upon during the operation of machinery and which will
lead to quick and accurate conclusion in emergency. Mathe-
matical analysis has been avoided except where it adds to clearness.
" The nomenclature is in accordance with present standards so
far as they have been adopted. A key to the nomenclature
is given at the beginning of the book. Where subscripts are
employed, their significance is stated in the text.

In making references, the aim has been to indicate where
collateral reading matter may be found. It should not be con-
sidered that the authors necessarily support statements found
in these publications, other than those contained in the direct
references. It has been found advisable to make abbreviations
in giving references. A list of references, with these abbrevia-
tions indicated, has therefore been introduced.

The matter presented under the headings “Preliminary” and
“Instruments” has resulted from the necessity of familiarizing
the experimenter with the many general features in connection
with dynamo testing and the care and use of instruments.

While many of the experiments considered are common to
College Electrical Laboratories, a considerable number have been
the result of the development of the dynamo laboratory course
at the University of Wisconsin. A common criticism of books
on dynamo machinery is that the conditions of temperature
and sparking are not sufficiently emphasized. These features
are bug-bears in engineering departments devoted to the commer-
cial design of dynamos, and have therefore been given promin-
ence in this treatise.

Appendix A, relating to Shop Tests, has been introduced with
the idea of grouping together and emphasizing those tests and
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methods of measurement which are employed in the testing de-
partment of a manufacturing concern. Appendix B, the Stand-
ardization Report of the American Institute of Electrical Engin-
eers (introduced by permission of the Institute), is considered a
necessary adjunct to a dynamo testing manual.

The subject matter of this book has gone through several edi-
tions in the form of mimeographed notes and each edition has
been revised, after a year’s trial. The treatment of the subject
is therefore based on personal experience as well as on the theory
of education. This experience covers a period of ten years and
is largely the result of the authors’ connection with laboratory
and class instruction in the Universities of Wisconsin and Illinois
and in Pennsylvania State College. On the other hand, it is
believed that the practical value of the treatise is due in marked
degree to the experience of the authors, not only in the design-
ing and testing departments of manufacturing concerns, but also
in the designing, construction and testing of plants containing
electrical machinery and apparatus.

Acknowledgment is due to Mr. Murray C. Beebe, Chemist of
the Nernst Lamp Company, who, while Instructor at the Univer-
sity of Wisconsin, wrote as co-author a considerable proportion of
the matter in the earlier mimeographed editions. Indebtedness
to Professor Dugald C. Jackson, for his friendly interest, his
counsel and encouragement is best acknowledged by the inscrip-
tion contained on a separate page.

The authors are under obligations to Assistant Professor John
W. Schuster and Mr. George C. Shaad, of the Electrical Engin-
eering Department at the University of Wisconsin, to Assist-
ant Professor William H. Williams, of the University of Illinois,
and to Professor Arthur H. Ford, of the Georgia School of
Technology, for their kindness in the reading of proof and in
criticising copy. Further acknowledgment is due to the many
students who have felt free to point out mistakes in the mimeo-
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graphed notes and make suggestions for the improvement of
individual experiments. ;

While due care has been exercised in the editing of this work,
it is probable that errors will be found and the authors will feel
grateful if such are called to their attention,

August, 1903.



(A

PROFESSOR DUGALD C. JACKSON, C.E.

TEACHER, ENGINEER AND AUTHOR
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ELECTRO-MAGNETIC MACHINERY.

PRELIMINARY.

To derive the greatest good from the laboratory course, the
experiment assigned should be studied carefully before at-
tempting to obtain data. Determine what results are sought
or what theoretical considerations are to be brought out by
the experiment. Examine the instruments and apparatus until
familiar with them. Systematic and careful work will result
in an ultimate saving of time and greater good from the work.
Where two or more students work on an experiment, the con-
nections should be looked over and understood by each.

In all of his laboratory work the student should develop self-
reliance and resourcefulness. If he begins by running to his in-
structor for the solution of every little difficulty, his progress later
i the course will be seriously impeded.

GENERAL METHODS.

Before proceeding on any experiment, make a sketch of the
connections ; then connect accordingly. In planning these con-
nections the instruments should be so placed as to read with
the greatest accuracy. The sketch should involve fuses or
other necessary protective devices. Possible emergencies
should be considered and the course of action decided upon, be-
fore beginning a test. Before starting any test on a dynamo or
motor, the peripheral speed of the pulley should be computed
unless it is known to be within, safe limits; a maximum of 5500

feet per minute is permissible. All belt lacings should be in-
I
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spected. Care should be taken that all apparatus is accele-
rated slowly, as rapid acceleration may cause a belt to part or
run off, or may even break a pulley. Never stand in front of
a belt while it is running. Never sit on a belt, lean against
it or stand on it. The reason is obvious.

In wiring up apparatus, never use a wire smaller than No.
10 B. and S. gauge, except for voltmeter leads or the leads to
the pressure coils of wattmeters. Current carrying wires
should be bared and scraped a sufficient length to make a half
turn after insertion in the terminal or binding post. This
bending insures continuity of circuit even if the screws work
loose. Where a wire is wrapped around a screw a washer
should be placed next to the screw head unless the latter is
of a diameter sufficient to cover the wire. Pressure leads are
usually stranded conductors. Care should be taken that the
ends of the strands do not touch the metallic cases of instru-
ments or the frames of machines.

Before taking observations the apparatus should be tested
over the desired working limits unless the experimenter is cer-
tain these limits are attainable. For example, certain obser-
vations are to be taken on a dynamo operating from full load
to no load. Not only should the instruments used be of such
range as to give accurate readings at all desired points, but the
auxiliary apparatus such as regulating resistances, power-con-
suming devices, etc., should operate within safe temperature
limits and should be sufficiently adjustable. If this precaution
is not taken the experiment may be prematurely stopped, and
possibly with disastrous results. Again, it may not be pos-
sible to obtain a sufficient number of observations, because
of lack of adjustment of auxiliary apparatus. Commer-
cial apparatus, such as dynamos, transformers, etc., are
subject to temperature tests, which should be made in
accordance with the rules of the American Institute of
Electrical Engineers.* Furthermore, no observations showing

* Standardization Report, Appendix B.
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commercial performance should be taken until the apparatus
has attained its working temperature. In the college dynamo
laboratory limited time usually precludes the necessary pre-
liminary temperature run. Many observations depend upon
temperature, and, if made at any other than the working tem-
perature, will hot represent operating conditions. Methods of
compensating for these errors will be considered later in
special cases. However, since compensation is not always
possible, the experimenter should keep this temperature effect
in mind, and in making any commercial tests, should insist upon
a prelinanary temperature run. All overload observations are
worthless, unless the machine is at normal full load tem-
perature when the overload run is begun.

All resistance measurements should include readings of
temperature so that the temperature correction may be made
if necessary.

It is often possible to do two or more experiments simul-
taneé)usly. In this case the written report of each experiment
should be complete in itself; 4. ¢., it is not advisable to use such
expressions as, ‘“ the apparatus used was the same as in pre-
vious experiments,” or “the data were the same as in experi-

”
.

ment —.” While this may seem an unnecessary repetition, it
makes the report more valuable for future reference.
Always explain any symbols used which are not standard.
Checking results is often entirely overlooked, but its im-

portance can not be too strongly emphasized.

CuRVEs.

Results are often more cleariy shown when represented
graphically. In fact, important deductions may be entirely over-
looked when a mass of tabulated data alone is considered.

The curve sheet, as far as practicable, should contain data
sufficient to make it independent of the rest of the report. The
scales should be so chosen and the curves so plotted that the
sheet will be used to the best advantage in bringing out the
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results desired ; at the same time no scale should be chosen so
large as to show in glaring prominence the errors of personal
equation. The scale should be indicated at regular intervals
and all figures or letters should be placed inside the margin of
the cross-section paper; or, if outside, care should be taken that
a sufficient space is left for binding. The readings represented
on the curve sheet should be indicated by small circles or
otherwise, and, as a rule, a smooth curve should be drawn, fol-
lowing what seems to be a locus of the points, rather than a
jagged curve connecting the observed points.

The lettering on the curve sheet should indicate the nature
of the curves, the machine or apparatus experimented upon,
its rating, the name of the experimenter, and the date. If sev-
eral curves appear upon the same sheet, they should be num-
bered and proper explanation of them made on the curve sheet.

SwitcHBoARD CONNECTIONS.

In making switchboard connections, form the habit of con-
necting to the Source of power lasz. This is important in high
tension work for personal safety. By making all other con-
nections first, no “live ” wires need be handled until the final
connections are made, whereas if the power connections are
made first, every lead handled will be “live.” Be sure all
connections are according to sketch and instruments of proper
range are used. Depend upon it, any “hit or miss” plan is
liable to result disastrously.

ORIGINAL DATA.

The necessity of making the original data as complete and
clear as possible can not be too strongly emphasized. Other-
wise important data may be overlooked and it becomes neces-
sary to perform the experiment a second time, either in whole
or in part. Oftentimes important deductions may be drawn in
the light of some later experiment which were not thought of
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at the time the data were taken; hence the desirability of keep-
ing the record in convenient shape and of making it so self-

explanatory in character that it may be depended upon for
future reference.

THE WRITTEN REPORT.

The most essential features to be considered in the written
report are clearness, completeness, accuracy and neatness.
The student who is careful to observe these will be forming
_habits which he will find necessary to success in his later pro-
fessional work.

Each report should contain:

a. The names of the writer and the person or persons with
whom the experiment was performed ; the writer’s name being
underscored or set out prominently.

b. The date of the experiment.

¢. The number of the experiment and its title.

d. The object.

e. List of apparatus tested, with maker’s name and rating;
and manufacturer’s name of each instrument used, with its
range and number.

f. Diagrams of connections used, carefully drawn and let-
tered.

g. Full description of apparatus tested.

h. Theory of the experiment, method employed and refer-
ences to the authorities for assumptions made or equations
used, and a sample calculation of a deduced result.

1. Given, observed and calculated data in neat tabular form.

J. Deductions from data, expressed graphically when possible.

k. Discussion of the experiment in general, pointing out
possible sources of error, methods of eliminating error, diffi-
culties encountered and methods of overcoming them, accuracy
of the method, and any other points of interest which may
arise for each special case.

I. Discussion of the results and conclusions drawn.
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These features may best be shown in a sample report. A
simple experiment in the testing of an incandescent lamp has
been chosen and the various points are brought out briefly.
The student will readily comprehend that in many cases his
written report should be much more exhaustive.

A. L. TURNER,

January 23, 1903.  Jomn B. AvERy with { M. K. FISHER.

EXPERIMENT Z.

BEHAVIOR OF AN INCANDESCENT LAMP UNDER
INCREASING PRESSURE.

Object. The object of this experiment is to study the
action of a 110-volt 16-candle-power lamp when subjected to a
steadily increasing terminal pressure, starting with a low value
and continuing until the lamp burns out:

Apparatus and Instruments.

16-candle-power 110-volt American incandescent lamp.

16-candle-power 110-volt Edison Standard lamp, Number 3.

Weston direct-current ammeter, No. 12792, range O-I
ampere.

Weston direct-current voltmeter, No. 24709 ; range 0-15, 0-150
volts.

Weston direct-current voltmeter, No. 35304; range o-150,
0-300 volts.

Kriiss Standard Reichsanstalt Precision Photometer with
300-centimeter bar,

Lummer-Brodhun Photometric Screen.

Switches and Rheostats.

220-volt, 150-ampere hour Storage Battery.
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Connections.

PHOTOMETRIC SCREEN
Ly (4
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7
PHOTOMETER BAR A2

il lilll‘|é|'|'l.____w'3%wo 5

Fig. Za. Diagram of Connections.

e

Description of Lamp Tested. The lamp tested was a single
coil, anchored filament, Edison base incandescent lamp, manu-
factured by the American Lamp Company. Tt was rated at
16 candle power with an efficiency of 3.1 watts per candle when
supplied with 110 volts. The lamp was carefully examined
with regard to symmetry of bulb, straightness of stem, loose
connections, etc., and found to be free from imperfections.

Theory and Method. The incandescent lamp is based upon
the principle of raising the temperature of an electrical con-
ductor by means of an electric current traversing it. As the
lamp filament has resistance, power is supplied to it and in
a given time a certain amount of energy is transformed into
heat. The temperature of the filament therefore rises to the
point where the heat radiated and conducted away is equal
to that supplied in the same time. If the power supplied is
increased by increasing the current through the lamp, the
electrical energy transformed into heat increases and there-
fore the temperature increases until thermal equilibrium is
again established.

In Figure Za the lamp under test is shown at the right end
of the photometer bar, while L,, the standard lamp, is at the
left end.

The photometer and photometric screen were described in
the report on Experiment S. The lamp L, was standardized
in Experiment S and was found to be 15.9 candle power at
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109 volts. It was run under these conditions throughout the
present test.

The general method of testing was like that in previous ex-
periments of a similar nature and may be briefly outlined as
follows. The standard lamp L, was maintained constant at
15.9 candle power by keeping the pressure at its terminals con-
stant at 109 volts. The pressure across L, was first adjusted
to go volts and the current and candle power readings were
taken. The pressure was then raised ten volts at a step, until
the lamp burned out, and a series of current and candle power
readings were taken. In each case the pressure was adjusted
as rapidly as possible and then maintained constant for ten
seconds before another increase was made.

The photometric reading was taken as soon as the pres-
sure adjustment had been made. Two readings were taken
for each pressure, the screen being reversed for the sec-
ond reading, and their average was used in the final cal-
culation.

The general formula for the determination of the luminous
intensity of a light source is

where L,=—the light source under test,
L, =the standard light source,
d,=distance from L, to the photometric screen,
and d,=distance from L, to the photometric screen.
As a sample calculation, take the readings when the normal
pressure of 110 volts was supplied the lamp under test. The
observed data were:

Volts. Current. Average Photometer Reading.
110 0.450 149.0

* Stine’s “ Photometrical Measurements,” p. 28.
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The candle power may be obtained from the formula given
above by substituting the values as follows:—

300 — 149.0\?
.L2= 159<_~*———14909 )

L, = 16.4 candle power.

Instead of multiplying these ratios out each time, use is
made of a light ratio table in which the numerical value of the
parenthetical expression is given direct for every division of
the photometer bar.

The watts are obtained directly by the product of the cur-
rent and pressure for any one reading. The watts per candle
are then obtained by dividing the watts by the corresponding
candle power reading. Thus, at 110 volts, the lamp took 49.5
watts, and the watts per candle were 3.00.

Data.
Volts, Current, | Watts. Pﬂ&iﬁifﬂ 1[{‘;%?; g;:i]: Resistance. ‘v(?;‘:dl?r
Reading. S z Power.
90 0.350 31.5 199.0 0.258 4.1 257 7.70
100 0.400 40.0 174.0 0.524 8.3 250 4.88
110 0.450 49.5 149.0 1.030 16.4 245 3.00
120 0.495 59.4 128.0 1.810 28.8 243 2.01
130 0.545 70.8 114.0 2.660 42.3 239 1.75
140 0.590 82.6 100.0 4.000 63.6 237 1.32
150 0.630 94.5 88.0 | 5.800 92.2 238 1.04
160 0.675 | 108.0 78.0 8.100 129.0 237 0.86
170 0.720 | 122.5 72.0 10.000 159.0 236 0.79
180 o.760 | 136.8 66.0 12.600 200.0 237 0.66
190 Lamp Filament Broke at Coil.

Standard lamp was run at 15.9 candle power throughout the
test.

General Discussion. The sources of error in photometric
measurements in general were discussed at some length in
Experiment S. An additional source of inaccuracy enters into
the present experiment in that the standard lamp and the lamp
under test differ in the quality of light emitted. This is espe-
cially marked as the pressure on the lamp under test becomes
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high, and it is difficult to get a satisfactory setting of the screen,
because at no position do the two sources produce the same
luminous effect upon the screen.

This difficulty might be avoided to some extent by the use
of a screen such as the Grosse Mixture Photometer or by em-
ploying a Flicker Photometer, but in either case other inac-
curacies are liable to result.

One difficulty experienced was in the adjustment of the
pressure to an exact desired value. This was due to the com-
paratively few steps on the rheostat. The rheostat used had
but fifty steps, and one having a continuous gradation would
have been much better.

Discussion of Results and Conclusions. The data obtained
and calculated show several interesting results, which may
best be discussed with reference to the curve sheet Figure Zb.
All data have been plotted with reference to candle power
which is represented by the abscissas.

First is the very rapid increase of the candle power with an
increase in pressure applied to the lamp. At 110 volts the
candle power was practically normal while an increase of 10 per
cent. in the pressure almost doubled the candle power, and the
lamp gave 12.5 times normal candle power at 180 volts, but
burned out shortly after the reading was taken.

It was to be expected that the current would rise as the
voltage increased since the carbon filament resistance does
not change greatly after it reaches a luminous temperature.
The resistance of carbon decreases with an increase of tem-
perature and this is nicely shown by the resistance curve.

The watt curve would naturally be similar to the pressure
and current curves. This curve is interesting in that it shows
the very rapid rise in candle power with a comparatively slight
increase in the amount of power supplied.

The efficiency of the lamp is again brought out in the watts
per candle power curve. It must be remembered in this con-
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nection that watts per candle is really the inverse of efficiency
and that a high value of watts per candle means a low effi-

ciency, and vice versa.
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‘Since the intensity of the light emitted increases rapidly

with increasing temperatire, high temperatures should be em-
ployed and the substance used should possess a high fusing
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point. Furthermore, the heat should be concentrated within a
small space, to avoid cooling effects as far as possible. The
material used. should therefore be a moderate or a poor con-
ductor of electricity. Carbon has been most commonly em-
ployed for filaments, although other substances, such as plati-
num and iridium, have been used. There have been many ex-
periments in recent years in the use of titanium and substances
of a similar nature in the place of carbon.

In conclusion, the experiment shows that an incandescent
lamp will withstand a pressure approximately double its nor-
mal rating for a short time and give many times its rated
candle power, but that the strain is very severe and the fila-
ment is impaired, if not actually ruptured.

It is shown that the efficiency becomes higher as the impressed
pressure increases. It was also observed that the light emitted
became whiter with increasing pressure.

The general conclusion is that incandescent lamps should be
run at as high a pressure as is warranted by the conditions of
service.



INSTRUMENTS.

It is not the intention here to give a detailed description
of all indicating instruments which might be met with in the
laboratory, but rather to classify them, and briefly to outline
the advantages and disadvantages of the different classes.
The details of construction of the various instruments and
other particulars concerning them may be found in the cata-
logs of instrument makers.

Instruments are best classified by considering the principles
upon which they operate; for each type, when so classified,
may have particular points of merit which fit it especially for
certain kinds of work.

QUALITIES OF A GooD INSTRUMENT.

The important things to consider about an instrument are:

a. Accuracy. This requires that the instrument be theo-
retically correct in principle; it should be simple, and well con-
structed.

b. Portability. This quality is of importance where the in-
strument is to be used in commercial testing, or in fact in any
instrument not intended for switchboard use. A strictly
portable instrument should be ready for immediate use, with-
out adjustment or careful leveling.

c. Aperiodicity. When instruments are used on circuits in
which the measured quantities fluctuate, the desirability of an
aperiodic or “dead beat” instrument is at once apparent. To
allow simultaneous readings to be taken from several instru-
ments, the needles should come to rest quickly. In general, the
moving parts should be light, to reduce friction and to make the
instrument capable of responding readily.

13
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Instruments such as ammeters, voltmeters, and wattmeters,
should have a natural period of vibration which is many times
greater than the time of fluctuation inherent in the circuit
measured. For example, the time of vibration of the needle
of an instrument used on an alternating or a pulsating cur-
rent circuit, should be many times the period of the pressure
wave. This property is exaggerated in the ballistic galvano-
meter, while in the oscillograph it is minimized to the greatest
possible extent.

Instruments may be made aperiodic by the use of air vanes
or vanes moving in oil, or by means of short-circuited con-
ductors moving in magnetic fields.

d. Friction. Both mechanical friction and hysteresis (molec-
ular friction) have the same effect upon the readings of an
instrument. On increasing values the readings will be too
low, while on decreasing values they will be too high, by an
amount dependent upon the friction. Practically all instru-
ments manufactured at present are provided with light mov-
ing parts and jewelled bearings, and little or no iron, which
would be subjected to a changing magnetic field, is used in
their construction.

e. Direct Reading. Instruments should be direct reading,
for convenience and general efficiency.

f. Economy of Operation. This means that all pressure
coils must be of high resistance and all current coils of low
resistance.

ALTERNATING CURRENT INSTRUMENTS.

An important consideration in instruments for alternating
current circuits is that they shall indicate the same on all fre-
quencies. This requires that they be so designed that their
self-inductance is small, and in pressure coils the true resist-
ance must differ from the impedance by a quantity negligible
in value. ;

Unless special precaution be taken to properly dispose the
metal used in their construction, eddy currents will be set up
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which will exert a disturbing influence, and the instruments
- will have to be calibrated for each frequency used.

Any iron interposed in the magnetic circuit of an alternating
current instrument must be of such quality and so disposed
that hysteresis and eddy currents will not have an opportunity
to affect the readings.

The common instruments of good grade are constructed
to give indications correct to at least one-half percent, and
with proper care will retain this accuracy and require very
little attention.

Aside from the question of acéuracy of the instrument per
se, hysteresis and eddy currents both increase the power
absorbed, and thereby introduce errors when a set of readings
is taken with several instruments in a circuit. Furthermore,
an ammeter may have such a large impedance drop that the
voltmeter, if connected on the power side of the ammeter, will
indicate a pressure appreciably higher than the true pressure
of the apparatus; or again the voltmeter may take so much
current, that if connected on the load side of the ammeter, the
latter will indicate a current appreciably larger than the true
current of the load.

CLASSIFICATION OF INSTRUMENTS.

Electrical Instruments may be classified according to the
principles upon which they operate:
1. Solenoid and Plunger Type.
. Magnetic Vane Type.
. Electro Dynamometer Type.
. D’Arsonval Galvanometer Type.
Astatic Type.
Electrostatic Type.
Hot Wire Type.
. Miscellaneous.

PN O AW N

Solenoid and Plunger Type. In this type of instrument, the
deflection of the needle is caused by the magnetic attraction of
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an iron core into a solenoid. This force of attraction is gen-
erally balanced by a weight attached to the movable part, or
by a spring. The instrument must be calibrated by passing
a known current through it, or else by subjecting it to a known
electrical pressure, depending upon whether it is to be used as
an ammeter or a voltmeter; and it is essential that an instru-
ment of this class be calibrated for both increasing and de-
creasing readings, on account of hysteresis in the plunger.

Instruments of this class were among the first used and
are still found in use as switch-
board instruments where great
accuracy is not considered essen-
tial. The movable parts of such
instruments are apt to be heavy,
and on account of their inertia
and the difficulty of doing away
with friction, they are apt to be
sluggish in their movements.
They may be used on both direct
and alternating current circuits,
but the alternating and direct cur-
rent readings will differ and one
calibration will not hold for differ-
ent frequencies. The effective

SRR L g g e

value of the alternating wave
Fig. A. Westinghouse Station Am- is  indicated by such instru-
: meter. (Old Type.)
ments.

Examples—Ayrton and Perry Instruments; Brush Arc Am-
meter ; Westinghouse Station Ammeters and Voltmeters (old
type); Edison Station Ammeters and Voltmeters; General
Electric Potential Indicators and Current Indicators.

This type of instrument has been practically abandoned ex-
cept for current and pressure indicators used in connection with
circuits where the greater accuracy of the more expensive instru-
ments is not essential. Figures A and B show two instruments
of this class.
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Magnetic Vane Instruments. Instruments of this type de-
pend for their indications upon the action of a magnetic field
set up by the current of the circuit, upon a small piece of mag-
netic material mounted so as to move freely within the field.

Some instruments of this class are constructed, in which
the magnetic vane is mounted eccentrically in the magnetic
field, so that, as the strength of the field changes, the vane
seeks a new position which is indicated by a pointer moving
over a scale.

Fig. B. General Electric Current Indicator.

Another common way is to mount a small vane of soft iron
in the magnetic field set up by the solenoid in such a way that,
when the pointer is at zero, the vane takes a position partly
across the path of the lines of force. The position of the vane,
relative to the magnetic field, is kept constant by means of
a torsion head which carries the index. A magnetic field set
up by the coil will tend to turn the vane in a position in which
it will offer a better path for the lines of force. For a given
angular position this turning moment is proportional to the
square of the current in the coil. For this reason such instru-
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ments have unevenly divided scales. They may be used on
direct or alternating current circuits, in the latter case indicat-
ing the effective value of the alternating wave. Their indica-
tions will be dependent upon the frequency, unless care is taken
to reduce the hysteresis and also the eddy currents of the vane to
a minimum, when the variation becomes negligible.

When used on direct current circuits, they will be affected
by stray magnetic fields or masses of iron in close proximity,
and hence, are rather unsatisfactory for direct current work.

Fig. C. Thomson Inclined Coil Ammeter.

In using them for such work, special precautions must be
taken to see that they are not in the neighborhood of any such
field or any large mass of magnetic material. The direction
of the current through the instrument should be reversed and
the two readings taken without changing the position of the
instrument with respect to surrounding objects, the average
of the two readings being the correct one. When used on
alternating current circuits they serve admirably, and several
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commercial instruments of this class are manufactured which
are reliable and permanent in their indications.

Examples—Thomson Inclined Coil Ammeters and Volt-
meters ; Hoyt Ammeters and Voltmeters.

The Thomson instruments belong to the first mentioned
class where the vane is mounted eccentrically. An ammeter
of this type is shown in Figure C. It is direct reading and
has a fairly uniform scale. The inclined coil is shown at D,
and C is the movable magnetic vane to which is attached the

¢

Fig. D. Hoyt Ammeter.

pointer B. The binding posts 44 are connected directly to
the inclined coil. )

In the Hoyt instruments the field is symmetrical and the
force deflecting the vane is balanced by means of two small
differential spiral springs mounted on a torsion head to which
the pointer of the instrument is attached. Figure D shows a
Hoyt ammeter with the outer case removed. The coil which
sets up the magnetic field is shown at 4 with the magnetic
vane B inside of it. The torsion head is shown at C, and at-
tached to it is the pointer D, moving over the scale S.

Electro-Dynamometer Type. Instruments of this class
have a fixed and a movable coil of fine or heavy wire, depend-
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ing upon the use intended. - When used as a voltmeter, the two
coils are of fine wire, and when as an ammeter, they are of
heavy wire, and in either case are connected in series. When
used as a wattmeter, the movable or pressure coil is of fine
wire and the fixed or current coil is of heavy wire, the two
being independent electrically.

When used as an ammeter or a voltmeter, the current passes
through the fixed coil setting up a magnetic field proportional
to the current. The same current passing through the movable
coil also sets up in it a field proportional to itself. These two
coils are mounted in planes which are at right angles to each
other, so the fields set up are at right angles and thus react
upon each other, tending to force the two coils into the same
plane. Since the force exerted is proportional to the product
of the strengths of field, it must be proportional to the square
of the current flowing in the coils.

When used as a wattmeter the fixed or field coil is wound
with large wire and few turns, and is connected in series with
the circuit in which the power is measured. The total current
of the circuit flowing through this coil, sets up a field pro-
portional to itself. The movable coil is of fine wire and is con-
nected in shunt with the circuit. This coil has in series with it
a high non-inductive resistance. The resistance of the “ pres-
sure coil” circuit remaining constant, the current flowing
through it, and hence the field set up by it, are proportional to
the pressure impressed upon its terminals. These two mag-
netic fields reacting upon each other produce, in the case of a
direct current circuit or a non-inductive alternating circuit, a
deflecting force proportional to the product of the currents in
the coils, and hence produce a deflection of the movable coil
which is proportional to IE, the power of the circuit. When
a difference of phase exists between pressure and current in
an alternating current circuit, the currents in the two coils
are not acting in unison; and the deflection is proportional to
IE cos 6, where 8 is the phase difference.

4
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Instruments of this class necessarily have some self-induct-
ance which would make them dependent upon the frequency
of the circuit if used as voltmeters or wattmeters but by care-
ful designing they may be made reliable. When used as
ammeters they are, of course, independent of frequency since
the amount of current is prac-
tically determined by other
parts of the circuit. These
instruments are not nearly so
dead beat as is desirable.
They are equally good on
direct and alternating current
circuits provided proper pre-
cautions be taken, when used
for direct current measure-
ments, against stray fields
and masses of iron. On al-
ternating circuits the effective
value of. the wave is indi-
cated. i

Examples. — Siemens Dy-
namometer; Kelvin Balance;
Weston Alternating Current Voltmeter ; Hoyt Wattmeter ; Thom-
son Wattmeter; Weston Wattmeter. i
" A familiar instrument is the Siemens electrodynamometer
which is shown in Figure E. The coil F is fixed and the coil
M, at right angles to F, is hung from a jewelled bearing so
that it is free to turn. The ends of the movable coil dip into
two mercury cups CC, the connections being such "that the
fixed and movable coils are in series between-the binding posts
AA. When a current flows in the coils the deflecting force is
balanced by means of a spiral spring G mounted on a torsion
head T to which the pointer B is also attached. : The pointer
N serves to indicate the proper balancing position: of -B and
the stops S prevent the movable coil from turning too: far if

Fig. E. Siemens Dynamometer,
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the turning moment is not balanced. The Siemens Dyna-
mometer often has to be used with a constant ; that is, the scale
is uniformly divided into any number of convenient divisions
and in measuring volts or amperes, the true reading equals
the square root of the scale indication multiplied by a constant.
In measuring watts the reading equals the scale indication
multiplied by a constant. In measuring current or pres-
sure the two coils are in series; doubling the current or pres-
sure doubles the current in both coils and therefore increases

Fig. Fa. -Weston Alternating Current Voltmeter.

the torsional effect to four times its original value. This is
not the case in using the instrument as a wattmeter.

The Kelvin balance is fully described in connection with
Experiments 18 and 19 and, therefore, will not be considered
in detail here. The force of gravity is used to balance the
force between the fixed and movable coils which is set up
by the current flowing in them. Here also the square root of
the scale reading must be used if the scale is graduated uni-
formly.
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In portable instruments constructed on the dynamometer
principle the graduations are made directly in the desired elec-
trical units.

The Weston alternating current instruments are of the
dynamometer type and are direct reading. In series with the
windings of voltmeters is placed a small wire resistance which
may be adjusted so as to keep the total resistance of the in-
strument constant regardless of the temperature. Two ranges

Fig. Fb. View of Interior of Weston Alternating Current Voltmeter from Below.

are often provided in one instrument by connecting in a third
terminal at some intermediate point of resistance. A Weston
Alternating Current Voltmeter is shown in Figures Fa, Fb and
Fc. AA are the fixed or field coils and CC’ are two spiral springs
(oppositely coiled), placed at the top and bottom of the movable
coil B, which is mounted between jewelled bearings. The springs
serve the double purpose of restraining device and conductors for
the current to and from the movable coil. L is a variable resist-
ance used to adjust for temperature, and GG is a thermometer
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with its bulb in close proximity to the windings of the instrument.
The pointer P moves across the scale HH, as coil B is deflected.
M, N, and O are the terminal posts, and D is the contact key. The
instrument shown has a double scale; the posts N and O being
for the low reading scale, and 37 and O for the high reading scale.
J and K are high, non-inductive resistances. This instrument is
also accurate on direct-current circuits and is termed by the manu-
facturers an “ alternating and direct-current voltmeter.”

LOCH)

N(i o Do
{ ‘

Fig. Fc. Connections of Weston Alternating Current Voltmeter.

Figure G is a diagram of the connections in a Weston watt-
meter, for all purposes where the current and pressure coils
are connected to the same circuit. MM are the leads from the
generator or other source of pressure and CD are the terminals
of the load which is supplied with the power measured. The
current coil is connected between the binding posts 4B, while
the pressure coil is connected in series with a non-inductive
resistance and a “compensating coil,” to the binding posts



INSTRUMENTS. 25

ab which are connected directly across the line CD. With
these connections, the current which flows through the pres-
-sure coil must also pass through the current coil even though
no power is being absorbed in the circuit. The deflection pro-
duced by this pressure coil current may cause an error of four
or five units, which in low reading instruments is too large to
be neglected. The compensating coil is stationary and is

LAMPS OR OTHER TRANSLATING DEVICES

\ O A

i

FROM DYNAMO
FROM DYNAMO

M =

Fig. G. Weston Wattmeter Connections (same Fig. H. Weston Wattmeter Connections (inde-
circuit). pendent circuits).

wound over the current coil, but in such a direction that the
field set up by it just neutralizes that produced by the pressure coil
current flowing in the current coil.

Figure H shows the connections for all purposes where the
current and pressure coils:are connected to independent cir-
cuits, as in calibrating or checking the instruments, and when
used in conjunction ‘with pressufe transformers. In this case
the source of pressure is connected between binding post b
and a third post J, which cuts out the compensating coil and
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introduces an equivalent resistance. These instruments are
direct reading and have uniformly divided scales.

Fig. la. Hoyt Wattmeter.

Figures Ia and Ib show views of a Hoyt wattmeter. BB
is the movable or pressure coil, which is normally at right
angles to the fixed or current coil 4. A non-inductive resist-

Fig. ib. General Construction of Hoyt Wattmeter.
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ance K is placed in series with the pressure coil. D is the
torsion head by means of which the springs CC may be so
turned as to bring the movable coil into the zero position.
This position is indicated by the pointer P’. The pointer P,
which is attached to the torsion head, shows the reading of
the instrument if the adjustment is such that the movable coil
is in the zero position. MM are the pressure coil binding

Fig. Ja. Thomson Wattmeter.

posts, while OO (one of which is hidden) are the binding
posts for the current coil. R and Q are the base and supports
of the instrument.

A Thomson wattmeter is shown in Figures Ja and Jb. The in-
strument is similar to the Thomson magnetic vane instrument in
that the fixed or current coil, A4, is inclined. Instead of the
magnetic vane, however, the movable or pressure coil, B, is
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employed. This coil is mounted between jewelled bearings
and is controlled by a spiral spring mounted above the coil.
The current is led to and from the movable coil by two small
springs (oppositely coiled), which are also mounted above the
coil. The pointer C indicates the position of the coil. The
instrument is direct reading and the scale is uniformly gradu-
ated. The binding posts DD connect with the current coil.
The pressure coil is connected, in series with a high non-

Fig. Jb. Thomson Wattmeter.

inductive resistance and the contact key K, to the binding
posts EE. The button F operates a friction brake which con-
trols the movement of the pointer and movable coil.

D’Arsonval Galvanometer Type. Instruments of this type
are used only on direct current circuits. A constant field is
maintained by'a permanent magnet. A’ light movable - coil,
to which a pointer is attached, is mounted in this field.

The field set up by the movable coil is slight in comparison
to that maintained by the permanent magnet, so that its dis-
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torting effect does not affect the accuracy of the instrument.
These instruments are very accurate and are not easily affected
by stray magnetic fields. Since the deflection is produced by
the current of the movable coil acting upon the constant field
of the permanent magnet, these de-
flections are proportional to the
current in the movable coil; thus
giving a uniformly divided scale,
provided the movement of the coil
is limited. Constancy of calibration
depends upon permanency of the
magnets. A great deal of attention
has been given this matter by in-

strument makers. These instruments  Fig. K. Mechanism of Weston
Direct Current Instruments.

are made aperiodic by winding the
movable coil over a single turn of strip copper or aluminum
which forms a closed circuit.

Examples—Jewell Ammeters and Voltmeters; Keystone
Ammeters and Voltmeters; Weston Ammeters and Volt-
meters.

Notable among this type are the direct current instruments
of the Weston Electrical Instrument Company. Figure K
shows a detail view of the mechanism, with a portion of one
of the pole pieces removed. The movable coil C is of fine wire
and is mounted between jewelled bearings so as to turn in the
narrow annular space between the pole pieces of the perma-
nent magnet MM and the soft iron cylindrical core placed be-
tween these pole pieces. The purpose of the pole pieces and
cylindrical core is to afford a good magnetic circuit and to dis-
tribute the field uniformly so that the scale divisions shall be
equal. The deflecting force is balanced by a pair of differ-
entially acting spiral springs DD which at the same time afford
a path for the current to the movable coil. The pointer B is
attached to the movable coil and moves across the scale as the
coil is deflected from the zero position.
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'

Figure La shows a general, and Figure Lb a diagrammatic
view of a Weston voltmeter. MMM is the permanent magnet,
C the movable coil, and D is one of the spiral springs. The
pointer B, attached to the movable coil, deflects across the
scale S. These instruments take approximately one one-hun-
dredth part of an ampere to deflect the needle the full scale read-
ing. The pressure which will cause this deflection is regulated by
the amount of resistance E, ¢ in series with the movable coil.

Fig. La. Weston Direct Current Voltmeter.

The voltmeter in the figure has two scales, the lower one of
which corresponds to a connection to the binding posts 4, a;
and the upper scale should be read when the binding posts
A, A" are used. With the Tonnection to the binding posts 4, a
the movable coil is in series with the resistance ¢; while with
the connection to A4, A’ the movable coil is in series with not
only the resistance ¢ but also the resistance E. In some Wes-
ton voltmeters, where one scale is very low reading, the resist-

+
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ance e is used only in connection with the low reading scale.
In the instrument shown, with a scale ratio of 20 to 1, the total
resistance between binding posts for the high reading scale
must be 20 times that for the low reading scale. The key K
is for the purpose of opening the voltmeter circuit when the
instrument is not in use.

Weston ammeters are nothing more than low reading volt-
meters which measure the fall of potential across a low re-

N

Fig. Lb. Weston Direct Current Voltmeter Connections.

sistance or “ shunt ” placed in series with the circuit. The fall
of pressure across this shunt is proportional to the current;
hence, all that is necessary is to calibrate the instrument to
read in amperes instead of volts and one instrument may have
as many ranges as there are shunts or different resistances.
These shunts are made of an alloy having a low temperature co-
efficient of resistance. A Weston ammeter is shown in Figure M.
The general arrangement of magnet, movable coil, springs,
pointer and scale, is the same as in the voltmeter. The mova-
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ble coil is directly connected to the binding posts 4, 4. The
heaV); leads W, W connect the low resistance shunt E across
the binding posts and therefore across the movable coil. The
shunt E is generally wound around the magnet MM. This
shunt is wound non-inductively and is placed upon the magnet
merely for economy in winding space.

Fig. M. Weston Direct Current Ammeter Connections.

Astatic Instruments. Here the well-known principle of the
astatic galvanometer is employed. In the D’Arsonval’ gal-
vanometer type of this instrument the movable element or
armature is mounted in an astatic magnetic field. One arrange-
ment of this field consists of two permanent horseshoe mag-
nets, one mounted on each side of the armature shaft in such
a manner that the flux of each magnet is in a direction parallel
to the shaft. The astatic arrangement consists in so placing
the magnets that their fluxes are in opposite directions. The
armature is so wound that the torque is exerted in the same
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direction by each field. This construction eliminates the
inaccuracies due to stray magnetic fields. In the case of stray
fields one magnet would be reinforced and the other weakened
to the same degree, and the torque upon the armature would
remain unchanged. The damping and the retarding devices
may be the same as in any D’Arsonval galvanometer type of
instrument. ;
Example—Thomson Astatic Ammeters and Voltmeters.

Fig. N. Thomson Astatic Voltmeter.

In the Thomson Astatic Instruments, Figure N, electromag-
nets are employed instead of permanent magnets. The arma-
ture is wound upon an aluminum disc which serves to make
the instrument aperiodic. Two small pieces of soft iron are
mounted rigidly upon the shaft and in such relation to the
electromagnets that the attraction upon them tends to hold the
needle normally at zero. These form the restraining device
and take the place of the usual springs. As each piece ot iron
is acted upon by one of the electromagnets, the restraining
device is also astatic. The electromagnets are separately ex-
cited. As both the armature and the restraining device receive
their magnetism from the same electromagnets, a variation in
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the exciting current does not affect the accuracy of the instru-
ment. The use of electromagnets governing both armature
and restraining device avoids inaccuracies arising from changes
in permanent magnets. It might seem that the use of an elec-
tromagnet unduly increases the power consumption of the in-
strument. This, however, is no material objection, since these
instruments are made primarily for switchboard use.
Electrostatic Instruments. Instruments of this type have
been perfected largely through the efforts of Lord Kelvin.
They are independent of frequency, take but little power, are
particularly suited to measurement of high pressures and are
made to measure pressures which range between 50 and 50,000
volts. They are used on both alternating and direct current
circuits, giving effective values of the alternating current
waves. The principle embodied in their construction is that of
attraction between two plates (or two sets of plates), one fixed
and the other movable, which are charged by connection tc
the two legs of the circuit. The metallic circuit is not com-
pleted through the instrument, a feature which commends it
for use as a ground detector, in that one set of plates or vanes
may be left permanently grounded without causing a ground
on the line. The range of the instrument is limited only by the
striking distance of the medium or dielectric between the
vanes. The amount of surface necessary to give the vanes
depends upon the range of the measurements. The deflecting
force is proportional to the product of the charges on the vanes.
Due to this and to the fact that the movable vanes change
position with respect to the fixed ones, the scale is unevenly
divided, and the indications can not be relied upon until the
amount of deviation from the theoretical law is determined by
comparison with a standard instrument. These instruments
are generally used as voltmeters and ground detectors.
Examples—Kelvin Vertical Electrostatic Voltmeter; Kelvin
Multicellular Electrostatic Voltmeter; Kelvin Electrostatic
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Balance; Stanley Electrostatic Voltmeter; lectrostatic
Ground Detectors.

Figure O shows a Kelvin Vertical Electrostatic Voltmeter.
The insulated quadrants are supported with their plates verti-
cal, and only one large vane is used. This movable vane is
supported in a vertical position on knife edges, so that the
plane of its motion is parallel to the two fixed plates which
form the insulated quadrants. At the upper end is a pointer

Fig. O. Kelvin Electrostatic Voltmeter Fig. P. Kelvin Electrostatic Voltmeter
(vertical type). (engine room type).

moving over the scale and at the lower end is a knife edge for
supporting weights used for different scales. The scale has a
given graduation, usually o to 60, and a set of three weights
is provided. The smallest set gives a reading of 50 volts, the
second, 100 volts, and the third 200 volts per division of the
scale. These instruments are adapted particularly to high
pressures. Figure P shows a Kelvin multicellular Electro-
static Voltmeter (Engine Room Type). In this instrument
there is a large number of quadrants and movable vanes, one
above the other. This makes a stronger rotative tendency and
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consequently these instruments may be used to measure low
pressures. They are commonly graduated with a working range
between 50 and 150 volts.

Fig. Q. General Electric Electrostatic Ground Detector.

Figure Q shows a General Electric Electrostatic Ground
Detector. Four quadrants of sheet metal are rigidly fixed in
position and form a cylindrical space for the accommodation
of a vane to which is attached an indicating needle. The two
lower quadrants are connected internally to the lower binding
posts for ground, and the upper two respectively to the right-
and left-hand binding posts for connections to the lines.

The vane with its needle is pivoted at the center of the circle
formed by the four quadrants and is slightly counterweighted
so as to stand normally at the zero or central position on the
scale. The operation of the device depends on the tendency
of the movable vane to place itself so as to give the greatest
condenser capacity. When no ground exists on the line the
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metal vane lies across the shortest path between the positive
and negative quadrants (the upper right and left), and conse-
quently in a horizontal position with the pointer at the center
of the scale. i

If either side of the system be grounded, the lower quad-
rants cease to be neutral. 'The system is then unbalanced and
the metal vane, in taking a new position, deflects the needle to

-’é?

Fig. R. Stanley Electrostatic Voltmeter.

the right or left depending on which side is grounded. For
example, suppose the line connected to the upper left hand
quadrant is grounded. The upper left and the two lower quad-
rants then have a common potential which differs from that of
the upper right quadrant. The result is that the movable vane
rotates to the right, placing itself in the position of greatest



38 ELECTRO-MAGNETIC MACHINERY.

condenser capacity. If the ground is slight the deflection of
the movable vane is small. The moving mechanism is insu-
lated and has no electrical connection with either side of the
line or with the ground.

Figure R shows a Stanley Electrostatic Voltmeter. 44
is the movable vane, and BB and CC are the fixed vanes. The
fixed vanes BB and the movable vane A4 ‘are connected
together and to one pole of the circuit. The other fixed vanes
CC are connected to the other pole. As like charges repel and
unlike charges attract, the movable vane 44 is repelled by BE
and attracted by CC. The movable vane is supported on knife-
edge jewels and its movement is controlled by the spring S.
The moving parts are carefully balanced so that slight changes
from the perpendicular do not affect the readings of the instru-
ment. The fixed vanes BB and CC are embedded in hard
rubber H. This covering of hard rubber confines the charge
and prevents it from leaking to other parts of the instrument.
Two fans FF, attached to the movable vane and enclosed in the
damping boxes DD, make the instrument aperiodic. All the
working parts are mounted on hard rubber, securing highest
insulation. For convenience in calibration two plugs 77T are
placed on the instrument, by means of which a portable stand-
ard voltmeter can be introduced into the circuit and the read-
ings compared.

Hot Wire Instruments. These depend for their indications
upon the expansion of a wire, due to the heating effect of a
current passing through it. They are connected to the circuit
in the usual manner, and the current causing the heating is
proportional to the current or pressure of the circuit, depending
upon the resistance of the instrument and the manner of con-
necting it in the circuit. Figure S illustrates the general prin-
ciple of a hot wire instrument.

The heat produced by a current equals I?R, hence the linear
expansion of the wire and the deflections should be nearly pro-
portional to the square of the current, thus giving unequal
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scale divisions. The expanding wire is kept taut by a spring,
and motion is transmitted to a needle through a suitable multi-
plying device.

Fig. S. Simple Hot Wire Ammeter,

Such instruments are unafiected by stray magnetic fields, are
aperiodic, and lmay be used in the neighborhood of running
machinery, or on ship-board, as they are little affected by
vibration. They may be used on either direct or alternating
current circuits, being independent of frequency
on the latter and giving the effective value of
the wave., On the other hand, they take con-
siderable power and are not readily made port-
able. The temperature of the room and. the
radiating capacity of the wire and enclosing case
have an influence upon their indications. There
is usually a means provided for readily setting
the needle at-zero.

Examples—Cardew Voltmeter; Olivetti Am-
meters and Voltmeters; Stanley Ammeters and
Voltmeters.

The Cardew voltmeter, Figure T, was at one
time largely used to measure alternating pres-
sures. Its indications are dependent upon the
expansion of a fine platinum-silver wire through
which the current passes. This wire is from Fi. T. Cardew
8 to 12 feet long and is strung back and forth L
in the tube portion of the instrument. Its resistance is suffi-
ciently high to give indications up to 150 volts and for higher
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pressures additional or resistance tubes are used. The wire is
held taut by a spring and any increase in length due to expansion
causes a movement which is transmitted to the pointer through a
suitable multiplying and translating mechanism. An adjusting
screw is provided for setting the pointer for the zero reading.

Fig. U. Stanley Hot Wire Ammeter.

Figure U shows a Stanley hot wire ammeter. These instru-
ments are provided with shunts, only a small proportion of
the total current passing through the wire which in expanding
deflects the pointer. Like the Cardew instrument the pointer
is liable to be thrown out of adjustment and an adjusting screw
is provided. When separate shunts are provided, care must
be taken to use with each ammeter the shunt and leads num-
bered the same as the instrument, as each instrument is
calibrated for its own shunt and leads. The leads should not
be cut or their resistance changed in any way, as this will
change the reading of the instrument. If the leads are too
long the surplus should be wound back and forth and not
coiled, as coiling introduces a self-inductive effect which may
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change the indications of the instrument when measuring
alternating currents.

UsE oF INSTRUMENTS.

Good instruments are expensive and delicate, and their per-
manency depends almost entirely upon the care used in hand-
ling them.

After connecting up a circuit, go over the connections care-
fully to see that no chance exists for accident to the instru-
ments or apparatus; for it is extremely easy, through careless-
ness or thoughtlessness, to be unfortunate enough to burn out
an instrument when a little care would prevent it. Do not put
an instrument in the circuit when uncertain whether or not
its current carrying capacity will be exceeded. If you are
uncertain, use an instrument which you know has sufficient
range and then change for a lower reading one, later if desir-
able. Where the capacity of an ammeter or wattmeter may be
momentarily exceeded, as in starting a motor, it is advisable to
short circuit the current coil by means of a switch. It is often
good policy to use short circuiting switches in connection with
ammeters and the current coils of wattmeters so that the in-
struments may be readily taken out of the circuit, without
breaking it.

Makers of ammeters and voltmeters have so designed them
that their current carrying capacity will not be exceeded so
long as the pointer is on the scale. In using wattmeters, care
must be taken not to exceed the capacity of either the cur-
rent or the pressure coils, conditions frequently arising when
it is possible to exceed the safe limit with the pointer still on
the scale or even at zero. This may be the case on an inductive
or a capacity circuit, or when one of the coils is disconnected.

No conductor should be allowed to touch the case of the
instrument. While ordinarily the winding is not supposed to
be connected with the case in any way, a breakdown is likely
to result if a conductor is permitted to come in contact with it.
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It often happens that a pressure must be measured which is
higher than the range of the instrument at hand. For meas-
urement of potentials as high as 1000 or 2000 volts, either
direct or alternating, a multiplier is used, which is nothing
more than a high non-inductive resistance placed in series with
the voltmeter. The readings of the instrument must be multi-
plied by a constant which equals the ratio of the fotal resist-
ance divided by the voltmeter resistance. If a multiplier is to
be used in connection with a wattmeter, care must be taken
that the pressure coil of the wattmeter is connected directly
to the line which is connected to the current coil, as in Figure

LINE

~00 (e}

MULTIPLIER

FROM DYNAMO

FROM DYNAMO

Fig. V. Wattmeter and Multiplier.

V. If the multiplier and wattmeter pressure coil are inter-
changed, practically the whole line pressure is placed between
the current and pressure coil windings within the instrument,
and a burn out is almost inevitable if the pressure is high. In
high pressure alternating current circuits it is possible to keep
the instrument entirely free from the high tension mains.
Pressure transformers are used to reduce the pressure for volt-
meters and the pressure coils of wattmeters. Current trans-
formers are used, sometimes to reduce the current in the in-
strument, and sometimes to free it from the tension of the line.
In switchboard work, current transformers are generally used
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on circuits above 2200 volts. In testing, ammeter and watt-
meter current coils are frequently placed directly in the high
tension line. Figure W shows a high tension pressure trans-
former, and a current transformer is represented in Figure X.

Fig. W. High Tension Pressure Transformer.

When transformers are used with voltmeters or ammeters
no inaccuracies are introduced provided the transformers are
not loaded to such an extent as to cause a drop in their regula-
tion. Where any doubt exists the instrument should be cali-
brated with its transformer.

The primary and secondary pressures of a transformer are
practically in opposition at light loads but they are not quite
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so when there is an appreciable load. This introduces an
additional error when wattmeters are used with transformers.
Unless the latter are very lightly loaded, the wattmeter should
be calibrated in connection with its transformers.

Fig. X. Current Transformer.

In connecting instruments to electrical circuits, care should
be taken that they be so placed that the power taken by one
does not materially affect the indications of the others. They
should be placed at least six inches apart.

Where an ammeter and voltmeter are used for measuring
power in a circuit taking a small current, do not connect the
voltmeter on the load side of the ammeter. If so connected,
the ammeter will ‘indicate not only the load current but the
voltmeter current in addition. The observer can easily tell if
any error is introduced by this method of connection by noting
any change in the ammeter reading when the voltmeter key is
depressed. When the load takes a large current at a very low
pressure, the voltmeter should be connected on the load side of
the ammeter. If connected on the source side of the ammeter,
the drop across the latter will be comparable with that across
the load. The test for this error would be to connect the volt-
meter both ways and to note any difference in its indications.

A wattmeter should be connected according to the diagram
furnished by the maker. The instrument is calibrated for this
particular connection and any other will give erroneous read-
ings. When a pressure transformer is used in connection with
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a wattmeter, its primary should generally be connected on the
source side of the current coil.

Mention has been made of inaccuracies due to stray mag-
netic fields. The effect is to cause instruments to indicate
either too high or too low, according as the stray fields tend to
strengthen or weaken the normal field of the instrument. A
simple test for the presence of stray fields is to turn the instru-
ment through an angle of from 9o° to 180°, and to note any
change in its indications. If a stray field is detected the
natural remedy is to remove the instrument from its influence.
Where this is not feasible, as in the dynamo testing department
of a factory, protection may be assured by placing the instru-
ment within an iron-clad case. Where a case of this kind is
not at hand, it may be easily improvised.

Stray electrostatic fields are generally present about high
tension circuits. Electrostatic instruments, being generally
furnished with metallic cases, are protected from external in-
fluences. Electromagnetic instruments are usually affected
by strong electrostatic fields and when used on high tension
circuits one remedy is to ground one terminal of the instru-
ment on its case. As has been stated, this is a dangerous pro-
ceeding and should be resorted to only when it is known that
the instrument windings are adequately insulated. Touching
the case of any high tension imstrument, while it is in circuit, is
extremely dangerous. If it is necessary to tap the case to pre-
vent the needle from sticking this should be done with a rod
of insulating material. Above all, a lead pencil should be
avoided.

The necessity for calibrating instruments cannot be too
strongly emphasized. In all precise work they should be cali-
brated both before and after using. Portable instruments are
usually guaranteed by the makers to be accurate within one-
fifth of one percent. While there is no questioning the guar-
antee, it should be remembered that instruments are often
used under conditions which affect their permanency. Even
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for ordinary testing, requiring an accuracy of within only one
or two percent, calibrations should be made at frequent in-
tervals. A calibration is ordinarily plotted in a curve, using
actual readings as abscissas, and corrected readings as ordi-
nates. Where greater precision is required, it is better to
plot the instrumental error as ordinates, and the actual read-
ings as abscissas, care being taken to indicate the sign of the
error.



No. 1. MEASUREMENT OF RESISTANCES OF ARMA-
TURES AND FIELDS BY FALL OF POTENTIAL
METHOD.

References. Abbott, p. 230; Sheldon, p. 264; Fleming, p.
265 ; Carhart and Patterson, p. 95; Nichols, vol. 1, p. 194 ; Jack-
son’s “ Electricity and Magnetism,” p. 179; Parham and Shedd,
p. 145; Slingo and Brooker, p. 135.

Object. The object of this experiment is to measure the
resistances of armatures and fields of various machines, to
familiarize the student with the ordinary method of making
these tests, and also to give an idea of the relative value of these
resistances in several types of machines.

Method. The most convenient way to make the measure-
ments is by the fall of potential method. This results directly
from Ohm’s Law.

v =% or R=_—
where I is the current and E the potential difference at the
terminals of the resistance R. If a known current is passed
through the resistance, and the fall of pressure across it accu-
rately measured, the value of R may be readily determined
from the equation given above. As a check the current should
be varied through a considerable range and the corresponding
values of E taken. If the temperature of the resistance remains
constant, the ratio E -~ I should be the same for all observa-
tions. To eliminate errors in reading the instruments, a num-
ber of observations should be taken and the average resistance used
for the final result. If the resistances at normal operating tem-
perature are desired the machine should first be heated up.
In obtaining ““cold ” resistances, care should be taken not to

47
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use currents great enough to raise the temperature of the
windings.

The proper ranges of the ammeter and voltmeter depend en-

tirely upon the value of the resistance to be measured. Thus

§ a low resistance, such as that

@ of an armature, will require a

high reading ammeter and a

O<

low reading voltineter, while a
shunt field will require a low
reading ammeter and a high

reading voltmeter. In using

Fig. 1A. Connections for Measurement of Arma-" this method of measurement, it
A nee Resimngs: will always require judgment
to select instruments whose ranges are suited for the currents or
pressures used. It is advisable and almost always necessary to
have an extra resistance such as a water rheostat or lamp-bank
in the circuit in series with the resistance to be measured, by
means of which the current may be adjusted to any desired value.

In measuring a low resistance, connect the voltmeter directly

across the resistance measured, Figure 1A; in measuring a

Fig. 1B. Connectlons for Measurement of Field Resistance.

high resistance connect the voltmeter so as to measure the
drop of both the resistance and the ammeter, Figure 1B. By
a low resistance is meant one where the voltmeter cur-
vent is inappreciable in comparison with the measuring cur-
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rent; by a high resistance is meant one where the drop in the
ammeter is inappreciable in comparison with that across the
resistance.

Where very accurate measurements are required allowance
may be made for the voltmeter current or ammeter drop.

In the measurement of armature resistances, the connec-
tions should be made at the 4 and — terminals of the arma-
ture and measurements of pressure taken across commutator
segments that lie under brushes of unlike polarity. Where
more than two sets of brushes are used, the drop should be
taken across commutator segments that lie under each pair of
brushes of unlike polarity and the average of these pressures
should be used in the final calculation.

Brush contact resistance may be found by placing one termi-
nal of the voltmeter on a brush as close to the commutator
as possible, without touching it, and the other on the com-
mutator directly in line with the center line of brush contact. The
brush contact resistance with the armature stationary is not the
same in value as when the machine is operating. This operating
contact resistance has been found to vary practically inversely
with the current, thus making the drop nearly constant regardless
of the load. The only accurate way of measuring this operating
value is by first short-circuiting the commutator segments on
one another, and then measuring the drop either from brush to
brush, or from one brush to an auxiliary brush bearing upon the
rotating commutator.

If a field circuit or in fact any circuit of high self-inductance
be broken suddenly, a pressure will be set up in the same
direction as the pressure applied to the circuit; and usually
of a value many times that of the original pressure applied.
This is due to the sudden withdrawal of the magnetism thread-
ing the coil. This pressure is likely to puncture the insulation
of the coil, or of the voltmeter windings, and is also liable to
bend the voltmeter needle by throwing it violently off the scale.
To avoid troubles of this kind it is wise to first open the key
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of the voltmeter and then to break the field gradually, thus
“ drawing out the arc” gently; for the rise in pressure de-
pends on the quickness of the break. It also depends on the
amount of magnetism and on the square of the number of turns
in the coil. A safe way to open the circuit of a large coil of
many turns is to decrease the current gradually by the inser-
tion of resistance or by reducing the pressure of the source of
supply. Another method sometimes used is to shunt the coil by
a high resistance, placing the field switch outside of the shunt.
There is thus a path afforded for the field discharge. A closed
circuited turn of low resistance wound concentric with the
coil is also effective in dissipating this stored up magnetic
energy. A simple means of carrying this method out in prac-
tice is to wind the coil on a spool of copper.

Connections. See Figures 1A and 1B.

Data. Measure the resistances of the armature windings and
field windings of several types of machines, as series, shunt, and
compound. Take readings for each resistance at several currents
and average the computed resistances of each winding.

Explain. Why it is desirable that the armature and brush
contact resistances should be as low as possible.

Why a high pressure machine will have a higher armature
resistance than one of the same output and speed, designed for
a low pressure.

No. 2. MEASUREMENT OF INSULATION RESIST-
ANCE OF A DYNAMO.

References. Abbott, p. 232; Parham and Shedd, p. 194;
Sheldon, p. 263 ; Parshall and Hobart, p. 43; Parr, E. E. T, p.
120; Wiener", p. 85; Thompson’s “Dynamos,” p. 752; Carhart
g.nd Patterson, p. 86; Crocker and Wheeler, p. 95.

Object. The object is to measure the total insulation resist-
ance of a machine as well as the insulation resistance of its
several windings.
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Theory and Method. All substances are to some degree
electrical conductors. No matter how carefully the armature
conductors are insulated from the armature core or the field
winding from the field core, the resistance between the con-
ductor and core can not in any case be infinite, but must have
some finite value, although in well constructed machines this
resistance may amount to several megohms.

It is always advisable to test insulation by using a pressure
which is at least equal to the pressure which the insulation will
have to withstand; and for break down tests it is general prac-
tice to use for this purpose a pressure of from two to ten times
the normal pressure to which the insulation is subjected.

A convenient and practical method of testing the insulation
resistance of low pressure dynamos is by use of a high resist-
ance voltmeter and a moder-
ately high pressure. The %ti
method depends upon the fact
that a current flows between
conductor and core, when these
are at a difference of poten-

tial, and this current will be ” 3

. . @
inversely proportional to the et ¢
resistance of the insulation. If Fig. 2. Connections for Measurement of
the amount of this current can Insulation Resistance.

be measured it is an easy matter to calculate the resistance of
the insulation directly from Ohm’s law.

If a voltmeter be used as shown in Figure 2, so that it may
either measure the total impressed pressure or be placed in
series with the insulation, sufficient data may be taken from
which to calculate the insulation resistance.

Let E =total pressure,
e=reading of voltmeter when in series with the insula-
tion resistance,
R ==insulation resistance,
and 7= voltmeter resistance,
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I = current when voltmeter and insulation resistance are

in series.
Then il G E
oo 20 MR
or
z R=rE_e.
e

If a high pressure machine is not available, the insulation
resistance of the dynamo may be measured in the same manner
as described above by using the pressure of the machine itself.

The insulation resistance measured in this way is what
might be called the working insulation resistance. It differs
in value from that measured with an external pressure because
all parts of the windings are not at the same difference of
potential from the frame. For example in a multipolar ma-
chine with salient poles there is a gradient of potential differ-
ence, the coils next to the machine terminals being under
greater stress than those midway of the series of coils. This
method is not a convenient one for locating faults, but if used
for this purpose the insulation resistance should be measured
from each terminal of the machine.

One of the most important factors that determines insulation
resistance, is the amount of moisture retained by the insulat-
ing material. It is the experience of every one familiar with
the construction of dynamo machinery that a low insulation
resistance may be greatly improved by baking the coils and
thus driving out moisture. Insulation resistance is therefore
of little value in determining the practical insulating prop-
erties of a given material, the break down test being the only
reliable one. It may be used, however, as a guide, or as a
means of locating a fault. For example, if in the test of the
general insulation of a machine, a dead ground or a particu-
larly low resistance is indicated, this fault may be localized by
testing out the several windings separately.



WINDINGS OF DYNAMOS AND MOTORS. 53

- Apparatus. It is desirable to use a pressure of 500 volts to
obtain good results on a machine designed for 110 or for 220
volts. A Weston direct current voltmeter reading to 600
volts has a resistance of from 60,000 to 80,000 ohms and is very
satisfactory for this work.

Show. A diagram of the connections you would make if
you were to use the pressure generated by the machine itself
in measuring the insulation resistance.

. Explain, If there is even a slight ground on the line from
which pressure is taken, why it is necessary to insulate the
frame of the machine from the ground.

Why a high resistance voltmeter is necessary in this experi-
ment.

Questions. A Weston voltmeter has a double scale; one
0-3 volts and the other 0600 volts. The voltmeter resistances
for the two scales are 300 and 60,000 ohms respectively. If
the insulation resistance is 6 megohms, and the line pressure is
500 volts, which voltmeter connection would give the greater
deflection of the pointer? Which would lead to the more accu-
rate insulation resistance computation? If the insulation re-
sistance were defective and equal to but 10oo ohms, what
would be the result if the low scale were used?

Give. The maximum value of the insulation resistance
which could be determined with the voltmeter used, and show
your method of reasoning.

No. 3. STUDY OF THE WINDINGS AND CONNEC-
TIONS OF DYNAMOS AND MOTORS.

References.. Thompson’s ‘“ Dynamos,” p. 47; Jackson’s
“ Dynamos,” pp. 97 and 105; Sheldon, pp. 44 and 69; Parshall
and Hobart, p. 60; Parham and Shedd, p. 30; Arnold’s “ Arma-
ture Winding,” pp. 39 and 79; Fisher-Hinnen, pp. 20 and 8o;
Crocker, vol. 1, p. 306; Wiener, pp. 35 and 87; Slingo and
Brooker, p. 324.
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Object. A study of the windings and connections is to be
made in order to become familiar with the different types of
machines and to obtain data which may be found useful in
some of the later experiments.

Data. As far as possible, give the following data for each
machine examined: pressure, speed, capacity in K. W. or H.
P., number of commutator bars, number of armature coils,
number of turns per coil, number of layers of wire on arma-
ture (or the way the coils are built up in slots), approximate
depth of air gap, type of armature winding and whether coil-
wound or otherwise.

If multipolar, give number of poles, state whether conse-
quent or salient.

Give position of field coils. If the machine is multipolar,
state the number of paths in the armature winding.

Give kind and number of brushes; also area of contact per
ampere, and amperes per unit area of contact.

Tell whether the machine is shunt, series or compound
wound. If compound, whether cumulative or differential, long
or short shunt.

Give any other points of interest you may notice.

In order to determine the number of turns per coil on the
armature, it may be necessary to make a few resistance meas-
urements. If the number of turns cannot be ascertained by in-
spection, the resistance of the armature should be determined
from brush to brush. To obtain the number of layers on a
smooth core armature, count the number of wires in the upper
layer and calculate the resistance of a single layer by comput-
ing approximately the length of wire in a single layer. The
number of layers is determined by dividing the resistance of
all the wire on the armature, if placed in series, by the calcu-
lated resistance of a single layer. Remember that in any
closed coil armature the resistance of all the armature wire in
series is equal to the resistance of the armature multiplied by
the square of the number of paths. Be careful to determine
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whether a conductor is made up of a single wire or two or more
in parallel. This may often be determined by observing the
number of wires which terminate in the commutator segments,
If a conductor is made up of two wires in parallel, this should
be taken into account.

Find the size of wire and determine the number of circular
mils per ampere.

The size of wire, number of layers and number of turns per
layer should be determined by similar methods for each field
winding.

These resistance measurements if used with good judgment,
together with the clues which careful observation will disclose,
will generally enable one to determine all the winding data
desired.

No. 4. ADJUSTMENT OF BRUSHES OF DYNAMOS
AND MOTORS.

References. Parshall and Hobart, p. 145; Sheldon, p. 77;
Thompson, pp. 8 and 770; Jackson’s “Dynamos,” p. 158;
Fisher-Hinnen, p. 38; Arnold’s “Dynamos,” p. 274; Arnold’s
“ Armature Winding,” p. 193; Kapp’s “Dynamos,” p. 261;
Hawkins and Wallis, p. 359; Houston and Kennelly, p. 179;
Slingo and Brooker, p. 316; Wiener, p. 30; Crocker, vol. 1,
p. 316.

Object. The object of this experiment is to set the brushes
in the correct position and to carefully shape them to fit the
commutator, so that sparkless commutation may be obtained.
This should be done for a machine using carbon brushes, and
also for one using copper brushes.

Theory and Method. If one set of the armature conductors
is connected in radial planes to the commutator segments, the
brushes (assuming no armature reactions) will rest upon
commutator segments which are half way hetween the pole
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pieces. It is advisable, where possible, to have all brushes in
plain sight so that any fault in commutation will attract im-
mediate attention. Many ‘windings adapt themselves best
to this mode of winding or connection. If the windings and
connectors are in sight, the position of the brushes to give the
maximum pressure can at once be determined. Armature re-
actions tend to cause a forward displacement of the brushes in
a generator and a backward displacement in a motor. Eddy
currents shift the magnetic field slightly in the direction
of rotation in both generator and motor, but this effect is of
academic interest only. The result is that the forward dis-
placement in the case of a generator is theoretically greater
than the backward displacement in the case of a motor. In
bipolar machines the brushes should be set diametrically oppo-
site on the commutator, and in multipolar machines they
should be placed a distance apart equal to the pitch of the
poles. The number of commutator bars should be counted
and the brushes set accordingly; or in some cases the adjust-
ment may be made by mechanical measurement. In all cases
the brushes should be carefully filed or ground to fit the com-
mutator. Carbon brushes are most conveniently ground while
in the brush holders, by moving a piece of sand-paper back
and forth between commutator and brushes, thus grinding
them to the exact shape desired.

A shop method for fitting brushes in large machines is to
cover the commutator with sand-paper, the sand-paper being
pasted on with shellac and its surface made continuous by
means of a scarf joint. The brushes are set in position and
the machine rotated slowly, usually by means of a motor.

In all cases it should be seen that the brush holders work
easily, and that the tension of the springs is so adjusted that
the brushes bear with the proper pressure upon the commuta-
tor. In adjusting, the effect of gravity upon the tension of the
different brushes should be considered. After carefully adjust-
ing the brushes,'the machine should be started and the brushes
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shifted to the position of least sparking. As the effect of
armature reaction increases with the load, it may be found
necessary to alter the position of the brushes as the load
changes. This is an undesirable characteristic and is not often
found in modern machines. In either a dynamo or a motor the
brushes should be set at the maximum displacement the ma-
chine will stand without sparking at no load. This insures a
wider range of load with sparkless commutation but is not
applicable to a reversible machine. The brush pressure is gen-
érally from one to three pounds per brush, depending upon the
size of brush and the general conditions. It may be approxi-
mately determined by means of a spring balance provided with
a hook which catches under the brush or with some means of
clamping to the brush, but a little experience in “{feeling”
pressure by raising the brushes with the hand will give far
more satisfactory results.

Data. Obtain data concerning output in K. W. and H. P.,
terminal pressure, full load current, speed, general dimensions
of commutator, and brush area. Measure the brush pressure.

No. 5. DETERMINATION OF THE CONSTANT OF A
BALLISTIC GALVANOMETER BY THE CON-
DENSER METHOD.

References. Parr, P. E. T., p. 139; Fisher-Hinnen, p. 183;
Jackson’s “ Dynamos,” p. 46; Henderson, p. 227; Carhart and
Patterson, p. 88; Abbott, p. 205 ; Armagnat, p. 531; Sheldon, p.
254 ; Fleming, p. 173; Nichols, vol. 1, p. 221 ; Nichols, vol. 2, p.
197 ; Nipher, p. 335; DuBois, p. 301 ; Kempe, p. 68; Stewart and
Gee, vol. 2, p. 360; Thompson’s “ Lessons,” p. 424; Thomson,
p- 360.

Object. A ballistic galvanometer is used in several of the
following experiments and a careful determination of its con-
stant is necessary.
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Theory and Method. When magnetic measurements are
made the galvanometer cannot be used «in the ordinary way,
since there are no steady currents set up. Transient currents,
however, can be set up, and the resulting quantities of elec-
tricity are proportional to the changes in magnetism. We thus
have .to deal with impulses and consequently must note the
throw or first swing of the galvanometer, which will be pro-
portional to the impulse. Galvanometers are best suited for
this purpose if the movable part is made quite heavy in com-
parison with that of an ordinary galvanometer, and such are
called ballistic galvanometers. Another requisite is that the

5 o—
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Fig. 5. Connections for Ballistic Galvanometer Constant by Condenser Method.

damping effect be minimized. The moving system should be
so heavy that the needle will not have moved through any con-
siderable angle before it has received the total impulse due to
the transient current.

The unit of capacity is the farad, and is defined as that
capacity which, if charged to a potential of one volt, contains
one coulomb of electricity. Thus Q equals CE, where Q, C,
and E represent, respectively, the quantity, capacity, and pres-
sure of the charged condenser. If the pressure and capacity
are known, Q may be obtained. If the condenser is discharged
through a ballistic galvanometer and the deflection noted, the
constant of the galvanometer may be obtained by dividing
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the quantity Q by the deflection§. If the capacity‘ of the con-
denser is given in microfarads, Q equals CE divided by
1,000,000.

Apparatus. A condenser of known capacity; a ballistic gal-
vanometer ; a voltmeter of suitable range to measure the pres-
sure of the charging circuit; and a discharge key.

Connections. See Figure 5.

Data. The data to be taken consist of a series of observa
tions of the deflection, 8, corresponding to various values of Q.
For each value of Q a number of observations should be taken
of 8, and the average of these used in obtaining the value of
the constant of the galvanometer. The value of Q should be
varied so as to give data for the entire range of the galvan-
ometer.

Curve. Plot a curve, taking as abscissas the deflections of
the instrument, and as ordinates the values of the constant
corresponding to the various deflections. If the constant is
the same for all deflections, the points of the curve will lie in a
straight line parallel to the X axis, and the galvanometer is
suitable for ballistic work.

Q may be varied either by means of a condenser of variable
capacity, or by using a condenser of fixed capacity and varying
the pressure of the charging circuit.

Explain. Why the constant may not be the same for all de-
flections of the galvanometer.

No. 6. DETERMINATION OF THE CONSTANT OF A
BALLISTIC GALVANOMETER BY A STANDARD
SOLENOID.

References. Ewing, p. 62; Parshall and Hobart, p. 3; Parr,
P. E. T., p. 138; Sheldon, p. 255; Jackson’s “ Dynamos,” p. 47;
Henderson, p. 223; Carhart and Patterson, p. 88; Nichols, vol.
2, p. 199; Fleming, p. 173; DuBois, p. 301; Nipher, p. 335;
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Stewart and Gee, vol. 2, p. 360; Kempe, p. 68; Thompson’s
“Lessons,” p. 334; Thomson, p. 369.

Object. As in Experiment 5, the object is to calibrate a
ballistic galvanometer, and, as a check on the accuracy of the
methods, the same instrument may be calibrated in both ex-
periments.

Theory and Method. A known current is passed through a
solenoid of known constants. By means of a switch the cir-
cuit may be made and broken, or the current reversed at will.
If the solenoid has a length of not less than six times its
diameter, the field within the solenoid, at the middle, may be

taken as equal to
4N, T

10/ °’

where N, is the number of turns, I the current in amperes, and
! the length of the coil in centimeters. If a test coil of known
cross-sectional area be inserted in this field, the total number
of lines threading the coil will be ¢ = #A where 4 is the area
of the test coil, in square centimeters. Suppose that the

RN =0

OWES

Fig. 6. Connections for Ballistic Galvanometer Constant by Standard Solenoid.

ballistic galvanometer be inserted in the test coil circuit, as
shown in Figure 6. If there is a change in the primary cur-
rent, there will be a change in the number of lines of force
which thread the test coil, and a quantity of electricity will
flow through the test coil circuit, which will be directly pro-
portional to the change in the number of lines of force thread-
ing the test coil, and inversely proportional to the resistance
of the secondary or test coil circuit. If the primary current be
reversed, the average pressure induced in the test coil will be
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o 20V,
10%

where ¢ is the total magnetic flux through the test coil, N, is
the number of turns in the test coil, # the total time taken in
reversing the magnetism ¢ and e the average pressure in the
test coil during the time ¢#. The quantity of electricity which
flows in the test coil circuit when the primary current is re-

versed is
206V,

Q=”_:'R=768R

coulombs, where R is the total resistance of the test coil cir-

cuit, including the galvanometer. Since

8w NV, /A

O SR L L Rl b OF <N Yy 42

Q= K6, K'_ Q +0=2¢N, + 10°R0 ok
If instead of the current in the primary being reversed, the

circuit is merely closed and opened, the sum of the two deflec-

tions should be used if the above formula is to be applied, or

the mean of the deflections at make and break may be taken,

provided 4 is used instead of 8 in the formula.

Apparatus. The apparatus necessary consists of a standard
colenoid of known dimensions, uniformly wound, and of a
known number of turns; an ammeter; a reversing switch; a
ballistic galvanometer of known resistance; and a test coil of
known constants as regards number of turns, sectional area
and resistance.

Connections. See Figure 6.

Data. The galvanometer should be calibrated throughout
its entire range as in Experiment 5. This may be done by
taking observations for various current values in the standard
solenoid. Several observations should be taken for each value
of current and their mean used. The resistance of the test coil
may be obtained by the fall of potential method, or by means
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of the Wheatstone bridge. The fall of potential method is
fully explained in Experiment 1. The galvanometer resistance
is usually given with the instrument.

Curves. A calibration curve should be drawn 'fo'r which the
values of the constant may be taken as ordinates, and the cor-
responding values of the angle of deflection or scale reading as
abscissas. If the curve is parallel to the axis of abscissas it
shows that the instrument is suitable for ballistic work.

Suggestions. If the fall of potential method be used in
obtaining the resistance of the test coil, care should be taken
that the current sent through it is not sufficiently strong to
heat it appreciably, since this would cause the coil to have a
greater resistance than it had in the test.

State. The advantages and disadvantages of this method,
in comparison with that of Experiment 5.

Explain. Why the magnetic circuit of the standard solenoid
must be free from iron. What errors would arise in using a
shorter solenoid?

No. 7. MAGNETIZATION AND PERMEABILITY
TESTS OF IRON BY THE ROWLAND
METHOD.

References. Kirchhoff, “ Gesammelte Abhandlungen,” p.
223 ; Rowland, Phil. Mag., 1878, vol. 46, p. 140; Ewing, pp. 64
and 356; Thompson’s Lectures, p. 59; Parr, P. E. T, p. 154;
Jackson’s “ Dynamos,” p. 40; Sheldon, p. 251 ; Nichols, vol. 1, p.
201 ; Carhart and Patterson, p. 308; DuBois, p. 105; Henderson,
p- 283; Parshall and Hobart, p. 3; Slingo and Brooker, p. 248.

Object. In order to design a dynamo with any degree of
accuracy it is necessary to know the magnetization curves of
the iron used in its construction.

The inductive method of testing the magnetic properties of
iron is one of the standard methods used in practical engineer-
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ing work. The Ring Inductive method, due originally te
Kirchhoff, is the oldest of these methods, and is the one con-
sidered in this experiment. This inductive method is more
often called the Rowland method, as Professor Rowland was
the first to apply it in a series of tests.

Theory and Method. There are several ways of conducting
inductive tests but they all depend primarily upon the setting
up of a transient current in a test coil. The quantity of elec-
tricity is proportional to the total change in magnetic induc-
tion. By measuring the quantity of electricity and knowing
the relation it bears to the change in magnetism, the latter may
be obtained and the magnetic induction determined. The general
arrangement of apparatus is shown in Figure 7.

Fig. 7. Connections for Rowland Method of Testing Iron.

A sample of the iron to be tested is made in the form of a
ring and wound uniformly with a magnetizing coil P which is
connected through a reversing switch S, an ammeter 4, and a
variable resistance R,, to a pressure source B. A test coil T
is also wound on the ring and connected, through a variable
resistance R,, to the ballistic galvanometer G. It will be
assumed that this galvanometer has been calibrated by one
of the methods given in Experiments 5 and 6.
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The value of the magnetizing force & is obtained directly

from the formula 4mNT
H=T1

IO/

where N, represents the ampere turns of the magnetizing
coil P and / is the mean length of the magnetic circuit.

The value of & is greater than the average for the inner por-
tion of the ring and less for the outer portion, due to the differ-
ence in length for the same total number of ampere turns. The
result is that the magnetic induction is greater than the aver-
age in the inner portion and less in the outer portion of the
ring. The difference in density is not in proportion to the
difference in the value of & (except for straight line mag-
netization curves) but is inversely proportional to the mag-
netic reluctance of the path in each case. The test ring should
therefore have a small radial depth in comparison with its
mean diameter, so that there will be but a small difference in the
length of the path for various parts of the ring.

The value of the magnetic density @, for a given value of &,
is obtained by suddenly reversing the circuit in the magnetiz-
ing coil P and noting the deflection of the galvanometer G.

The quantity of electricity in: the test coil circuit, as shown
in Experiment 6, is 2,

0= 10°R’

where ¢ is the total magnetic flux at the moment the reversal
is made, N, is the number of turns on the test coil, and R is
the total resistance in the test coil circuit.

From the galvanometer calibration,

Q=K6’

where K is the constant and 6 the deflection of the galvano-
meter. Substituting and solving for the flux,

10°RK6
Galer "

2
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The magnetic induction is then obtained by dividing the
total flux by the area of the cross section of the ring. The
formula becomes

.

ks 10°RK0
B AN

2

If the make-and-break method is used, the formula becomes

Y izl 10°RK0
T AN,

2

The permeability is then readily obtained for any value of &
from the relation

Apparatus. There should be provided a sample of the iron
to be tested, made up in the form of a ring of convenient
dimensions, and wound with exciting and test coils; a cali-
brated ballistic galvanometer, a source of exciting pressure,
an ammeter, a reversing switch, and two or more variable
resistances.

Connections. See Figure 7.

Data. If the galvanometer is not already calibrated this
should be done by one of the methods shown in Experiments
5 and 6. See that the resistance in the galvanometer circuit is
sufficient to keep the deflection on the scale when the maxi-
mum current reversal takes place. Take a series of ten or
more sets of observations of galvanometer deflections for
various exciting currents ranging from a low value to the
maximum desired excitation, using the method of reversals.
Take two observations for each value of exciting current,
making the direction of the reversal opposite in the two cases,
and use the average. Take a sufficient number of dimensions
of the ring to determine the length of the magnetic circuit and
the cross section. Measure the resistance of the secondary
circuit.
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Calculate. The cross section of the ring and the length of
the magnetic circuit. Calculate the values of 8, & and u for
each of the various circuits used.

Curves. Plot a magnetization curve, taking values of 3
as ordinates and values of & as abscissas. Also plot a per-
meability curve, using values of & as ordinates and values of
@ as abscissas.

Suggestions. Some form of damping device is desirable to
bring the galvanometer needle to rest quickly after a reversal
has been made and the reading taken.

Besides the method of reversals, the step by step and the
make and break methods have been used. The first of these is
considered in Experiment 11.

The make-and-break method differs from the method of re-
versals in that the circuit is made and broken instead of reversed.
The mean of the throws for make and break is recorded. The
principal objection to this method is that residual magnetism is
not eliminated.

Questions. How would you correct for an error due to the
test coil having a larger mean area than the cross-sectional
area of the iron ring? :

Why is it not advisable to shunt a ballistic galvanometer
used in measuring transient currents?

What form of damping device have you found convenient
to use with a ballistic galvanometer?

Dynamo designers, when using the English system of units,
find it convenient to plot their @-& curves in lines of force per
square inch and ampere-turns per inch of magnetic circuit.
What constants would you use to make this transformation in
scale?
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No. 8. MAGNETIZATION AND PERMEABILITY
TESTS OF IRON BY THE HOPKINSON
METHOD.

References. Phil. Trans., 1885, vol. 170, p. 455; Jackson’s
“ Dynamos,” p. 41; Sheldon, p. 252; Fisher-Hinnen, p. 183;
Gerard, p. 369; DuBois, p. 335; Parr, P. E. T,, p. 158; Thomp-
son’s “Lectures,” p. 64; Armagnat, p. 539; Carhart and Pat-
terson, p. 314; Henderson, p. 290; Nipher, p. 342; Parshall and
Hobart, p. s. =

Object. Some of the objections to the Rowland Method,
Experiment 7, are that the test specimen is hard to make and
wind, and that the winding process must be repeated for each
piece tested. These difficulties have been overcome in the
Hopkinson Bar and Yoke Apparatus.

Theory and Method. Although, from a physicist’s stand-
point the Rowland Method, considered in Experiment 7, is a
very good one, it has two decided defects when viewed from
an engineering standpoint. The most serious objection to the
‘method is that there is no certainty that the magnetic qualities
of a ring are the same as those of the iron from which the
sample has been taken. In fact it is generally probable that
the magnetic properties of such a sample have been changed
in the casting or forging of the iron into this ring-shaped piece.

The second objection is that it becomes necessary to wind
each sample with both a primary and a secondary coil. This
necessitates a considerable amount of material, time and labor,
and is quite out of the question in the commercial application.
Samples of iron for commercial testing can best be made up in
the form of short rods and bars. If these were wound with
exciting and testing coils directly, considerable difficulty would
be experienced with the self-demagnetizing action caused by
the free end surfaces. Such effect is entirely eliminated in the
case of the ring-shaped specimen as there are no free ends.
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Dr. John Hopkinson was the first to devise a method of
using the straight short test pieces and still to practically
eliminate all self-demagnetizing action of the ends. This he
accomplished by providing a heavy soft iron yoke for the re-
turn path of the magnetic circuit, thus practically reducing to
zero the magnetic reluctance between the extreme ends of the

test pieces. The bar and
yoke, and the general ar-

“ ( rangement of apparatus for
making magnetic tests, are
& Y shown in Figure 8A.
@ [ 2 o s The heavy yoke YV is
vl gl e made of soft iron of high
= ¢ T
E permeability. The  test
X piece 7 runs entirely
:}é through the yoke. In the
A° original Hopkinson appa-

ratus the test piece was

<

: T—llll]lTl!l]le(

Fig. 8A. Connections for Hopkinson Method of ] ! f
Testing Iron. one part being held in

divided near the center,

position by the set screw L and the other part being provided
with a handle H. The two exciting coils PP are supplied from
a pressure source B through a variable resistance R, and an
ammeter 4. The test coil T is connected to the ballistic gal-
vanometer G through a variable resistance R,.

The apparatus may be used in several ways. In his first
experiments, Hopkinson arranged the apparatus so that one of
the two test pieces could be suddenly pulled out, by means of
a handle H, to the point where the test coil T would be re-
leased and then suddenly forced out of the field by means of a
spring. The transient current set up in the test coil is a meas-
ure of the flux which had existed within the test specimen
before the change was made. In this case residual mag-
netism effects are entirely eliminated from the reading,
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although the test specimen may possess a considerable residual
- effect. The general formula is exactly the same as that de-
veloped in Experiment 7 except that the constant 2 is elimi-
nated because there is no reversal of magnetism. It may be

expressed as follows:
10°RK0
AN, ’

where & = magnetic induction per sq. cm.,
R = total resistance in test coil circuit,
K = galvanometer constant,
A = cross-sectional area of the test specimen,in sq.cms.,
and N,=number of turns on the test coil.
The division of the test piece is obviously a bad feature, espe-
cially as it comes right at the point where the test coil is placed.
By using the method of reversals, as in Experiment 7, a solid
test piece may be employed which runs entirely through the
yoke. In this case the formula

a1 10°RK0
= 24N’

developed in Experiment 7, should be employed.
As in Experiment 7, the step-by-step method or the make and
break method, may also be used; in which case the formula

becomes
= 10°RK0
e AR

2

The value of &, as in Experiment 7, is obtained directly
from the formula
w=4’n’]\/’1[
10/

.

where N,I represents the ampere turns of the magnetizing
coils PP and ! is the length of the test specimen between
the inner edges of the yoke.
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This formula is correct only upon the supposition that the
magnetic reluctance is negligible in the remainder of the mag-
netic circuit. This is nearly correct when the test specimen
is inferior in its magnetic qualities and the section of the yoke
is large in proportion.

If the magnetic properties of the yoke are known, its total
magnetic reluctance may be determined for a given magnetic
induction, @, in the test specimen.

The total magneto-motive force exerted is
4m N T

Lo

MMF =

This is used in forcing the magnetism through the test speci-
men, between the inner edges of the yoke; and in the yoke
itself. The general relation is

MMF. =3 = %/, + %/,

where &, = The magnetizing force per cm. of length in the
test piece,
#,— magnetizing force per cm. of length in the yoke,
I, =length of the path in the test piece,
and  /,=length of the path in the yoke,
If the magnetic properties of the yoke and the general
dimensions of the apparatus are known, all values except &;
are given, and &, may be obtained from the expression

4w N, T
ToT c'”'zlz
H, = 11 A
or
A A
Sl -

In any event, there is a slight error in assuming that the mag-
netism leaves the bar and enters the yoke at a certain point.

Having obtained the value of 8 by any of the methods con-
sidered above, the permeability may be readily obtained, for
any value of @, from the relation: u=&/.
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A modification of the original apparatus of Hopkinson,
shown in Figure 8B, has been used to a considerable extent
in practice, especially abroad.

It really amounts to a combination of the Rowland ring
and the Hopkinson yoke methods. The test sample is made
up in the form indicated,
constituting both bar and
yoke of the Hopkinson ap-
paratus.

The advantage over the
ring method is that the ex-
citing and test coils may be
used for rany number of
samples.  The advantage
over the Hopkinson method
is that there is no error
introduced, due to the yoke,
which is in this case a part

of the test piece. It is neces- VNPV ANATENTR

sary to know the mean length ol
A

of the magnetic path and the
area of cross section of the
path at all points.
Apparatus. There should be provided a sample of the iron
to be tested, made up in the form of one or two rods of the
proper length and diameter. If the divided rod method is
used, great care should be taken to insure good contact of the
end surfaces which come together. The rods should fit
snugly into the yoke. The yoke should be a heavy forging of
soft Swedish iron. A convenient size of test specimen is a rod
one half an inch in diameter and about 18 inches long. In this
case the yoke should be made up of iron about 214 inches by
314 inches, and with as short a magnetic path as is practicable.
In addition to the test pieces and yoke, there are also neces-
sary a calibrated galvanometer, a source of exciting pressure,

E i ionn

Fig. 8B. Hopkinson Apparatus (modified form).
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an ammeter, a reversing switch, and two or more variable
resistances.

Connections. See Figures 8A and 8B.

Data. If the galvanometer is not already calibrated, this
should be done by one of the methods shown in Experiments
5 and 6. See that the resistance in the galvanometer circuit
is sufficient to keep the deflection on the scale when the maxi-
mum flux is being measured.

Take a series of 10 or more sets of observations of galvan-
ometer deflections, for exciting currents ranging from a low
value to the maximum desired excitation, using the method of
suddenly removing the coil from the field. Take two observa-
tions for each value of exciting current, and use theirvaverage.

Calculate. The values of 8, &, and u for each of the various
currents used.

Curves. Plot a magnetization curve, taking values of & as
ordinates and values of & as abscissas. Also plot a perme-
ability curve, using values of & as ordinates and values of «
as abscissas.

Suggestion. As in Experiment 7, some form of damping
device is desirable to bring the galvanometer to rest quickly
after an observation has been taken.

Question. How would you correct for the test coil having
a larger mean area than the cross-section of the iron test
piece?

Explain. How an error is introduced in having two parts
to the test piece which join near the test coil.

No. 9. MAGNETIZATION AND PERMEABILITY
TESTS OF IRON BY TRACTIVE
METHODS.

References. Maxwell, vol. 2, article 642 ; Ewing, pp. 260 and
374; Fisher-Hinnen, p. 184; Jackson’s “Dynamos,” p. 46;
Thompson’s “ Lectures,” p. 68; Sheldon, p. 253; DuBois, p.
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345; Parr, E. E. T., p. 217; Armagnat, p. 549; Carhart and Pat-
terson, p. 303 ; Henderson, p. 293.

Object. Tractive methods of obtaining the magnetic prop-
erties of iron are unaffected by stray fields and are suitable for
factory tests on this account. They also have the advantage
that the readings of magnetic induction may be quickly taken
and that the test pieces may be made in convenient shapes and
S1zZ€S.

~ Theory and Method. Tractive methods of measuring mag-

netic induction depend upon Maxwell’s law, which may be ex-
pressed as follows:

' B’dA
F=
f 8mr ’
where F=={orce in dynes,
% = magnetic induction per sq. cm.,

and dA=—increment of cross-sectional area in square cms.
When the density is uniform,

B4

8’

F=

A being the cross section. This is the law showing the tension
along the magnetic lines of force. This tension manifests itself
wherever joints occur in the iron, and has a tendency to make
such joints tight and thus decrease their magnetic reluctance.
In the case of an air gap it represents the tension tending to
shorten the length of the magnetic path by bringing the iron por-
tions nearer together.

When a permanent magnet is used, the pull may be ex-
pressed by the simple formula given above, where & represents
the total number of lines per square centimeter of cross-sec-
tional area at the point of contact. This is also true in the
case of an electromagnet where the exciting current has been
reduced to zero and the attraction is due to residual magnetism
only.
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In the case of an electromagnet where the exciting current is
constant and the exciting coils are not divided so as to move
relatively to each other, the magnetic induction which is effec-
tive in the tractive effort is

B— K,
where & represents the magnetizing force per centimeter of
length or the magnetic density which would result if the iron
were not present. In the ordinary form of the tractive electro-
magnet, therefore, the pull is more accu-
rately expressed by the formula

& (B —H) A4

S 8w

Under ordinary conditions of design and
operation, & is very small in comparison
with 8 and the original formula for trac-
tive effort may be employed without appre-

ciable error. In using the tractive method
for the determination of the magnetic in-
duction throughout a wide range of values
both of magnetic induction and magnetizing
force, however, it is often desirable to make

use of the more exact formula,
Several devices, based upon the tractive

effort, have been proposed and used to a

greater or less extent.

Fig: 9A. Thompson Perme-  Thompson Permeameter. Probably the
simplest of the various tractive devices used

to measure the magnetic properties of iron is that which its in-

ventor (S. P. Thompson) has styled the “ Permeameter.” This

apparatus and its auxiliaries, arranged for a test, are shown

diagrammatically in Figure gA.
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It is similar to the Hopkinson apparatus described in Experi-
ment 8, in that a small rod D is used as a test piece and a heavy
soft iron yoke CC is used to complete the magnetic circuit and
eliminate end effects. The exciting coil MM is connected to a
pressure source B through an ammeter 4, a variable resistance
R and a reversing switch S. One end of the test specimen is
carefully surfaced off and makes contact with the yoke at G,
at which point the yoke is also carefully surfaced so as to make
a good magnetic contact between the yoke and the test speci-
men. The other end of the test specimen passes up through
the yoke and is attached to the spring balance F. The appa-
ratus is generally arranged so that the pull may be exerted
gradually either by means of a lever arm or by some form of
hand wheel.

The general method of procedure is to adjust the exciting
current to the desired value and then to find the force necessary
to overcome the magnetic attraction at G. If the force is meas-
ured in grams and the area of contact in square centimeters,
the value of # becomes

’F
cf/3=157 Z—{-gf.

If the force is measured in pounds and the area in square
inches, the value of & (still per sq. cm.) becomes

Z:4
B = 1317‘\/2—]-67[’.

The general similarity of the Thompson permeameter and
the Hopkinson apparatus described in Experiment 8 has al-
ready been pointed out. The two forms of apparatus are often
combined. The Thompson permeameter may be readily con-
verted into the Hopkinson apparatus by slightly altering the
coil MM to make room for a small test coil which embraces
the test specimen just above the contact G. The Hopkinson
apparatus may be used as a permeameter by the simple addi-
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tion of the apparatus for measuring the pull. Either appa-
ratus may be used in both ways at the same time.

The magnetizing force in the permeameter is expressed by
the formula
4N T

ROZ,

where N, =—=the number of turns on the exciting coil,
I =current in the exciting coil,
and / =the length of the specimen between the inner sur-
faces of the yoke.

The same sources of error relative to the value of /, enter
here that were considered in the case of the Hopkinson yoke
method of testing iron, Experiment 8.

There are several sources of error in obtaining B by the
permeameter. However carefully the contact surfaces be
polished, experiment has shown that the conditions of the ideal
slit are not obtained but that irregularities occur. Again, on
account of the polished surfaces, the natural adhesion may be
considerable, so that the lifting power may be too great, especially
with weak magnetization. Also the loosening of contact occurs
gradually and first gives way in one place, so that the resistance
of the weakest part and not the mean resistance, is determined.

Finally, the joint is in a position where the magnetic lines
diverge in passing into the yoke and consequently the formula
for tractive effort does not give the proper value for 8. This
may be remedied to a considerable extent, as was suggested
by Ewing, by making the joint at the middle of the bar as in
the Hopkinson apparatus.

Fisher-Hinnen Magnetic Tester. This apparatus is shown
in Figures 9B and 9C. It was designed primarily as a shop
apparatus to test short specimens which might be cut directly
from a piece of iron to be used in the construction of dynamo
machinery. Results sufficiently accurate for ordinary com-
parative shop tests may be obtained and the method possesses
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the advantages of simplicity and rapidity of operation. The
sample bars tested in the original apparatus were 8o milli-
meters in length and 500 square millimeters in cross-sectional
area.

In Figure 9B, D is the test specimen which just fits between
the pole pieces GG of the yoke CC. About the test piece is an

0o SSM D M

NG St O

Fig. 9B. Fisher-Hinnen Magnetic Tester.

exciting coil MM, through which current is supplied and
adjusted in the ordinary way. The yoke CC is divided, the
lower portion being fixed and the upper part swinging upon
knife edges F at front and back, thus maintaining the air gap
J constant no matter what the position of the upper portion of
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the yoke may be. The pole surfaces GG, as well as the ends
of the test bar, must be made true. When the test specimen
is in place and the current is turned on, the tension along the
magnetic lines causes an attraction between the test piece and
the poles GG. The tractive effort is measured by adjusting the
weight ¥ to the proper point on the lever arm H. The sus-
pension arm O is used in calibrating the instrument and also,
by means of the adjustable stop K, prevents the upper portion

Fig. 9C. Fisher-Hinnen Magnetic Tester. R

of the yoke from moving appreciably when the magnetic tension is
overcome.

If the suspension arm O and weight P are not removed, the
apparatus is calibrated by placing various known weights on
P and balancing this pull by moving ¥ out on the arm H. The
zero reading will then be the point where the weight 17 just
balances the suspension arm O and weight arm P. These
latter may be removed for the higher readings, in which event
the true reading is the scale reading plus the weights of O
and P.

Two general methods of testing may be employed. The
weight on the lever arm may be adjusted for a given predeter-
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mined value of & and the current decreased until the contact at
G is broken. Another method is to adjust the exciting current
to a given value and then alter the position of the weight until
the rupture occurs. In either case care should be taken that
the lever arm is in a horizontal position when the readings are
taken.

The first method of performing the test has the objection
that the values of & will be too high for given values of mag-
netizing current, due to the hysteresis effect in the iron w1th
the descending current.

If the second method is used all hysteresis effect may be
eliminated by taking two readings for any one value of mag-
netizing current, one adjustment being made with increasing
current, the other with decreasing current.

In his original apparatus, Fisher-Hinnen used a test piece
25.3 millimeters in diameter or 5 square centimeters in cross-
sectional area. If the effect of & be neglected in the traction
formula, it becomes

A
(grame) = 3¢ 500 *

If the area be taken as 5 sq. cm., as above, and the weight
expressed in Ibs., the formula is

c¢/32
Fave) = 5000 X 453.6’
or
B=1506VF.

Figure gD shows a curve giving the pull in pounds for
various values of & per square centimeter for a test piece
having a cross-sectional area of 5 square centimeters,

For large values of & the magnetizing force & within the
test specimen may be obtained from the formula

47rN[
BEY. -
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where NI == number of exciting ampere turns,
and /= the length of the test piece.
In this formula the magnetic reluctance of the yoke CC, air
gap J, and contact surfaces GG are neglected. For low mag-
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Fig. 9D. Calibration Curve for Fisher-Hinnen Magnetic Tester.

netizations this can not be done without appreciable error and
Fisher-Hinnen found for his apparatus, that

1.8 0.9

i )
1000 > 1000

ampere turns had to be added to overcome the reluctance of
these parts. With a test piece one centimeter instead of eight
centimeters in length this becomes
0.22 0.116
B
1000 1000

B,
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The first term considers the reluctance of the yoke CC, and
the second term that of the air gaps.

Du Bois Magnetic Balance. This is an apparatus in which
there is no actual separation of iron surfaces in contact, thus

Fig. 9E. Du Bois Magnetic Balance.

eliminating some of the objections referred to above. It is
shown in Figures 9E and gF. The test bar T is 15 cms. long
and 1.128 cms. in diameter or I sq. cm. in cross-sectional area.

F g. 9F. Du Bois Magnetic Balance.

The test bar is placed between the two pole pieces V,, V,,
and the magnetic circuit is completed through the air gaps and
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yoke YV. The yoke swings about a knife edge E which is
placed eccentrically. Equilibrium under conditions of zero
magnetization is produced by means of the counter weight P.

The magnetic attractions at the two air gaps are equal, by
reason of the symmetrical arrangement. Because of the un-
equal lever arms, however, the torsion anti-clockwise is greater
than the clockwise torsion. This difference in moments is
measured by moving the weights IWI¥ along the scale arm SS.

The magnetic equilibrium is inherently unstable, but by trial
a definite reading is obtained by moving the sliding weights
to the position ‘at which the yoke is just detached from the
adjustment screw /. Excessive movement is prevented by the
stop A. The value of 8 is obtained from the balance reading.
The value of & is obtained from the formula

4mNT
e aial

where NI ==the ampere turns on the exciting coil,
and /=1length of the test specimen.

This value of & has to be corrected for the effects of the
yoke and air gaps. A curve is furnished with each instrument
showing the apparent and true values of  for various values
of . '

The instrument is calibrated by testing a standard bar, the
magnetic qualities of which are known.

Ewing Magnetic Balance. This apparatus is designed to
test samples of iron and steel for a single value of & which
Ewing has taken at 20 c.g.s. units. = This value has been
chosen as being the best one to give a general idea of the com-
parative merits of the various kinds of iron and steel used in
the construction of dynamo machinery.

For many purposes a single determination, at a sufficiently
high magnetizing force, is all that is necessary to show the
permeability of the specimen and how it compares with other
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test pieces. This is because the general form of the &-&
curve does not differ greatly in the iron used in commercial
apparatus. This magnetizing force is sufficiently low to make

Fig. 9G. Ewing Magnetic Balance.

a wide distinction between good and poor iron, and, on the
other hand, it is sufficiently high to indicate the relative merits
of the various kinds of iron tested when subjected to high
magnetizing forces.

The Ewing Balance is shown in Figures 9G and gH. The test
rod D is a turned bar, 74 inch in diameter and 4 inches long,

P

[ W AT [T

Fig. 9H. Ewing Magnetic Balance.

It rests horizontally upon the two poles G and J of the magnet
CC, which is excited by a constant current through the coil M
of such a value as to make the magnetizing force in the rod
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about 20 c.g.s. units. The pole J has a V-shaped notch for
the bar to rest in, and the other pole has a slightly convex
surface, so that the side of the rod touches it at one point only.
The rod requires no preparation beyond turning it to the
proper diameter. Its cylindrically turned side touches the con-
vex pole piece in a perfectly definite manner as long as it is
free from dirt and rust, and it may be removed and replaced
without altering the character of the contact.

To measure the tractive force at the point of contact, a lever
arm H is used, one end of which is connected to the specimen
by the link P. The fulcrum F is at the pole J, which latter
acts as a magnetic hinge. The weight I/ is moved along the
lever arm to the point where the magnetic pull at G is balanced.

This instrument is calibrated by testing various standard
rods, the magnetic properties of which are known.

It is so designed that the scale is a linear one. The pull
varies at a greater rate than the value of &. On the other
hand, with the better samples, more of the magnetizing force
is taken up in the part of the magnetic circuit which lies with-
out the test piece. By proper designing, these two effects may
be made to neutralize so that the scale becomes linear.

A standard is supplied with each instrument and, in making
a test, the standard is first placed in the balance and the mag-
netizing current is adjusted to the value at which the tractive
force in the rod is such that the weight I stands at the place
on the beam corresponding to the known value of & which
a force of 20 c.g.s. units produces in the standard. The
sample to be tested is then placed in the balance and a reading
taken, the current remaining the same as for the standard
piece.

Data. Make magnetic tests of several samples of iron, using
one of the pieces of apparatus described above. If practicable,
take readings over a wide range of magnetic induction and
for both increasing and decreasing values of the magnetizing
force.
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Curves. If a series of values of # have been obtained in
any one piece of iron, plot the #—& and #-u curves. Also plot
a curve using & as ordinates and ampere turns per centimeter
as abscissas.

Suggestion. It is desirable to make tests upon the same
kind of iron, using various tractive methods. In this way com-
parative results may be obtained which will prove of value in
deciding upon the relative merits of the various pieces of
apparatus,

Show. What factors enter into the détermination of the
true values of 8 and & in the apparatus used, and explain
clearly just how these true values are obtained.

No. 10. MAGNETIZATION AND PERMEABILITY
TESTS OF IRON, USING THE EWING
PERMEABILITY BRIDGE.

References. Ewing, p. 366; Parshall and Hobart, p. 5;
London Elec., vol. 37, p. 11, vol. 38, p. 110, vol. 43, pp. 19 and
41; Elec. World, vol. 28, p. 695.

Object. The dynamo designer is continually in need of in-
formation regarding the magnetic properties of the iron with
which he is working. A simple and rapid working method
sufficiently accurate for design purposes is therefore necessary.
The Ewing Permeability Bridge is designed with this object
in view.

Theory and Method. This is a method of obtaining the
magnetization curve of a sample of iron, by comparison with a
standard test piece whose magnetic qualities have been deter-
mined. 5

Figure 10A is a general view, Figure 10B is a representa-
tion of the bridge proper, and Figure 10C is a diagram show-
ing the connections to the magnetizing coils, through the con-
trolling dials and switches.
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Two magnetizing coils, 4 and B, are wound on brass spools
placed side by side, and are connected in series. One coil 4,
in which the standard is placed, has 100 turns or 50 turns
active, according to how the connection F (Figure 10C) is made.
The other coil B, which is around the test piece, has 210
turns in all. Of this number 10 are connected to the dial
G, 100 to the dial H, and 100 between the o and 100 posts of
the switch J. By this arrangement, any desired number of

Fig. 10A. Ewing Permeability Bridge.

turns of this coil may be cut into the circuit. The coils are
so connected that the resultant magnetism forms a closed mag-
netic circuit through the two test rods, by way of the heavy
soft iron yokes, as shown by the arrows. In other words, the
coils are also in series magnetically. LL are the terminals and
K is a reversing switch.

To compensate for the resistance which is cut into or out of
the circuit when turns are added to or subtracted from the
variable coil, an exactly equal but external resistance is cut
out of or into the circuit automatically, as the dial switches
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are manipulated. These resistances are shown at MM and
NN on dials G and H, respectively. The resistance P is like-
wise introduced into the cir- g
cuit when the 100 turns be- /

tween the o and 100 posts of ﬁ
switch J are cut out. %

In Figure 10C, with switches s

F and I both thrown to 100
and with dial switches G. on 3
and H on 4o, the current enters
the -} binding " post i passes
through K, 3 turns of coil B,
"7 resistances MM, 40 turns of
coil B, 6 resistarices NN (each'
equal to the'resistance of 10
turns of coil B), 100 turns of coil B, switch.J, switch F, 100 turns
of coil 4, $wi’ich K, and out at the — binding post-L. In this case
there are 100 magnetizing turns on the standard and 143 turns on

J Illllllllllllll!'
'@l i _J
. AL

Fig. 10B. Sketch of Ewing Bridge.

the test specimen. ° ] :

Suppose the standard and the test pieces to be of exactly the
same material. - In this case, when any given current flows
through the magﬁefizing coils, the coils should have the same
number of turns each to produce the same degree of magnetiz-
ation in both pieces of iron. It is evident, then, that to pro-
duce the same number of lines in a piece of less permeability
than the standard, more magnetizing force, or, in other words,
more turns will be required around the test piece than around
the standard, the current being the same in the two coils.
Similarly, fewer turns will be required to produce the same
number of lines in the test piece, if it be of better material,
magnetically, than the standard. If a certain current I pro-
duces a certain number of lines of force ¢ in the standard,
and if, for example, 120 I ampere turns are necessary to pro-
duce the same number of lines ¢ in the test piece, there will
be sufficient data to locate the position of one point on the
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magnetization curve of the test piece. This is precisely what
is done in using the permeability bridge. A certain current is
passed through both magnetizing coils, and the number of
active turns around the test piece is varied until the magnetic
induction is the same in both pieces. This condition is detected
by observing the compass needle C, Figure 10B, mounted be-
tween two iron horns DD, which project up from the yokes
into which the standard and test pieces are clamped. When
the magnetic flux is the same in both pieces, there will be no

Fig. 10C. Connections of Ewing Permeability Bridge.

magnetic difference of potential between the two yokes, and
no leakage of magnetism across the horns of the instrument,
and the compass needle will not be deflected. This process of
balancing is to be performed for each of the values of cur-
rent given in the table for the standard. To get rid of all
effects of residual magnetism in the test pieces, yokes, and
horns, the current is frequently reversed, during the process of
balancing, by means of the reversing key. There may be a
transient “kick ” of the compass needle even when the bridge is
balanced, due to the difference in the time rate with which
the test pieces take up their magnetism, but the adjustment of
turns should be made so that no permanent deflection of.the



TESTS OF IRON BY EWING BRIDGE. 89

needle is apparent on reversing the current. It will be found
necessary, during the process of balancing, to set the needle at
zero by means of the controlling .magnet E before each re-
versal of the current.

In testing iron of poor magnetic quality it is necessary, in
order to obtain a balance, to use only 50 turns around the
standard.

The test pieces are 12.56 cm. long between the yokes and
are 34 of an inch in diameter. The magnetizing force exerted
u'pon the standard, per ampere of current, is

4mN  12.56 X 100
H = =
10/ 10 X 12.56

= IO C.g.s. units,

In testing with low magnetizing forces, allowance must be
made for the magnetic reluctance of yokes and joints; for a
current in amperes, slightly more than o.1 & is required to
produce the given magnetizing force & In order to take this
into consideration, a table is furnished with the standard,
stating the values of current necessary to produce given values
of magnetic induction in the standard, and the corresponding
true values of & in the test piece, after correcting for these
extra reluctances. The proper mode of procedure, then, is to
balance the bridge for each value of current given in the table.
Assume that the standard takes 0.22 of an ampere to produce
a magnetizing force & equal to 1.9 and that the value of &
in the standard equals 2000. If, on balancing, it is found that
120 turns are required around the test piece, to produce a value
of 8 equal to 2000, the magnetizing force for the test piece
must be 1.2 times 1.9, or 2.28. The standard provided with the
instrument is usually of wrought iron or steel. In testing
cast iron, a cast iron standard should be used. If this is not at
hand a suitable standard may be made as follows.

A piece of wrought iron is first carefully compared with the
standard and its magnetization curve drawn. Then this test piece
is reduced in cross-section, which will make its magnetic re-
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luctance greater. If, for example, the cross-section is 0.4 of
the original value, the same magnetizing force which produced
¢ lines before, will now produce only 0.4 ¢.

Apparatus. The apparatus necessary consist of the perme-
ability bridge, samples of iron, storage cells or other constant
source of electrical pressure, lamp bank or other resistance for
controlling the current, and an ammeter reading to about 10
amperes. 3

Connections. See Figure 10C.

Data. The bridge should be balanced and the readings
taken for each of the values of the current given in the table
accompanying the standard, or for currents approximating these
values, so as to insure a convenient spacing of the points along
the unknown curve.

DATA ¥OR HIGH PERMEABILITY STANDARD No. 109 L, USED AT THE UNIVER-
SITY OF WISCONSIN, (100 TURNS ON THE STANDARD.)

3. x. Current in Amperes.
2,000 1.9 0.22
4,000 2.4 0.29
6,000 2.9 0.35
8,000 3.5 0.44

10,000 4.5 0.55
11,000 5.3 0.64
12,000 6.3 0.76
13,000 8.1 0.95
14,000 10.7 1.24
15,000 17.2 2.00
16,000 31.0 3.40
17,000 59.0 6.40
17,500 80.0 8.50
18,000 110.0 11.50

Curves. Draw magnetization curves for all the pieces
tested, as well as for the standards employed. The correspond-
ing permeability curves are also to be drawn.

Suggestion. If the currents used are not the same as those
in the table, computation will be facilitated by plotting an /-
curve for the standard. In fact it does not pay to take the time
‘required to adjust the currents to the exact values given in the
table.
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State. Any errors you think might arise either in the
method itself or in using the secondary standard for cast iron.

Devise. An electric analogy to the Ewing magnetic bal-
ance, using two sources of electric pressure and a galvanometer
and explain the action.

No. 11. HYSTERESIS TESTS OF IRON BY THE
BALLISTIC METHOD.

References. Ewing, pp. 93, 356 and 360; C. P. Steinmetz,
Transactions A. 1. E. E., vol. 9, 1892, pp. 3 and 621; Gerard, p.
87; DuBois, pp. 225, 301 and 332; Carhart and Patterson, p.
311; Jackson’s “Dynamos,” p. 69; Sheldon, p. 256; Parr,
P. E. T, p. 162; Armagnat, p. 542; Thompson’s Design, p. 9;
Thompson’s “Lectures,” p. 75; Thompson’s “ Dynamos,” p.
133; F. G. Bailey, Proc. Royal Soc., vol. 60, 1896, p. 182; R.
Beattie and R. C. Clinker, London Elec., vol. 37, 1896, p. 723; J.
A. Ewing, London Elec., vol. 43, 1899, pp. 19 and 4I.

Object. Hysteresis loss in

a
iron plays an important part .in '
determining the heating and the g
efficiency of electrical apparatus b i
subject to rapidly varying mag- . i
netic density. It is, therefore, i ;

important to know the constants
for computing this loss. The
ballistic method is the standard
method for testing hysteresis

loss.

Theory and Method. When  Fig. 11A. Magnetic Cycle or Hysteresis
a piece of magnetically neutral Fete:
iron is placed within a solenoid, and the current increased from
zero to a value op, Figure 11A, the magnetism will rise along the
curve oa to a value pa. On decreasing the current to zero, the
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magnetization will fall along the curve ab to the value ob, rep-
resenting the retentiveness of the iron. Reversing the current and
increasing it to a value oc, this magnetism is reduced to zero and
oc represents the coercive force
of the iron. On further increas-
ing the current to a value og, equal
numerically to op, the magnetism
rises in reverse direction to a value
7 qd, equal in value to pa. If the
/ current be now decreased to zero,
reversed, and again increased to
value op, a curve defa, will be de-
scribed symmetrical with the curve
abed, and forming with it a closed
T i s e = loop, known as the hysteresis
the same Iron. loop_
The area of this loop represents a loss of energy which may
be represented by the formula

]
HAB,
Y
the proof of which may be found in some of the references.
@, is here the common value of the two maxima of density
and & the instantaneous value of the magnetizing force. If sev-
eral loops are traced, with varying maximum values of @, for the
same piece of iron, the losses will be represented by the respective
areas, Figure 11B.
Steinmetz has shown that these areas vary as the 1.6 power
of the magnetic density, or

81
HAdB = KBS,
The power lost in hysteresis is

(o 7 V/‘@l.e X 10—7’
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where is the hysteresis coefficient,
V is the volume of the iron in cubic centimeters,
f is the frequency of reversal in cycles per second,
and P is the power in watts.
The following is a table of values of 7 for various qualities
of iron and steel.

Best wrought iron and steel sheets.............. Qb0 L 0 3 0.001
Good soft wrought iron and steel sheets....o.vviveeneeenes 0,002
Ordinary soft iron. .eve.vueeeaveanes SN/ SRie o s e oY= TRl 0.003
Annealed cast steel...... R eIe ATl oo Diovaisiatorssetite o tare GG 0.008
Ordinaycast steel. . Jice s it s sokis sissinos e O OoBA Bo s 0.012
Ordinary/cast,iton. ... . kledic s wee dae s ST Cr et e ST a te s OLOL:
Hard cast iron and tempered cast steel ...cvieeernnenennns 0.025

In the calculation of hysteresis losses it is convenient to
have the corresponding values of &8 and n &, The following
table has been made out to facilitate this computation. The
value of the coefficient  has been taken at 0.001. Any other
value of the coefficient may be substituted by multiplying by
the ratio of this value to 0.001.

TABLE OF VALUES OF 7 §!6 ( = 0.001I).

3 n 3" £ 7 16 3 n &6 B n 36

500 20.8 8,000 1,758 15,500 5,064 23,000 9,523
1,00C 63.1 8,500 1,936 16,000 5,328 23,500 9,856

1,500 120.7 9,000 2,122 16,500 5,596 24,000 10,194
2,000  I9I.3 9,500 2,314 17,00 5,871 24,500 10,536
2,500  273.3 10,000 2,512 17,500 6,150 25,000 10,882

3,000  365.8 10,500 2,716 18,000 6,433 25,500 11,232
3,500  468.3 11,000 2,925 18,500 6,722 26,000 11,587
4,000  579.8 11,500 3,141 19,000  7,0I5 26,500 11,945
4,500  700.1 12,000 3,363 19,500 7,312 27,000 12,308
5,000  828.6 12,500 3,589 20,000 7,615 27,500 12,675
5,500  g65.I 13,000 3,822 20,500 7,922 28,000 13,04%
6,000 1,109.0 13,500 4,060 21,000 8,233 28,500 13,420
6,500 1,261.0 | 14,000 4,303 21,500 8,549 29,000 53,798
7,000 1,420.0 14,500 4,552 22,000 8,869 29,500 14,181
7,500 1,583.0 15,000 4,806 22,500  9,Ig2 30,000 14,568

This formula for hysteresis loss applies to tb2 special case
of equal and opposite magnetizations, induced by a magnetizing
force that varies from a maximum in one direction to an equal
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maximum in the opposite direction, and with a regularity in
the time of each cycle. It represents the condition of the core
of an alternating current transformer when one of the coils is
connected to a source of alternating current.

%
il

=
4

Fig. 11C. Isolated Hysteresis Loops Produced Fig. 11D.  Magnetic Cycle Produced by Al-
by Pulsating Currents and Unsymmetrical ternating Current with Toothed Wave.
Alternating Currents.

It is conceivable how a pulsating current could produce loops
like 1 and 3, Figure 11C, or how an alternating current with
current values that are different for the two directions could
produce the loops 2 and 4. Figure 11D represents a magnetic
cycle produced by an alternating current which, at a certain
critical value while on the decrease, suddenly rises and then
falls off to zero and reverses. In all these cases the formula
would have to be modified to suit the conditions.

Again, in the armature core of a direct current dynamo or
motor, the conditions are still different. The magnetizing
force is constant, and the change of the direction of magnetiza-
tion is caused by the rotation of the iron core.

Swinburne suggested that, according to Ewing’s theory of
magnetism, a piece of iron rotated in a constant magnetic field,
would exhibit little or no hysteresis if the field was very
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strong. This was later shown experimentally to be true by
Bailey, Beattie, Clinker and others.*

‘The results show that the loss reaches a maximum when
# is about 17,000 lines per square centimeter, for iron such
as is used in armature cores, and that it reduces to a minimum
value at about 22,000; and from there on it remains nearly con-
stant. This is of interest to the designer because the densities in
armature teeth often run above 22,000.

The term hysteresis, as applied to a piece of iron rotating in
a magnetic field of constant value, is objectionable on account
of the root meaning of the word. Molecular friction has been
introduced and is finding favor as a term descriptive of this
distinct phenomenon. )

In making the test the ring method should be used, connec-
tions being made as in Figure 7, excepting that in addition to
the reversing switch a grad-
uated resistance is added,
portions of which may be
cut in or out suddenly with-
out interrupting the circuit,
thus decreasing or increas-
ing the exciting current by

> &

steps. By this means the

increments of magnetism

J
“ﬂo\ o

are measured for ascending
and descending values of
excitation. It is called the
“step by step” method. ¢
Great care must be used in
taking Observationsr as er- Fig. 11E. Effect of Residual Magnetism on
rors are in this case cumu- i

lative.  The reversing switch is used merely to reverse the
excitation as it passes through the zero value.

/

* See references.
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The effect of residual magnetism in displacing the X axis
with reference to the hysteresis loop, is interesting in this
connection. Suppose, Figure.11E, that the iron is entirely
free from magnetism at the start, and that the initial mag-
netizing curve is oab. As the magnetizing force-is reduced,
reversed, and brought to a maximum again, the curve passes
through the points bcde. As the magnetizing force is again
reduced, it is seen that there is some residual magnetism of
in the reverse direction to that which was first present. The
result is that the returning portion fgh of the hysteresis loop
falls below the initial curve oab and the loop is not quite
closed. If the reversal process is again carried out, the hys-
teresis loop obtained will fall slightly below the first one. If
this process is repeated a number of times, the difference be-
tween any one loop and the one immediately preceding it
becomes very small and they finally merge into one common
reéntrant hysteresis loop.

Data. Remove any residual magnetism in the test ring by
first magnetizing it beyond the residual and then reversing the
current in the exciting coil a number of times, at the same time
gradually reducing it to zero. After the residual magnetism
has been removed, adjust the pressure source and the con-
trolling resistances to give the range of variation necessary
for the desired hysteresis loop. Then pass the iron through
several cycles before taking any measurements. The number
of cycles necessary to produce a closed loop varies with the
iron and the maximum magnetizing force used, but in general
eight or ten cycles will be found sufficient.

Using the step by step method, take a series of observa-
tions of sufficient number to trace the curve oabcdefa. Using
a different maximum exciting current, trace several hysteresis
loops, as abcedefa, Figure 11A.

If the constant of the galvanometer is not known, deter-
mine it by one of the methods shown in Experiments 5 and 6.

Measure the ring carefully so as to be able to calculate its
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volume and cross-section. Note the number of turns in both
the primary and secondary windings. Measure the resistance
of the secondary circuit.

Cautions. Be careful that all the readings are accurate; any
errors made at one step will appear in all successive readings.

The galvanometer resistance will probably have to be ad-
justed for great sensitiveness, so as to measure a small incre-
ment of magnetism; be careful not to make or break the
circuit while the galvanometer circuit is closed.

" If it is found on an inspection of the results that some of the
observations are not close enough together, demagnetize the
iron and retrace the curve, without taking observations until
the space to be filled is reached. This is readily accomplished
by watching the exciting current.

Calculate. The cross-section and volume of the ring. Cal-
culate the values of 8 and & from the formulas given in Ex-
periment 7. The increments of & will be given in this case
and not the total values.

Calculate from each measured area of the hysteresis loop,

the value of
B
e
—&B

This is done by multiplying the area of the loop by the proper
constants according to the scales of abscissas and ordinates.
For instance, suppose the cross-sectioning be in millimeters
and a unit of the magnetizing force & is represented by two
millimeters, and each millimeter on the scale of ordinates rep-
resents a value of magnetic induction 8 equal to 200 lines per
square centimeter, then the value of the definite integral will
be expressed by the relation

2 . I
f HAB = area of loop in sq. mms. X 200 X 2
-3

= 100 (area of loop in sq. mms.).
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Calculate the value of the coefficient 5 for each loop, and
also the loss in watts due to hysteresis for a frequency of 60
cycles per second.

Curves. Plot curves of your calculated values of @ and .

Show. That the areas of the hysteresis loops vary as the 1.6
power of the magnetic induction.

Explain. How tests might be made on iron to determine
the hysteresis loss for the conditions under which a dynamo
armature operates.

Why it is that we may expect a small hysteresis loss when
an armature core is rotated in a very strong magnetic field.

Explain, using a curve, how iron is demagnetized by an
alternating exciting current of gradually decreasing value.

No. 12. HYSTERESIS TESTS OF IRON, USING A
HYSTERESIS TESTER.

References. J. A. Ewing, Journal I. E. E., vol. 24, 1895, p.
398; H. F. Parshall and H. M. Hobart, London Eng., vol. 65,
1898, p. 40; J. A. Ewing, London Elec., vol. 43, 1899, pp. 19 and
41; Frank Holden, Elec. World, vol. 25, 1895, p. 687; Parshall
and Hobart, p. 9; Sheldon, p. 260; Armagnat, p. 559.

Object. In electromagnetic apparatus containing iron
which is continuously subjected to rapid changes in magnetic
density, the hysteresis loss becomes an important factor from
the standpoints of efficiency and temperature. The object is
to determine the hysteresis loss in various samples of iron
such as are used in the parts of apparatus which are subjected
to these fluctuating densities. The Ewing, Holden, and other
hysteresis testers offer means of rapidly doing this.

Theory and Method. A number of hysteresis testers have
been devised at various times. Some of these show the hys-
teresis loss when iron is revolved in a fixed magnetic field,
as in the armature core of a dynamo, while others give more
nearly the loss due to hysteresis when the magnetism passes
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through a zero value in reversing, as in the core of a transformer.
The Holden Hysteresis Meter is an example of the former
while the Ewing Hysteresis Tester is of the latter class. In the
Ewing tester the magnetic circuit varies as the test piece is rotated,
and the conditions, therefore, are not the same as in the trans-
former.

Ewing Hysteresis Tester. This instrument, Figure 12A,
consists essentially of two parts, the carrier and the perma-
nent magnet. The iron to be
tested is cut into strips, the
number required depending
upon the thickness of the
sheet. If transformer iron of
the usual gauge is tested, six
or seven of these strips may be
used; whereas, if the some-
what thicker iron used in arm-
atures is tested, a smaller num-
ber of the strips will be need-
ed. The bundle of iron strips
is then placed in the carrier
and rotated, by means of a
friction . pulley and driving
wheel, between the poles of
the permanent magnet. The
result is that its magnetism is
periodically reversed. The work done in reversing the magnet-
ism, due to the hysteresis loss, causes a mechanical moment to
be exerted by the revolving sample upon the magnet. The
latter, being supported upon knife edges in line with the axis
of the carrier, tends to follow the sample, and is deflected through
an angle which is proportional to the work expended per cycle.
Since a certain amount of work is done for each reversal, what-
ever the frequency, the deflection is independent of the speed, pro-

Fig. 12A. Ewing Hysteresis Tester,
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vided the latter is not sufficiently high to cause appreciable eddy
current effects, or not so low as to cause a periodic movement
of the needle. The magnet is damped to prevent swinging, by
means of a vane which dips into a reservoir of oil.

This method of determining hysteresis loss consists in a
comparison of the deflection produced by the sample, with
those of standard test pieces whose hysteresis losses are
known. Deflections are proportional to the hysteresis of the
iron, even if the samples compared are of widely different
qualities. The exact mode of procedure is as follows.

Two standards are furnished
with the instrument, which have
widely different hysteresis losses.
The deflections produced by
both of these are plotted on
cross-section paper, Figure 12B,
using the given hysteresis losses
as ordinates and the deflections
obtained as abscissas. A straight

;e line is drawn through the points

Fig. 12B. Calibration Curve of Ewing  thus obtained. The test sample

e is then placed in the carrier, its
deflection obtained and the point on the above mentioned line,
corresponding to this deflection, is marked. The hysteresis loss
for the test sample is then shown by the ordinate of this point.
The strips for the test sample should be the exact length of
the standard, and may be taken about five eighths of an inch
wide.

The data given for the two standards, used at the Univer-
sity of Wisconsin, are as follows :—

per Cycle

Loss in Ergs per Cu. Cm.

Standard. Hysteresis loss in ergs. per cu. cm. per cycle.
1 ’ 2,775
2 325

This loss is based on the assumption that & equals 4000.
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The loss at any other value of & is easily obtained from the
law Hysteresis loss = K &8,

where K is a constant.

In taking data, observe the deflections, first of the two standards,
and then of several test samples. A number of observations
should be taken, and the deflections read in both directions for
each sample. To eliminate any zero error, the total or double
deflection should be used.

" The results obtained should be shown in tabulated form, and
losses indicated in watts per cu. cm. per cycle per second.

The only graphical representation is the above mentioned
straight line. The points for each of the samples tested should
be indicated on the curve sheet.

In bandling standards be careful not to bend them, as this
changes the hysteresis constant.

The total flux of a permanent magnet is constant. The
proportion of this flux which passes through the test pieces
depends upon the relative reluctances of the test piece and the
surrounding leakage paths.

The samples should be built up so as to have approximately
the same cross-section as the standard pieces. An exactly
equal cross-section is not necessary, since it has been shown
experimentally that the deflection will be almost exactly the
same, even with considerable variation in the cross-section of
the test sample.

Holden Hysteresis Meter. This instrument, shown in Fig-
ure 12C, measures the hysteresis loss in sheet iron discs or
rings, resulting from a rotation of the magnetic field with re-
spect to the iron under test. Here the ordinary conditions are
reversed, and the magnet rotates. The test rings are held by
a fiber frame so as to be.concentric with a vertical shaft which
works freely on a pivot bearing at its lower end. The rings
have an outside diameter of about 3.5 inches, a width of about
0.5 inch, and are built up to a thickness of about one half
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inch. The hysteresis loss is measured by the magnetic drag
on the core, which is free to turn against the restraining action
of a helical spring surrounding the shaft and attached to it at
one end. A pointer attached to the spring is mounted at the
upper end of the shaft and moves over a circular scale, show-
ing the force exerted upon the spring to bring the ring back
to the zero position. The spring having been calibrated, the
hysteresis loss may be readily determined.

Fig. 12C. Holden Hysteresis Meter.

A pressure coil, which surrounds but does not touch the
ring, has its terminals connected to a voltmeter through a
two part commutator which revolves with the magnet. The
number of turns on the coil, the cross-section of the sample,
the speed of the revolving magnet, and the constant of the
voltmeter being known, the magnetic induction in the ring
may be determined.

Carried on the shaft below the magnet is a pulley which
is belted to the source of power. In operating, the de-
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flections to be produced on the voltmeter at a given speed,
with the desired inductions in the ring, are first determined.
The speed ordinarily used is 500 revolutions per minute. The
magnet being run at the desired speed, the field current is
adjusted until the calculated deflection is produced on the
voltmeter, and then the force exerted upon the helical spring,
necessary to keep the ring in the zero position, is read by
means of the pointer on the scale.

The scale reading represents the total loss, which is due to
hysteresis and eddy currents combined. By varying the
angular velocity of the magnet, maintaining the same induc-
tion, additional data may be obtained by means of which the
eddy current loss may be separated and subtracted. This
separation depends upon the

fact that the power lost due B
to hysteresis, with constant in- My
duction, varies directly as the 'E; A -
speed, while the eddy current 5©
loss varies as the square of the Eg
speed. From the data obtained Eg
the power lost in watts per cu. 2]
cm. per cycle per second is cal- =
culated for the various speeds at
LN Revolutions pet minute

the same induction. These re-
sults are plotted as shown by Fl& 12%‘1"5;?:?:?}?&0; ofl‘as;t?"liﬁlso;nd Eddy
the line AB in Figure 12D,

using watts lost per cu. cm. per cycle per second as ordinates
and speeds as abscissas. If the curve is continued until it strikes
the ¥ axis at C and the line CD is drawn parallel to the X axis,
the ordinate OC will represent the loss in watts per cu. cm. per
cycle per second due to hysteresis.

A modified form of the Holden Hysteresis Meter, shown in
Figure 12E, employs electro-magnets of such high reluctance
that practically all the magneto-motive force is used up in the
magnetic path outside of the sample ring. In this case there is
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no need of a separate determination of the induction for each
test, as a given magnetizing current will produce the same mag-
netic induction in all cases. As seen from the figure, the
electr‘o—magnet is changed into two of much greater length,
and of a cross-section about one third that of the sample ring.
The air gap is made as small as possible, so that there is but
little leakage. In this form the rings are allowed to rotate in
opposition to the action of the spring and to carry a pointer over
the scale, so that the instrument is direct reading.

Fig. 12E. Holden Hysteresis Meter (modified form).

In general, a correction has to be made for volume and cross-
section, since the rings do not, owing to varying thickness,
make piles of the same height.

Data. Make a series of tests with both testers, if practicable,
using the same kinds of iron and taking the same magnetic induc-
tions.

Tabulate all data and separate the eddy current from the hys-
teresis loss, in the test with the Holden tester, by taking readings
of total loss at the same induction but at different speeds, as de-
scribed above.

Curves. In the separation of the eddy current loss from the
hysteresis loss, in the test with the Holden tester, plot a curve for
each induction used, taking speeds as abscissas and watts lost per
cu. cm. per cycle per second as ordinates.

Explain. The fact that the deflection does not vary appre-
ciably, even with a considerable change in the cross-section of
the test sample, in the case of the Ewing tester.
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Why it is so essential that the length of the test sample
should be exact, when using the Ewing tester.

Why the calibration curve of the Ewing tester does not neces-
sarily pass through the origin.

Describe. The method employed in calibrating the Holden
hysteresis meter.

-

Show. By an example, taking two speeds, one of which is
twice the other, that the method of separation of losses shown
in Figure 12D gives a division in which one loss varies directly
as the speed and the other as the square of the speed.

Compare. The results obtained by hysteresis testers with
those obtained on the same iron by using the ballistic method.

Discuss. The relative advantages and disadvantages of the
different methods of measuring the power lost due to hyster-
esis.

No. 13. THE EFFECT OF REVERSAL OF ROTATION
AND REVERSAL OF EXCITATION ON
THE DIRECTION OF PRESSURE
OF A DYNAMO.

References. Houston and Kennelly, p. 303; Fisher-Hinnen,
p- 125; Thompson’s “ Dynamos,” p. 22; Sheldon, p. 16; Jack-
son’s “ Dynamos,” p. 99; Wiener, p. 9; Hawkins and Wallis, p.
39; Kapp’s “Dynamos,” p. 145; Arnold’s ““ Armature Wind-
ings,” p. 3; Arnold’s “ Dynamos,” p. 3.

Object. One of the most common occurrences in practice is
the reversal of the direction of rotation of a dynamo. Perhaps it
even more frequently occurs that the excitation is reversed, as
this sometimes happens accidentally. It is, therefore, neces-
sary that the effect of these reversals be thoroughly under-
stood.

Method. The effect of the direction of rotation upon the
direction of pressure is determined by separately exciting the
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field, and noting the direction of the deflection of a direct cur-
rent voltmeter when the armature is rotated first in one direc-
tion and then in the other. If the fields are strongly mag-
netized, rotation by hand will suffice.

Reverse the field excitation and determine its effect on the
direction of generated pressure.

A self excited machine will pick up in only one direction,
unless the residual magnetism be reversed by some external
means.

Explain. The reasons for the different results obtained, and
devise a general rule or explanation.

Show. By the aid of diagrams, just what would have to be
done with the connections of a machine if it were necessary, for '
any reason, to change the direction of its rotation, without chang-
ing the polarity of its terminals. Consider series, shunt and
compound wound machines.

No. 14. STARTING OF SHUNT AND SERIES MOTORS
ON CONSTANT PRESSURE CIRCUITS.

References. Houston and Kennelly, p. 297; Fisher-Hinnen,
pp. 106 and 124; Sheldon, p. 69; Thompson’s “Dynamos,” p.
486; Carus-Wilson, pp. 60 and 94; Wiener, p. 423; Parham and
Shedd, p. 36.

Object. A motor may be conveniently used as a source of
power in many of the experiments which follow. It is desir-
able to understand the simple principle of the motor and also
the precautions to be observed in starting and operating one.

Theory and Method. When a motor is running it has all the
essential characteristics of a dynamo, and its armature gene-
rates a pressure proportional to the speed and to the mag-
netism. This pressure opposes the impressed pressure and is
called the counter electromotive force of the motor. The cur-
rent in the armature is equal to the difference between these

»
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pressures divided by the armature resistance. This resistance
is always made as low as possible, and the resistance drop for
normal full load current is very small in comparison with the
counter pressure under working conditions, When the arma-
ture is stationary there is no counter pressure, and the current
is equal to the impressed pressure divided by the armature
resistance. Under this condition, if the normal pressure is
impressed upon the armature, an excessive current will flow
and disastrous results may follow. It is therefore necessary
to introduce an additional resistance in series with the arma-
ture during the time the motor is coming up to speed. Such a
starting resistance is especially necessary if the motor is
started under a heavy load. It should be variable and so
arranged as to be completely in circuit at the time the cur-
rent is turned on, and entirely cut out after the motor has attained
its normal speed. The resistance drop in the starting box
takes the place of the counter e. m. f. of the armature.

To start a series motor, a variable resistance is placed in the
circuit and gradually cut out as the motor comes up to speed.
A series motor should be started under load. If started on light
load the field may become so weak, due to the small exciting
current, that the armature will attain an abnormal speed.

In starting a shunt motor, the field %
must be fully excited. This may be At

tested by holding a screw-driver or
a piece of iron in the leakage field.

Field

R

The controlling resistance is placed in  Fig. 14A. Shunt Motor with Start-
the armature circuit only, as shown GO R
in Figure 14A. In motor starting boxes, the resistances are
generally so proportioned that the armature current at the
moment of starting is equal to 150 percent of the full load
current. '

The proper method of starting a shunt wound motor is to

first close the main switch and then gradually cut out the re-
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sistance in the starting box as the armature comes up to speed.
When the lever arm is turned to its limit, all of the resistance
has been cut out and the armature has the full pressure of
supply impressed upon it. The armature should be running
at or near normal speed before the resistance is cut out en-
tirely. The motor should not be run for any length of time at
any intermediate point of the starting box unless the resist-
ance has been especially
designed for controlling
the speed of the motor.

In stopping the motor
the main switch should
be opened first and then,
if the starting box has
no automatic release, the

Fig. 14B. Shunt Motor with Automatic Release lever arm should be
Starting Box.

O O
S

A

Field

thrown back. Insurance
companies require that starting boxes be provided with an auto-
matic release. The reason for this is that much damage has re-
sulted in the past because of the lever arm being left in the run-
ning position when the machine is stopped. This itself is not in-
jurious but very often the motor is started up again with the
resistance entirely cut out and the result is that the full pres-
sure of the generator is impressed upon the armature while it
is stationary and disastrous results are likely to follow. The
automatic release is shown in Figure 14B. It consists essen-
tially of a small electro-magnet, the exciting coil of which is
placed in series with the field circuit of the motor, a soft iron
armature or keeper on the lever arm, and a spring attached to
the lever arm in such a way that it is in tension when the arm
is turned on. As soon as the main switch is closed, the coil of
the electro-magnet is excited, and when all the resistance is
cut out, the soft iron keeper is attracted by the electro-magnet
and the lever is held in this position against the tension of
the spring. In stopping the motor, the main switch is opened,
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and when the motor slows down, the electro-magnet releases
the lever and the spring carries it back to the starting position.

This automatic release operates not only if the main circuit is
opened but also if the field circuit is accidentally broken. If
the field circuit be accidentally broken in Figure 14A, the
armature will at once accelerate to an abnormal speed, and in
fact is liable to fly to pieces. This is due to the fact that, in
order to supply the required counter electromotive force on
residual magnetism, a high speed is necessary.

" The reason for opening the main switch first in stopping the
motor is that then the field magnetism is gradually reduced as
the motor slows down. Although the supply is cut off from
the mains, the generator action of the armature continues to
supply field excitation until the retaining magnet no longer
holds the lever against the action of the spring. It is not dan-
gerous to break the field circuit at a low excitation. If, on the
other hand, the armature circuit is broken by means of the
starting box, opening the main switch will then break the
field circuit suddenly. This is undesirable because the poten-
tial energy contained in the magnetic field must escape in the
form of an electric current, set up by the pressure of self-
induction which is the result of the change in magnetism when
the field circuit is broken. The quicker the break, the greater
will be the pressure generated; that is, the intensity factor of
the energy, or the pressure, will be greater since the energy
must be dissipated in a shorter time. In large machines where
the amount of this magnetic energy is considerable, the pres-
sure of self induction will often be sufficient to puncture the
insulation of the field winding.

Many commercial starting boxes are now so connected that
the field is not excited until the lever is moved to the first
resistance notch. The mere closing of the main switch does
not excite the field in this case. This modification is the result
of experience with people who form the habit of shutting
down a motor by forcing the lever over to its initial position,
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without opening the main switch, thus leaving the field on
during idle hours without the ventilation due to the fanning
action of the armature. This may also happen if the power is
cut off and again turned on after the motor has been auto-
matically stopped. Figure 14C shows the connections for a

Field

Fig. 14C. Shunt Motor with Overload Release Starting Box.

shunt motor starting box provided with an overload release.
This release consists of an electromagnet in series with the
armature, which operates its keeper at a predetermined value
of the armature current. The keeper closes a local switch
which short circuits the coil of the retaining magnet.

e (e,

ks

Fig. 14D. Shunt Motor with Faulty Connections.

Data. Start several shunt motors with starting boxes of
different design. Start a series motor. Record your experi-
ences.

Caution. In accelerating motors do it slowly; the power
required to accelerate rapidly is comparatively great and may
cause a belt to run off its pulleys or possibly to break.
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Shunt motors, in testing departments and laboratories, are often
operated separately excited. This should be avoided if possible,
for a circuit breaker cannot be depended wupon to act quickly

N ) o

_O

Field

Fig. 14E. Shunt Motor with Faulty Connections.

enough on a failure of excitation. When separate excitation is used
every precaution should be taken to prevent failure of the excita-
tion.

Questions. Beginners often connect shunt motors as shown
in Figures 14D and 14E. What will happen in each case?

No. 15. REVERSAL OF MOTORS. COMPARISON OF
THE DIRECTION OF ROTATION AS A MOTOR
WITH THAT OF THE SAME MACHINE
RUN AS A DYNAMO, THE CONNEC-

TIONS REMAINING THE SAME.

References. Fisher-Hinnen, p. 125; Houston and Kennelly, p.
304 ; Arnold’s “ Dynamos,” p. 190; Sheldon, p. 161 ; Thompson’s
“ Dynamos,” p. 486; Carus-Wilson, pp. 60 and 94; Parham and
Shedd, p. 36; Wiener, p. 423 ; Hawkins and Wallis, p. 68.

Object. The comparison between generator and motor con-
ditions not only gives a clearer conception of principles; but
also shows what dynamos have their direction of rotation
reversed if, for any reason, they become motors while in
operation.

The effect upon the direction of rotation, for both series and -
shunt motors, is to be observed for each of the following con-
ditions.
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(a) When the current in the field is reversed.

(b) When the current in the armature is reversed.

(¢) When the currents in both field and armature are re-
versed.

Method. First run the machine as a dynamo with field connec-
tions such that it will “ pick up ” as a self excited machine. Then
take off the belt and, leaving all connections on the machine the
same, run it as a motor, the positive terminal of the line being con-
nected to what was the positive generator terminal; and note the
direction of rotation. Reverse the field current. With the field
excited in the original direction, reverse the armature current.
With the connections of both armature and field as they were
originally, reverse the impressed pressure.
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